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O=PPh3 Triphenylphosphine oxide 
TEA Triethylamine 
THF  Tetrahydrofuran 
  
  
Differential scanning calorimetry 
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Nb Biaxial nematic mesophase 
P Mesophase with polar order 
PAF Antiferroelectric polar order 
PFE Ferroelectric polar order 
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1 Introduction  

 
1.1 Liquid crystals, a short introduction   
  
The Austrian botanist REINITZER is credited with discovering of the liquid crystal phase in 
1888,1 a state of matter in which the degree of molecular order is intermediate between the 
three dimensional, long-range positional and orientational order found in solid crystals and the 
absence of long-range order found in isotropic liquids, gases, and amorphous solids.2,3  The 
compounds in the liquid crystal state are called liquid crystals (LC) and their phases are called 
mesophases, or mesomorphic phases (from Greek, mésos: middle; mesomorphic: intermediate 
form). The breakdown of the three dimensional superstructure of a solid occurs in a stepwise 
manner when a solid melts via one or more LC phases, as shown in Figure 1.1 for materials 
constituted of calamitic molecules.2,4,5  
 
 
 
 
 
 
 
 
 
 
Figure 1.1: The melting process of a calamitic LC material; pictorial representation according to references.2,5 
 

Liquid crystals can be divided into thermotropic and lyotropic mesogens. Compounds that 
form mesophases as a function of temperature are thermotropic liquid crystals. Transitions 
between the various thermotropic liquid crystal mesophases invariably occur at defined 
temperatures and with little hysteresis observed between heating and cooling cycles. If the 
liquid crystalline mesophase is induced (in a certain temperature interval) by the concentration 
in a solvent they are called lyotropic liquid crystals. A great number of materials have been 
found to be thermotropic or lyotropic liquid crystals, and some of them exhibit both types of 
behaviour (amphotropic liquid crystals).6 LC behaviour is omnipresent in biological systems,7,8 
such as peptides, DNA, phospholipids, steroids and carbohydrates,9 many proteins and cell 
membranes. Solutions of soap and various related detergents, as well as the tobacco mosaic 
virus are other well-known LC examples. 

Due to the orientational order of the molecules in their LC phases, these mesogens exhibit 
anisotropic properties, i.e. the physical properties of the LCs material depend on the direction in 
which they are measured. That is, various physical properties, such as dielectric constant, 
refractive index, magnetic susceptibility, conductivity, and viscosity, have different values in 
the direction parallel and perpendicular to the molecular axis. The anisotropic nature of LCs is 
responsible for the unique optical properties exploited by scientists and engineers in a variety of 
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applications. The ease of controlling their bulk orientation by surface alignment, in conjunction 
with their anisotropic physical properties enable reorientation of the molecular axis by applying 
a voltage, which is the basis of many applications of LC diplays. 

In conclusion, the LC state combines the properties of a liquid (e.g. flow, ability to form 
droplets) and a crystalline solid (e.g. anisotropy of some physical properties) which gives rise to 
materials with anisotropic physical properties, switchable under the influence of external 
stimuli. This thesis only deals with thermotropic liquid crystals. 
 
 
1.2 Molecular shape and liquid crystal phases 
 
A major pathway to modify the phase structures,10 and to achieve a significant increase in the 
complexity of soft self-assembly in LC phases is the modification of the molecular shape,11 
combined with the tendency of segregation of incompatible fragments into different 
compartments, the geometric frustration and space filling effects, as well as the chirality of LC 
systems.12 

A pronounced anisotropy in the shapes and interactions of molecules or molecular 
aggregates is usually necessary for the formation of LC mesophases. The non-covalent 
interactions have a great effect on a material’s liquid crystallinity. Thermotropic LCs were 
formerly classified into two main groups according to their structural character: calamitic (rod-
like) and discotic (disc-like) mesogens. There are other mesogens related to these main 
mesogenic categories with properties associated or very different from those of classical rod or 
disc-shaped mesogens, i.e. the bent-core molecules (called also banana-shaped LC, 
boomerang-shaped LC, bow-shaped LC), pyramidic mesogens (bowl-shaped and cone-shaped), 
polycatenary mesogens (biforked and phasmidic), sanidic mesogens (board-like molecules), 
wedge-shaped molecules, oligomeric LCs (dimers and trimers), dendrimers,13 etc. Figure 1.2 
depicts the schematic shapes of some mesogens. Many of these compounds form classical 
nematic and smectic phases, while others present deviations from the conventional layer 
thickness (double layers, interpenetrating layers) or form cubic and/or columnar phases 
 

 
                                                      
                                                                                                   
 
 
Figure 1.2: Different shapes of mesogens.  
 
 

Depending on the degree of positional order, different thermotropic LC phases can be 
distinguished. The least ordered phase is the nematic phase (N, see Fig. 1.3a), where the 
molecules have exclusively long-range orientational order, i.e. the molecules tend to align 
themselves parallel to each other with their long axis parallel to a preferential direction n. In the 
biaxial nematic phase (Nb, Fig. 1.3e) there is an additional correlation of the molecules 
perpendicular to the director, i.e. Nb has two minor directors labelled l and m, which are both 
perpendicular to the major director n and mutually perpendicular to each other.14,15,16 More 
ordered phases can be formed if incompatible parts of the molecules are segregated into 

rod disc bent-core pyramidic polycatenar sanidic 
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subspaces (e.g. segregation of flexible aliphatic chains from rigid aromatic parts) giving rise to 
long-range positional order in one, two or three dimensions. In the case of rod-like molecules, 
layer structures could be formed (smectic phases, Sm, see Fig. 1.3 b-d),17 while the discotic 
molecules prefer an organisation in columns (columnar phases, Col)18 (Fig. 1.3f). Additional 
modes of structural organisation in LC systems are bicontinuous 3D phases and 3D ordered 
arrays of closed aggregates,19 which often represent cubic mesophases.20 However, it should be 
pointed out that these are general considerations and a specific shape of the molecules is not 
exactly related to the type of mesophase formed and can lead to an additional orientational 
order within layers, columns and 3D structures, enhancing the level of complexity of the self 
organised system. In addition, the molecular shape is not only defined by the chemical 
structure, but also by the molecular dynamics.    

   

 
 
 
 
 
 
 
Figure 1.3: Schematic representation of types of LC phases (a-d) formed by rod-like molecules: (a) uniaxial 
nematic N phase; (b) SmA phase; (c) SmCs phase with synclinic (identical) tilt direction in adjacent layers; (d) 
SmCa phase with anticlinic (opposite) tilt direction in adjacent layers. The arrows indicate the out-of-plane 
interlayer fluctuations which can easily take place in SmCs phases and are hindered in SmCa phases of 
calamitic mesogens; (e) biaxial nematic Nb phase; n is larger than m or l to denote the major director; (f) 
columnar Col phase of discotic molecules. 
 

In this thesis the nomenclature recommended by IUPAC in 2001 for definitions of basic 
terms relating to low-molar-mass and polymer LCs by BARON et al.3 was used. In the following 
sub-chapter we will focus on the bent-shaped molecules.  
 
 
1.3 Bent-shaped mesogens 
 
1.3.1 General considerations 
 
The synthesis of bent-shaped LCs molecules has been first reported by VORLÄNDER in 1929 
(see Fig. 1.4a)21. The molecules with shapes deviating from a rod, such as bent shape have been 
considered to be ‘bad’ molecules for forming LC phases and therefore their mesomorphic 
behaviour was not investigated till later. The current immense interest in these materials was 
triggered by investigations of NIORI et al. in 1996 on a banana-shaped SCHIFF’s base derivative 
(1,3-phenylene bis[4-(4-n-alkoxyphenyliminomethyl)benzoates].22 They were the first to report 
on smectic phases of achiral molecules incorporating a bent-shaped rigid core which show 
polar order and chiral superstructures in their LC mesophases.23 The definition of banana (bent, 
bow) mesogens by IUPAC3 recommends that they are ‘constituted of bent or so-called banana-
shaped molecules in which two mesogenic groups are linked through a semi-rigid group in such 
a way as not to be collinear’. 

Nb SmA SmCs SmCa Col

(b) (c) (d) (e) (f) 

N 

(a) 
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Figure 1.4: (a-c) The three types of bent-shaped mesogens.24 The general template of the structures of (d) 
banana-shaped mesogens and (e) V-shaped mesogens.  
 

The molecules with a bent shape (Fig. 1.4) can be classified in three main categories: bent-
core mesogens, bent mesogenic dimers and hockey-stick molecules. The first category is 
constituted by the bent-core molecules which include a rather rigid central bent unit such as the 
1,3-disubstituted benzene ring25 (Fig. 1.4a), a 1,3’-disubstituted biphenyl fragment26 or 2,7-
disubstituted naphthalene rings, etc. The second category is constituted of bent mesogenic 
dimers composed of two rod-like mesogenic units connected by an odd numbered and flexible 
non-cyclic spacer (Fig. 1.4b).27 In some cases, these mesogens possess similar polar 
mesophases to those found for the bent-core mesogens. In the case of such molecules connected 
through ‘one linking unit’ like methylene, carbonyl, ether and thioether units it was found that 
the compounds exhibit smectic phases, however, the results do not clarify if there are ‘banana 
phases’. The molecules with very short linking units (e.g. CH2, CO, S, O,28 CH2OOC,29 etc.) 
can be regarded as borderline cases between these two structural types. PELZ et al. synthesized 
asymmetric twins with methyleneoxycarbonyl spacer.29 The third category is formed by 
hockey-stick molecules, e.g. where an alkyl chain is attached to the meta-position at one end of 
a rod-like segment (Fig. 1.4c).30 In the following we will focus on the field of bent-core 
mesogens. 

The bent-core molecules are the molecules incorporating a bent in the rather rigid aromatic 
part and can be broadly classified into two categories: banana-shaped and V-shaped 
molecules. The attachment of two mesogenic units in the 1,2-positions gives V-shaped 
molecules (Fig. 1.4e, the bending angle α between the mesogenic segments attached to the 
central benzene nucleus is ~70°),31 whereas a linkage in the 1,3-positions32 result in the 
formation of the banana-shaped mesogens (Fig. 1.4d, the bending angle α is ~105 - 140°). The 
mesomorphic behaviour of these two classes of bent-core molecules is different. The V-shaped 
molecules form mesophases similar to those shown by classical calamitic LCs.31,33 The banana-
shaped compounds show new smectic phases including two-dimensional phases, which are not 
comparable to or miscible with the phases formed by calamitic LCs.34,35  

 

Bent-core molecule

Bent mesogenic dimer 

Hockey-stick molecule

V-shaped mesogen 

Banana-shaped mesogen 
(a) 

(b) 

(c) 

(d)

(e)
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1.3.2 Structure of banana-shaped mesogens 
 
The molecular structure and intermolecular interactions in the banana-shaped molecules plays a 
major role in the occurrence of polarity and chirality in the mesophases of these compounds. 
Various designs of the bent-core compounds were investigated in order to understand the 
relationship between molecular structure and mesomorphic properties; some latest reviews are 
the ones from TSCHIERSKE et al.,24 TAKEZOE et al.36 and EREMIN et al.37  
 
 
 
 
 
 
 
 
 
Figure 1.5: The general template of the molecular structures of banana-shaped mesogens. 
 

In the banana-shaped molecules, the central unit, together with the outer and middle rings 
are connected by the linking groups (X, X’, Y, Y’) to form the bent core (see Fig. 1.5). The 
bending angle α (the opening angle between the two rod-like wings) is about 105 to 140° in 
order to show the typical properties of banana-shaped mesogens (layer polarity)38 and it can 
result e.g. from 1,3-phenylene central ring or a 1,3’-disubstituted biphenyl fragment, and 2,7-
disubstituted naphthalene or 2,6-disubstituted pyridine rings.24 SCHRÖDER et al. presented bent-
core LCs with benzoylpiperazine and benzoylpiperidine central moiety.39 The general tendency 
is that increasing the size of the rigid bent unit results in increasing of the transition 
temperatures and leads to a stabilisation of columnar phases. For such compounds longer 
terminal chains are required to suppress the columnar phases and to obtain polar smectic 
phases. There are only a few compounds incorporating non-aromatic (alicyclic or 
heteroalicyclic) units in the rigid segments, for example six-membered rings such as 
piperazines39 and tetrahydropyranes,40 cyclohexanes.41 Modification of the bending angle α is 
achieved by incorporation of substituents at the central unit, close to the linking groups Y, Y’ 
(see Fig. 1.5)32,38 or by using five membered heterocycles instead of six-membered rings.40,42 
1,3,4-Oxadiazole derivatives,43 1,3-oxazoles,16 and 1,2,4-oxadiazoles42 are examples of 5-
membered aromatic rings, which, due to their larger bending angle are at the borderline 
between bent-core and calamitic mesogens. 

The most used linking units X, Y in the bent-core molecules are the ester groups (popular 
due to the enhanced chemical stability)26 and the SCHIFF’s base groups44,45 (i.e. azomethine 
units) which have a broader variety of polymorphic mesophases than the corresponding ester 
compounds. Also double bonds, triple bonds and CH2O linkages, azobenzene units (photo-
responsive materials)46,47 etc., were used. Generally, a certain degree of flexibility of the bent 
core has to be maintained in order to allow the organisation in LC phases and to prevent 
crystallisation. The dramatic effect of the direction of the linking units X, X’, Y and Y’ upon 
the LC properties was the subjects of different studies.48,49 The length of the bent-core unit and 
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the bending angle α of the central unit are most important for the formation of polar ordered 
mesophases. 

Regarding the size of the bent-core mesogens, it seems that the minimum number of rings 
required for obtaining LC phases is between four 27 and five.32,50 Usually, three-ring molecules 
with a 1,3-phenylene unit are not able to form mesophases. This statement is only true, 
however, if the interaction forces are dominated by the molecular shape. If hydrogen bonds or 
microsegregation effects dominate, the molecular shape and the mesophase behaviour are not 
so clearly related. Some examples are the bent phasmidic molecules bearing three alkyloxy 
chains at both terminal phenyl rings and amido group containing mesogens.51,52 Furthermore, 
the strong tendency towards microsegregation is well-known for molecules bearing 
perfluoroalkyl chains53 which exhibit smectic phases up to high temperatures. Recently, 
WEISSFLOG et al. had reported on the mesophase behaviour of three-ring bent-core bis(4-subst.-
phenyl) 2-methyl-iso-phthalates exhibiting N, SmA and SmC phases, which can be understood 
by the extended bending angle caused by the lateral methyl group.54 These materials are 
considered to be at the boundary between calamitic liquid crystals and banana-shaped liquid 
crystals and therefore of high interest. KANG et al.55 presented a four-ring compound with an 
oxadiazole central core which forms a nematic phase, a SmC phase and an optically isotropic 
phase with randomly distributed domains of opposite handedness which exhibits an 
antiferroelectric response. In 2009, WEISSFLOG et al. reported on the unusual mesophase 
behaviour of substituted N-benzoylpiperazine mesogens containing three phenyl rings together 
with a piperazine moiety which exhibit non-polar SmA and SmC phases.56 For these materials a 
polar structure can be induced by applying an electric field. More recently, chiral ordered B1 
and B7 phases, which are typical for banana-shaped liquid crystals, have been observed on four-
ring asymmetric salicylideneimine derivatives by DEB et al..57 Six35,58 and seven59,60 aromatic 
rings in banana-shaped mesogens are also known and the mesophase stability seems to increase 
upon increasing the number of rings.61 In some cases six-ring compounds form conventional 
smectic phases in addition to ‘banana-phases’.62 

Another interesting aspect to observe is the impact on the thermotropic properties of bent-
shaped molecules on the introduction of lateral substituents (fluorine,63 chlorine,64 methyl,65 
methoxy,66 cyano,67 nitro,61 bromine68 or a combination of different substituents61,69) in the 
wings or in the central part of a these compounds.24 In general, melting points are lowered upon 
introduction of lateral substituents. Bulky substituents can suppress the LC properties 
completely and sometimes pronounced changes in switching behaviour can be observed upon 
introduction of small polar substituents.70 The variation of the terminal alkyloxy chain or 
fluorination of the terminal chain can also have a remarkable effect on the mesomorphic 
properties of bent-shaped molecules. Despite their achiral molecular structure, bent-core 
molecules can form chiral mesophase domains due to two symmetry-breaking events. 
However, bent-core compounds with chiral carbon atoms in the terminal tails have also been 
studied. In these cases the transition temperatures are lowered71 and ferroelectricity is 
induced.72 Some more exotic bent-core LCs have also been studied, e.g. polycatenar bent-
shaped mesogens73, hydrogen-bonded bent-shaped mesogens74 and bent-core mesogens 
incorporated in dendritic systems.75 
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1.3.3 Mesophases of banana-shaped mesogens    
 
In this sub-chapter, an introduction in the complexity of the mesophases of bent-core mesogens 
is given. Two nomenclatures are used for the ordering of the rich variety of mesophases of 
various symmetries formed by the bent-core mesogens. The first one is based on the 
nomenclature of conventional liquid crystals. A subscription behind the phase symbol notes the 
interface arrangement of the molecules from layer to layer, i.e. for the uniform tilt-direction 
(synclinic organization) the subscript s, e.g. SmCs, or for alternating tilt-direction (anticlinic 
organization) the subscript a, e.g. SmCa (see Fig. 1.3c and d, in chapter 1.2). Additionally, the 
letter P indicates if the mesophase is a polar phase. There may be a subscription behind it 
describing the switching behaviour. The subscription AF stands for antiferroelectric and FE for 
ferroelectric mesophases. The ferroelectric structure is characterized by a parallel direction of 
the polar order in adjacent layers, whereas the corresponding structure with an antiparallel 
organization is designated as antiferroelectric. The FE state represents a macroscopic polar 
structure whereas the AF structure is macroscopic apolar and therefore more stable than the FE 
states. Thus, SmCsPFE describes a mesophase where the long axes of the bent-shaped molecules 
are tilted with respect to the layer normal, from layer to layer parallel with each other, showing 
ferroelectric switching behaviour in electric field. It is well known that the synclinic tilt is 
usually preferred due to the dynamics in the LC phases, which include out-of-plane interlayer 
fluctuations. However, the anticlinic arrangement can be favoured enthalpically by steric and 
polar interactions at the interlayer interfaces.76,77 

The other nomenclature is the one suggested at the workshop on ‘Banana-shaped Liquid 
Crystals: Chirality by Achiral Molecules’, held in Berlin in 1997, where seven mesogenic 
phases were identified and simply designated as Bn, B1–B7.32 (B8 phase was added later). ‘B’ 
stands for bent, banana, bow, or boomerang. The subscript ‘n’ corresponds to the sequence of 
discovery of the different phases. Based on the textural features and preliminary X-ray results, 
however, this nomenclature does not cover the whole spectra of banana mesophases known 
nowadays, i.e. several new phases and sub-phases have been recently discovered.  

The bent shaped structure favors a steric packing of the molecules in which the ‘bows’ 
point in the same direction, giving rise to a layer with a uniform polar vector and therefore to a 
polar order along the direction of molecular bows. The important requirement for polar 
switching is that the packing is relatively strong but not too strong. The dipole moments which 
are parallel to the layer planes (along the C2 symmetry axis) sum up, leading to a polarisation 
(PS) of each layer (SmCP and SmAP phases). This results in monodomains with a finite 
residual spontaneous macroscopic electric polarisation PS (volume density of the molecular 
dipoles). Hence the sterically induced alignment of the molecular bows of achiral mesogens 
gives rise to a polar superstructure. The axis of polarisation is in most cases parallel to the 
layers. The magnitude of the polarisation found for the bent-shaped molecules is remarkably 
higher than that measured for the polar calamitic compounds.24,32,36 

If the bent molecules in the smectic layers are tilted with respect to the layer normal, the 
layers become chiral although the individual molecules are achiral.78,79 That means that the 
combination of director tilt and polarity leads to chirality in the bent-shaped molecule. On the 
other hand, in calamitic polar mesogens the combination of director tilt and chirality gives 
polarity. To escape from a macroscopic polar order in the bulk, bent-shaped molecules promote 
the formation of antiferroelectric phases. These antiferroelectric phases can be switched into the 
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ferroelectric state after applying a sufficiently strong electric field. This new way to achieve 
macroscopic polar order80 and chirality has immediately attracted rapidly growing interest both 
among theoreticians and experimentalists. From 1996 to early 2014 several thousands of bent 
core molecules exhibiting mesomorphic properties have been synthesized. More than a few 
times the phase assignment of compounds in the past proved to be incomplete due to renewed 
insights or improved experimental techniques. The early developments in this field were 
reviewed in 199932 and reviews over some special aspects have also appeared during recent 
years.24,36,50 

The orientation of a bent-core molecule can be defined by two directors: one director n 
along the long molecular axis and another director p in the direction of the bow. Due to packing 
constrains, bent-core molecules tend to segregate into planes, with their polar axis defined by p 
aligned along a common direction. Since the layer normal k defines a direction independently 
of n and p a variety of mesophases with different symmetries may result.81 The polar axis can 
be controlled by application of an electric field due to the existence of an electric polarisation, 
i.e. the mesophase is switchable. Bent-core achiral mesogens can form phases in which the 
symmetry is spontaneously broken. For the case of smectic liquid crystals formed by bent-
shaped molecules different possible arrangements have been proposed by BRAND et al.79 The 
so-called ‘minimal banana smectics’ possess one polarisation vector and corresponding 
arrangements and symmetries are sketched in Figure 1.6. 
 

 
(a)                      (b)                   (c)                      (d)                     (e)                    (f) 
Figure 1.6: (a-e) Possible arrangements of molecules in smectic layers and (f) structural chirality of the 
SmCP phase according to BRAND et al.79 
  

A phase with C2v symmetry is called CP (Fig. 1.6a) or SmAP phase. There, the bent 
molecules are arranged orthogonally in smectic layers which combined with the close packing 
requirement results in a polar order along the direction of molecular bows, i.e. a spontaneous 
macroscopic polarisation. This is the key difference between the SmAP phase and the SmA 
phase, where there is no preferred direction perpendicular to the layer normal. EREMIN et al82 
reported for the first time the observation of a SmAP phase in low-molecular bent-shaped 
compounds. LINK et al83 reported about a similar SmAP phase found in achiral side-chain 
polymers. 

The most common phase is the one with C2 symmetry, also designated as CB2 (see Fig. 
1.6c) or B2 phase or SmCP phase. The structure of the phase consists of smectic layers with 
tilted molecules. The polar order is in the direction perpendicular to the layer normal. The polar 
direction in adjacent layers is antiparallel in the SmCPAF phase, and resp. parallel in the 
SmCPFE phase. The polar and chiral layer structures arise from two symmetry-breaking events: 
the existence of a polar axis C2 and the tilt of the molecular long-axis from the layer normal 
(SmC-like).50 It is important here to realize that the chirality in the B2 phase does not arise from 

CP CP’ CB2 CG CB1  
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a superhelical organization like in the SmC* phase, although the symmetry in both cases is C2. 
On the other hand, it was suggested that some bent-core molecules may exist in chiral 
conformational states and are chiral only on average.84 In the SmCP configuration the layer 
normal, the tilt direction and the polar axis define a chiral system which is either right-handed 
or left-handed as shown in Figure 1.7b. Variation of either polarisation direction (indicated by 
crosses or dots in circles) or of the tilt direction changes the chirality sense of the layer 
(indicated by red (-) vs. blue (+) colour, this colour code will be used throughout this work).78 
Including the synclinic and anticlinic arrangement of the layers, there are four possible 
combinations of the layers (see Fig. 1.7a). In SmCaPAF and SmCsPFE structures, all the layers of 
a macroscopic domain have the same chirality sense. These phase structures are homogeneous 
chiral and occur in both enantiomeric forms (as conglomerates). In the SmCsPAF and SmCaPFE 
structures there are equal numbers of layers with (+) and (-) chirality and hence these 
superstructures are racemic on a macroscopic scale.78  

 

 
 

Figure 1.7: (a) The supramolecular arrangements resulting from the combination of the different tilt 
directions and polar directions; (b) origin of the superstructural chirality within the smectic phases of bent-
core molecules; (c,d) schematic representation of the polar switching process: (c) by a fast collective rotation 
around a tilt cone; (d) by a rotation of the molecules around the long axis; (e) bent-core molecules: side view, 
back-side and front view; pictorial representation according to TSCHIERSKE et al.24    
 

An extended review of the topic of chirality and its measure can be found in ref.12,85,86 In 
most cases the ground state is antiferroelectric and by applying an electric field along the layers 
one can switch to the ferroelectric state. The chirality of the layers usually remains conserved. 
The switching process between the AF and FE states of these tilted phases usually occurs by a 
fast collective rotation around a tilt cone (see Fig. 1.7c). This switching process simultaneously 
reverses polar direction as well as tilt direction. This can be observed optically between crossed 
polarisers by a rotation of the dark extinction brushes, occurring in circular domains. Both AF 
ground states are energetically very similar. The formation of either SmCaPAF or SmCsPAF 
structures strongly depends on the chemical structure of the material and the experimental 
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conditions (surfaces, applied fields,87 history of the sample, etc.). Very often both SmCaPAF or 
SmCsPAF structures coexist in one sample. The second switching process can be realized by a 
rotation of the molecules around the long axis, where the polarisation reversal takes place (Fig. 
1.7d). The AF organization is macroscopic apolar and therefore more stable than the FE state. 
In the case of the bent-shaped mesogens, the AF structure is additionally stabilised by the 
possibility of out-of-plane interlayer fluctuations. The AF state represents an arrangement with 
synclinic interlayer interfaces, i.e. the alkyl chains are aligned parallel at the interlayer 
interfaces (Fig. 1.8). This synclinicity easily allows interlayer fluctuations and is therefore 
entropically favoured as shown in Figure 1.8. On the other hand, in the FE ground state the 
similar bending direction of the molecules in adjacent layers leads to anticlinic interlayer 
interfaces. It means that these interlayer fluctuations are hindered in the FE state, which is 
entropically unfavourable (Fig. 1.8). Remarkably, this entropic effect upon the bulk phase 
structure in the mesophases of bent-shaped molecules is in contradiction with the one found for 
the SmCs and SmCa phases of calamitic mesogens (Fig. 1.3c and d). Therefore, in most polar 
smectic phases of bent- shaped mesogens the ground state is AF. The FE state can be induced 
by alignment applying an electric field, since there is only a small energy barrier between the 
AF and the FE states. A classical switching current response obtained for the AF phase of a 
bent-core compound under a triangular-wave field is characterized by the occurrence of two 
repolarisation peaks in each half period of the applied voltage, whereas for the FE phase only a 
peak could be detected. The values of the PS in the SmCP phases are in the range between 300–
1000 nC cm-2. This value is much larger than those observed for SmC*

FE and SmC*
AF phases of 

chiral calamitic molecules (5–200 nC cm-2).12 

 

 
Figure 1.8: Interlayer fluctuations of the molecules between the adjacent layers.88 
 

This new way to macroscopic polar order and chirality immediately have attracted rapidly 
growing interest both among theoreticians and experimentalists, mainly because of the ability 
of these bent molecules to originate LC mesophases that exhibit spontaneous polarisation (PS) 
in the absence of chiral groups in their molecular structure. Initially, the ferroelectricity89 and 
antiferroelectricity90 were discovered in chiral compounds exhibiting tilted smectic phases long 
before the field of bent-core molecules started attracting such a high interest. In 1974 MEYER91 
hypothesized that ferroelectricity could exist in a chiral smectic C (SmC*) LC phase made from 
chiral molecules using symmetry arguments. It was thought that molecular chirality was needed 
to reduce the symmetry of a material and produce a polar superstructure. MEYER’s arguments 
was that the simultaneous presence of the molecular chirality and director tilt would lead to a 
polar order, because chirality breaks inversion symmetry, a condition needed for polar order. 
On the other side, CLARK’s arguments were that the symmetry of bent-shaped LC phases is 
sometimes broken as a result of simultaneous director tilt and polar order perpendicular to the 
director.78 Hence, astonishing LC phases can exist and (anti)ferroelectricity is sometimes 
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observed,32 a property previously only found for chiral compounds. The bent-core mesogens 
are the first ferroelectric and antiferroelectric LCs realized without introducing molecular 
chirality. Spontaneous chiral deracemization at microscopic and macroscopic levels occurs and 
is controllable. Moreover, achiral bent-core molecules enhance system chirality. As a result, the 
interplay between polarity and chirality provides chiral nonlinear optic effects. The PS is 
usually determined in electro-optical switching experiments: under applied periodic rectangular 
or triangular waveforms. 

The B5 phase shows many similarities with the SmCP phase (B2). The electro-optical 
response, textural features and the symmetry are almost identical. A B2-B5 transition is 
accompanied by a sharpening of the X-ray pattern in the wide angle region and increasing 
viscosity.32,92 The key difference to the SmCP phase is that the B5 phase possesses an in-plane 
density modulation which can be described by a rectangular two-dimensional network.32,92 
Since the B5 phase is relatively rare it has not been studied in much detail and probably could be 
regarded as a candidate to an analogue to hexatic phases of calamitic mesogens. 

Other phase structures are formed by the partial collapse of the layers which leads to 
ribbon-like segments organising in such a way that the bend directions of the molecules in 
adjacent ribbons are antiparallel. This organization results in an efficient escape from 
macroscopic polar order. The new-formed mesophases are characterised by a 2D lattice 
resulting from the positional ordering of these ribbons. These mesophases can be regarded as 
modulated polar smectic phases (SmÃP or SmC  ̃P) or alternatively as columnar phases built up 
by ribbons with an orientational correlation of the molecules in adjacent ribbons. The molecules 
within the ribbons can be either tilted (columnar oblique phase, Colob, Fig. 1.9 c) or non-tilted 
(columnar rectangular phase, Colr, Fig. 1.9 a, b). This type of mesophases is often abbreviated 
as B1 phase. In general, these columnar phases do not show any switching behaviour.93 It is 
usually observed in compounds with relatively short terminal (alkyl) chains. The Colr phase 
consists of a rectangular packing of ribbons, i.e. infinite ribbon-like segments of smectic layers. 
The polarisation directions of the ribbons are cancelling along the C2 axis. The two-dimensional 
lattice is in the plane of the polar direction, i.e. the polarisation direction is perpendicular to the 
columns. TAKANISHI et al.27 reported on bent mesogenic dimers where the polarisation direction 
in the columnar phases should be perpendicular to the 2D lattice, i.e. the polarisation direction 
should be along the columns with an antiparallel packing of adjacent columns. SZYDLOWSKA et 
al.94 also reported such columnar phases and assigned them as B1rev (Figure 1.9 b). In some 
cases, below this orthogonal phase an additional oblique columnar (Colob) phase was observed, 
where the molecules have a synclinic tilt (designated as B1rev,tilted).94,95 Recently, it was shown 
that the B1 phase can exhibit several sub-phases which sometimes show switching properties,94 
a 3-D modulated phase structure94 or a tilted structure.29 
 

 
 
Figure 1.9: Schematic representation of organisation of molecules in: (a) B1 phase (Colr phase); (b) B1rev 
phase (ColrPAF phase); (c) Colob phase; (d) B6 phase (Smc, intercalated smectic phase); (e,f) models of 
undulated (sinusoidal deformed) smectic phase USmCP: (e) USmCaPAF phase; (f) USmCsPAF phase.  

(a) (b) (c) (d) (e) (f) 
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Smectic phase with an intercalated layer structures (designated as B6 phases) are formed if 
the size of the ribbons or slabs is very small and there is no positional correlation between 
them, i.e. no 2D-lattice is present (see Fig. 1.9 d). Such intercalated layer structures SmAc or 
SmCc phases (the subscript ‘c’ is recommended to describe intercalated phases3,96) are 
characterised by a layer distance comparable or smaller than half the molecular length. The B6 
phase97 is typically exhibited by bent-shaped mesogens with very short terminal tails. It occurs 
rarely and in contrast to the SmCP phase, it does not show electro-optical switching.32,98 

The formation of undulated and modulated layers and columnar phases in the case of 
calamitic systems can be the consequence of a frustration of the layer organisation as a result of 
a mismatch of the area required by rigid cores and alkyl chains at the aromatic–aliphatic 
interfaces99 as well as the polar effects100 in the layer structure. In the case of bent-shaped 
molecules, the situation is more complex due to the competition of the order parameters 
(density modulation, tilt and polarisation) and the presence of the polar vector parallel to the 
layer planes. Additionally, the polar vector can have a component perpendicular to the layers 
(SmCG phases). In the undulated structures the layers are sinusoidal deformed (USmA, USmC, 
Fig. 1.9 e, f.), whereas in the modulated layers structures (e.g. ribbon phases, Col, SmÃ, SmX  ̃ ) 
the smectic layers are broken into discrete ribbons. In the USmCaPAF structure (see Fig. 1.9 e) 
the tilt direction can change from layer to layer (anticlinic tilt would lead to a homogeneous 
chiral structure). In the USmCsPAF structure the correlation between the undulated layers is 
synclinic, but the tilt direction changes along the undulated layers. This structure would be 
racemic, but requires additional defects in the layers (positions where the tilt direction changes, 
see Fig. 1.9 f) which are unfavourable if there is a significant tilt. 

The assignment of the B7 phase is used for a wide range of different mesophases, which all 
exhibit characteristic textural features, i.e. helical filaments, checkerboard textures or banana-
leaf shaped domains.24,36,101 COLEMAN et al.102 combined several techniques to conclude that the 
B7 mesophase is a fluid polar smectic liquid crystal. In this phase local splay prevails in the 
form of periodic supermolecular-scale polarisation modulation stripes coupled to layer 
undulation waves.102 The precise structure of these mesophases is not clear to date. Therefore, 
the less specific descriptor B7 should still be used and this assignment should be used 
exclusively for B7 type mesophases which show the medium angle scattering in the X-ray 
diffraction pattern. Remarkably, mostly all the compounds which form this type of B7 phases 
have highly polar substituents (e.g. -CN, -NO2) at the central benzene ring of the bent unit.  
B7 - like mesophases (B7’ phases) are modulated-undulated fluid smectic phases, which are 
often assigned also as B7 phases because of the typical textures with helical filaments. The key 
difference is the diffraction pattern characterised by the absence of medium angle reflections 
and the simple layer structure with satellites of weak intensity behind the layer reflections, 
suggesting an undulated, i.e. sinusoidal deformed, layer structure without order in the layers. 
This type of mesophases typically shows FE or AF switching and it can be observed for 
molecules with quite different molecular structures (e.g.102). 

The B3 phases are considered soft crystalline phases (high ordered mesophases). This 
phase is a tilted lamellar crystalline phase that does not exhibit switching behaviour. This phase 
should possess SHG activity,103 also in the absence of an applied field, indicating spontaneous 
polar ordering. 

The B4 phases are high ordered mesophases (soft crystalline phases), i.e. a helical twisted 
layer structure with semicrystalline ordering of the layers, large optical rotation and light 
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scattering suggesting a strongly chiral local structure. This phase is formed by spontaneously 
self-assembling helical nanofilaments, the morphology of which is driven by a tendency for 
local saddle splay deformation of the semicrystalline layers.104 Usually, the B4 phase is formed 
as a low temperature phase in compounds exhibiting B2 phases,105 although B4-B7 transitions 
also have been observed.106  

‘New’ banana phases with a two-layer structure made of SmCG layers was been reported 
by BEDEL et al.107 The smectic phase with triclinic symmetry, i.e. the lowest symmetry, was 
predicted by DE GENNES108 and was named smectic CG phase, where G stands for generalized 
(see Fig. 1.6). The SmCG phase is characterized by two tilt directions with respect to the layer 
normal, tilt of the molecular plane (clinic) and tilt of the molecular kink directions (leaning). A 
complete overview on the recent developments in the field of banana-shaped LCs and its phases 
was given by REDDY et al.24 

 
 
1.4 Liquid crystal oligomers: dimeric and trimeric mesogens 
 
By definition the liquid crystal oligomers are mesogens constituted of molecules composed of 
two or more semi-rigid mesogenic units interconnected via flexible spacers, most commonly 
alkyl chains. Some extensive reviews on the relationship between molecular structure and 
liquid crystalline behaviour in the LC oligomers are given by IMRIE et al.109,110 The major 
interest in the linear LC oligomers was initially focused on their ability to act as model 
compounds for semi-flexible main chain liquid crystalline polymers.111 However, the studies 
are recently strongly concentrated on their own mesomorphic behaviour, which is quite 
different to that found for the conventional corresponding low molar mass liquid crystals.  
 

 
Figure 1.10: Structures of few examples of different types of LC dimers: (a) linear dimer; (b) H-shaped dimer 
(laterally-connected or ligated twin mesogen); (c) fused twin mesogen; and (d) T-shaped dimer. 
  

The simplest LC oligomers are the liquid crystal dimers (also known as mesogenic dimers 
or twin mesogens) in which two LC units are linked via a single flexible spacer. Dimers can be 
distinguished by their connection topology. A few examples are schematically represented in 
the Figure 1.10. LC dimeric systems containing identical mesogenic units are assigned as being 
symmetric dimers, e.g.112, while non-symmetric dimers consist of two different mesogenic 
groups, e.g.113 Although the most widely used spacer in dimers is an alkyl chain, other types of 
spacer including, for example, malonates,114 branched alkyl chains34 and siloxanes115 have been 
used. 

A liquid-crystal dimer with flexible hydrocarbon chains having an odd number of carbon 
atoms , i.e an odd - parity of the single units in the spacer, is called an odd-membered liquid 
crystal dimer, while one with hydrocarbon chains having an even number of carbon atoms, i.e. 
an even - parity of the single units in spacer, is assigned as an even-membered liquid crystal 

(a) 

(b) 

(c)
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dimer. The thermal behaviour of dimers is quite different from that of conventional low molar 
mass mesogens; in particular, their transitional properties exhibit a pronounced alternation on 
varying the number and parity of methylene groups in the spacer.111 

On varying the length and parity of the spacer, strong odd-even effects are usually 
observed in the transitional properties of the dimeric LCs.116 These effects are reminiscent of 
that observed for the polymeric systems.117 These odd-even effects are most often attributed to 
the dependence of the molecular shape on the number of units linking the two mesogenic 
moieties, and by considering the spacer to exist in its all-trans conformation, see (Fig. 1.11). 
The odd membered dimers tend to assume a bent shape conformation with the two mesogens 
tilted with respect to each other. An even membered dimer has a zig-zag shape in which the 
mesogenic units are anti-parallel and are more likely to lie parallel to each other (Fig. 1.11).118 
As a result, the odd-numbered spacers have a stronger tendency to form SmC-like phases while 
even-numbered analogues form SmA phases.116,119 However, this simplistic interpretation of the 
transitional properties of dimers has completely neglected the flexibility of the spacer. A more 
realistic interpretation of the dependence of the transitional properties on the length and parity 
of the spacer must include a wide range of conformations and not solely the all-trans 
arrangement.120 In 1999, some more striking properties of dimers with a flexible alkylene 
spacer were discovered.121,122 Some compounds with an odd number of flexible units between 
the two mesogens adopt a bent conformation resulting in LC phases with electro-optical 
switching properties. 

 
 
Figure 1.11: Molecular shape of dimeric molecules with (a) an odd and (b) an even number of flexible units 
between the two mesogens.  
 

For many dimers, composed of monomers that form smectic phases, it was found that the 
smectic phase behaviour was suppressed.117 On the other hand, it is known that dimers with 
long terminal tails promote smectic behaviour.123 Some series of compounds even exhibit a rich 
polymorphism of smectic phases.124 A simple relationship between the occurrence of smectic 
behaviour and the molecular structure of symmetric dimers was deduced from studies on the 
α,ω-bis(4-n-alkylanilinebenzylidene-4’-oxy)alkane series (as named in literature124). To obtain 
smectic properties the length of the terminal tails must be greater than half the length of the 
spacer.124 For different ratio between the lengths of the terminal chains and the spacer length 
nematic behaviour was observed for these systems. In this case a simple monolayer structure 
was present which is thought to be stabilized by the microphase segregation into three regions. 

Non-symmetric dimers, in which two different mesogenic groups are linked through a 
flexible spacer, have also been described extensively in literature.125,126 In general, the different 
mesogenic units have been chosen because they are known to exhibit a specific favourable 
molecular interaction, i.e. the linking of electron rich and electron deficient mesogenic groups. 
Interestingly, there are numerous reports in the literature where such a particular non-
symmetric dimer structure was chosen, in part, because binary mixtures of conventional low 
molar mass LCs containing these mesogenic units were know to exhibit unusual phase 
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n = 4 n = 3 
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behaviour. For example, a binary mixture of two nematogens could show smectic behaviour, 
the so-called induced smectic phases.127 In addition, the phase behaviour of the corresponding 
symmetric dimers was known, allowing the behaviour of the non-symmetric dimers to be 
compared with it.124,128 These non-symmetric dimers tend to arrange in intercalated (Fig. 1.12c) 
or interdigitated (Fig. 1.12d) smectic organizations.113 The intercalated arrangement is 
stabilized by the increase in entropy gained from the homogeneously mixed mesogenic units 
(non-specific interactions). Another possible stabilizing factor is the electrostatic quadrupolar 
interaction between the different mesogens having quadrupole moments of opposite sign.129 In 
some cases however also symmetric dimers are known to exhibit intercalated mesophases (Fig. 
1.12b).116

 
Figure 1.12: Schematic representation of the molecular organisation for (a, b) symmetric dimer LCs in: (a) 
the monolayer and (b) the intercalated SmA phases; (c, d) non-symmetric dimer LCs in: (c) the intercalated 
and (d) the interdigitated SmA phases.110,116 
 

Another structural feature which has been varied in the dimeric architecture is the type of 
linking group between the hydrocarbon spacer and mesogenic units including ethers,112 
esters,130 thioesters,131 and thioethers.132 These molecules continue to attract considerable 
research attention with recent studies including: the role of the spacer in determining liquid 
crystal behaviour,133 dimers linked in a linear fashion,110 laterally connected dimers,134 dimers 
containing bent-core mesogenic units,135 cholesteryl-containing dimers,136 dimers containing 
rod- and disc-shaped mesogenic units and their potential to exhibit the biaxial nematic phase,137 
non-symmetric dimers containing both a bent-core and calamitic mesogenic units,138,139,140 
hydrogen-bonded dimers,141 phase behaviour in bent odd-membered dimers;142 the flexoelectric 
properties of dimers,143 and light-emitting dimers.144 

The first report on symmetric ‘banana – banana’ dimers consisting of two rigid bent-core 
mesogenic units linked via a flexible alkyl spacer containing dimethylsiloxane units in the 
centre was made by DANTLGRABER et. al.88 This study showed that the number of 
dimethylsiloxane units of the spacer determines the ferroelectric or antiferroelectric nature of 
the SmCP phase, i.e. the odd-membered dimers show ferroelectric switching, whereas the even-
membered dimers show antiferroelectric switching. This particular spacer was found to lower 
the transition temperatures of the mesogens and facilitate the easy switching characteristics 
from antiferroelectric to surface-stabilized ferroelectric states of the SmCP phase. Similar 
behaviour has been reported for other bent-core mesogenic dimers.145 On variations of the 
terminal chain and also the two alkyl spacers linking the mesogenic units to the central siloxane 
core it was found that no odd–even effect was observed on phase type on varying the parity of 
the alkyl spacers.135 KOSATA et al.146 made a comparative study on the mesomorphic properties 
of symmetrical dimers in which two bent-core moieties are connected by alkyl, tetraethylene 
glycol or siloxane containing spacers. Those containing wholly alkyl spacers were not 

(a) (b) (c) (d) 
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mesogenic, while those with tetraethylene glycol spacers exhibited columnar mesophases and 
those with siloxane containing spacers exhibited a SmCPFE mesophase. The chemical nature of 
the spacer plays an important role in determining the phase behaviour of these dimers. 
Remarkably, it was observed that the ground-state structure of the SmCP phase can be changed 
on going from a monomeric to a dimeric system.146 SADASHIVA and co-workers 147 reported the 
synthesis of several mesogenic dimers composed of bent-core molecules possessing an alkylene 
spacer of varying parity. A ferroelectric switchable polar oblique columnar phase was 
established for these dimers. SADASHIVA’s group148 reported recently also on symmetrical bent-
core dimers (with a 5-hydroxyisophthalic acid central unit) connected at the apex positions by 
alkylene spacers. Remarkably, these dimers exhibit a first order phase transition SmA-SmA’ 
phase. This transition has been attributed to conformational changes in the chains. Notably, the 
change in the parity of the spacer does not change the phase behaviour of these dimers.147,148 
This observation is in contrast to the dramatic odd–even effect observed as the parity of the 
spacer is varied for several series of dimers derived from calamitic mesogenic segments. These 
results indicate that the dimers composed of bent-core mesogens themselves are of significant 
interest in their own right because their phase behaviour seems to be different from the 
monomeric systems. However, the clear understanding of the correlation between the overall 
molecular structure and mesomorphic properties of dimeric systems is still at the beginning. 

Non-symmetric dimers containing both a bent-core and calamitic cyanobiphenyl- group 
have been first reported by YELAMAGGAD and co-workers.138,149,150 The dimer containing a 
hexamethylene spacer exhibited biaxial nematic, Nb, and biaxial smectic A, SmAb, and a further 
unidentified mesophase. The biaxial nature of this nematic phase could not be proved by further 
studies. The nematic phases formed by bent-core mesogens are of great interest for theoretical 
and practical reasons, e.g. due to their chiral nature and exceptional electro-optical features.151  
In 2012 WANG et al.152 gave an account of some further dimers containing cyanobiphenyl unit 
with a bent-core unit with or without a second cyano group at the central phenyl ring exhibiting 
nematic phase and higher ordered phases. The lower temperature of one of these compounds 
was found to be also SmAb phase. The SmAb phase in this system is of special interest as a 
candidate for improving and expanding the utility of LC displays due to the fast switching 
rates.153,154,155 Moreover, the presence of a high temperature N phase can facilitate the 
alignment to a defect-free smectic structure, i.e. opening new ways to LCD technologies. The 
formation of the N phase above the biaxial SmA phase in these systems is a possible pathway 
to the formation of the biaxial N phase in similar systems containing bent-shaped and calamitic 
mesogens. Furthermore, cyanobiphenyl group was connected to three- and four-ring bent-core 
fragments to create nematic materials.156,157 SHANKER et al. reported on calamitic fragments 
other than cyanobiphenyl connected in lateral or terminal version to five-ring bent-core 
moieties which exhibited phase sequences with uniaxial N and additional Col or Sm phases.158 
YELAMAGGAD’s group reported also on structurally frustrated mesophases obtained over a wide 
thermal interval in dimers covalently joining a bent-core mesogen to cholesterol through a 
flexible spacer.140 Notably, some of these dimeric designs lead to polar smectic LCs and new 
phase sequences originating from the interplay between the shape anisotropy of the two 
mesogenic units as well as the parity and length of the flexible spacer. Even-membered dimers 
exhibited blue phases over a long temperature range, chiral nematic and then either columnar or 
tilted smectic phases. The odd-membered dimers exhibited only a columnar phase, indicating a 
strong dependence of packing on the parity of the flexible spacer for such dimers. 
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One of the major issues in the development of LC dimers, especially non-symmetrical 
dimers, was the search for biaxiality in the nematic LC systems. Banana-shaped compounds 
appear to be appropriate candidates for formation of non-polar and polar biaxial nematic 
phases.159 Despite the prediction of the existence of the biaxial nematic Nb phase on the basis of 
molecular field calculations in 1970,160 the first claim to be found was in a complex lyotropic 
system in 1980,161 and later on in a low-molar-mass thermotropic LC system in 1986.162 
Numerous studies claiming the observation of the Nb phases were proved by means of 
deuterium NMR spectroscopy to be uniaxial phases.163 Meanwhile, simulations on bent-shaped 
molecules indicated that the Nb phases could be stable in such molecular systems.164 Evidence 
for the biaxiality of a N phase composed of bent - shaped oxadiazole molecules has been 
provided.15,16 The first Nb phase above the biaxial SmAb phase was reported by YELAMAGGAD 
et al. for a non-symmetric banana–rod system.165 However, experimental confirmation is not as 
sufficient as for the oxadiazole molecule, i.e. the assignment of the mesophases was conducted 
only by means of optical measurements (i.e. conoscopy). 

A liquid crystal trimer consists of molecules containing three mesogenic units 
interconnected via two flexible spacers. These structural components may be assembled in a 
number of various ways to give, for example: linear trimers,166 trimers in which one or more 
mesogenic units are connected in a lateral position,167 cyclic trimers,168 star-shaped trimers,169 
trimers containing rod-like and disc-like mesogenic moieties.168 Examples of some of these 
molecular architectures are shown schematically in Figure 1.13. These systems can be broadly 
classified into three groups depending upon the chemical nature of the mesogenic segments 
they possess: symmetric (with all the mesogenic units identical), mixed (in which two of the 
mesogens are identical), and non-symmetric. The non-symmetry may be introduced in various 
ways, e.g. using alkyl chains of non-identical lengths,170 different terminal groups or some 
combination of all these variations.171 The structure - property relationships in higher oligomers 
such as molecular assemblages in dendrimers, tetrapodes, non-linear discotic and rod-disc 
oligomers, U-shaped, Y-shaped, λ-shaped, S-shaped and other non-linear oligomers172 are not 
the subject of this work. 

 
 
Figure 1.13:Molecular architectures of a selection of LCs trimers: (a) linear trimers; (b,c) trimers laterally 
connected; (d) star-shaped trimers; (e) trimers containing rod-like and disc-like mesogenic moieties. 
 

The different molecular architecture has been exploited to address issues in a range of quite 
different areas and has given rise to potential applications for these new materials. In this work, 
only trimers in which the bent-core and calamitic mesogenic units are linked essentially in a 
linear fashion will be considered.  

The first examples of mesomorphic linear trimers consisting of bent-core and rod-like 
anisotropic segments have been reported by YELAMAGGAD et al.,173 in an exploratory attempt to 
realize molecules capable of stabilizing optically biaxial mesophases. All of the trimers exhibit 
an enantiotropic uniaxial nematic phase. 

(e) (d)(a) (b) (c)
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1.5 Binary mixtures of banana-shaped and calamitic mesogens 
 
The binary mixtures of banana-shaped and calamitic mesogens can also result in new 
mesophases with interesting properties. GORECKA et al.174 reported on the emergence and/or 
stabilization of the anticlinic ordering produced by doping calamitic synclinic or non-tilted 
smectic phases with banana-shaped molecules at low concentrations. It was reported that the 
doping effect is not effective for bent-core molecules with a thiophene ring as central unit 
(large bending angle of about 154°). Furthermore, the induction effect of an anticlinic phase is 
surely a steric effect and the anticlinic order is easily imagined to be formed in the smectic 
phase by assuming that calamitic parts align parallel to one of the wings of the bent-core 
compounds (see Fig. 1.14).36 Such entropy-driven induction of anticlinic ordering was 
demonstrated by MONTE-CARLO simulation.175 By doping a calamitic SmA host with a low 
concentration (3%) of bent-core molecules with an overall length twice that of calamitic 
molecules, an anticlinic order is induced, provided that the bending angle is 100 –150°. The 
simulation results are consistent with those experiments conducted by GORECKA et al.175 but do 
not give any evidence of the induced biaxial SmA phase reported by PRATIBHA et al.176 There 
are two reports of phase diagrams in binary mixtures consisting of bent-core molecules and 
calamitic polar rigid molecules.177,178 PRATIBHA et al.178 used a bent-core molecule forming a B2 
phase, and resp., a calamitic molecule 8OCB (4-cyano-4’-octyloxybiphenyl) which possesses a 
N–SmA phase sequence. By mixing them, B2 and N are stabilized near 0 and 100% 8OCB, 
respectively. The induction of B1 is observed at an intermediate mixing ratio. Totally different 
phase behaviour was found by TAKANISHI et al.179 who used mixtures of a bent-shaped 
molecule P-8-OPIMB (1,3-phenylene bis[4-(4-n-octyloxyphenyliminomethyl) benzoates]) 
which exhibits a phase sequence B2–B3–B4, and resp. the calamitic molecule 5CB (4-Cyano-4'-
pentylbiphenyl) which possesses a N phase. The B2 and B3 phases are destabilized and 
disappear at 20wt% 5CB, and only the B4 phase is stabilized. The distinctive feature in the 
mixtures presented in ref.179 is the growth in size of segregated chiral domains. In studies of 
different mixtures with a non-polar flexible molecule such as n-hexadecane, the X-ray 
diffraction studies show a 3 Å increase in layer thickness, indicating that the flexible molecules 
are located between the smectic layers of the bent-core molecules.179,180 

 
 

 
 
 
 
Figure 1.14: Schematic representation of the effect of introduction of banana-shaped molecules into synclinic 
smectic phase composed of calamitic mesogens. Pictorial representation according to TAKEZOE et. al.36 
 
There are several reports in the literature of studies of binary mixtures of banana-shaped and 
calamitic compounds from our working group by SCHRÖDER et al.,181,182 the latest report is 
directly related to this work (but not presented here for the sake of brevity).183 The covalently 
connected dimer and trimer structures presented in this work were chosen, in part because 
binary mixtures of conventional low molar mass LCs containing these mesogenic units were 
know to exhibit unusual phase behaviour. 
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2 Objectives of this thesis 

 
The aim of the research described in this thesis is to design, synthesize and characterize novel 
mesogenic dimers and trimers in which at least one mesogenic unit possesses a banana-shaped 
(bent-core) mesogen whereas the other is a calamitic moiety of different size. This work is an 
attempt to better understand the impact of molecular design on the mesomorphic behaviour of 
these new LC systems and the factors that could influence their potential application in 
switchable cells. The combinations of bent-core and calamitic mesogenic units in the dimers 
and trimers under discussion should clarify whether and to what extent the mesophase 
behaviour of the monomers can be modified. Another question to answer is if there is a 
‘competition’ of the contribution of the calamitic and bent-core moieties on the mesomorphic 
behaviour of the oligomeric systems, i.e. to clarify whether this combination can lead to 
polymorphism variants with ‘banana phases’(columnar and polar smectic phases), as well as 
mesophases typical for calamitic compounds (N, SmA, SmC phases). A further point of interest 
is whether the nematic, SmA or SmC phases formed by these novel oligomeric systems would 
exhibit the properties of calamitic mesogens, or perhaps the features of the phases formed by 
corresponding monomeric bent-core mesogens. The main target when designing these LCs 
systems was to identify novel chemically stable compounds with switchable enantiotropic 
mesophases that exhibit a wide range of temperature (as near to room temperature as possible) 
with potential use in display devices. 

The general formula of the novel non-symmetrical ‘banana – calamit’ dimers (type I and 
type II), symmetrical ‘calamit - banana – calamit’ trimers (type I) and ‘banana – calamit – 
banana’ trimers (type II) are depicted in Figure 2.1. 
 
 
 

 
 
 
      

 
 
Figure 2.1: General formula of the synthesized compounds. 
 

After the description of the synthetic pathway of the target materials in chapter 3, in 
chapter 4 follows a brief introduction of the experimental techniques used for physical 
characterization of the liquid crystal phases. The rest of the chapters is dedicated to the 
description of the mesophase behaviour of the target oligomeric systems. 

 

(a)   dimers of type I 
 

(b)   dimers of type II 

(c)   trimers of type I (d)   trimers of type II 
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Figure 2.2: General formula of terminally – terminally connected ‘banana-calamit’ dimers of type I. 
 

In chapter 5 we focus on the structure – property relationship in terminally – terminally 
T – T connected ‘banana-calamit’ dimers of type I (see Fig. 2.1a and Fig. 2.2). We used bent-
core mesogens consisting of five or six aromatic rings, connected by ester linking groups E1 – 
E4. The influence of the variation of the length of the terminal chain n and p attached to the 
bent-core moiety and calamitic part, as well as the influence of the variation of the length and 
parity of the flexible spacer m is studied in the chapters 5.1, 5.2 and 5.3. The influence of the 
nature of connecting groups X and Y (–COO-, -OOC- and –O-) linking the hydrocarbon spacer 
with the two mesogenic moieties on the mesophase behaviour was studied in different dimer 
series in chapter 5.4. In chapter 5.5, the focus is on the influence of several variations of the 
bent-core mesogenic unit, i.e. the direction of the ester linking groups E1 – E4 in the bent-core 
fragment, the polarity of the terminal group R, the lateral substitution A, B and enhancing the 
number of aromatic rings. Simultaneously, changes of the mesomorphic properties induced by 
varying the spacer length m and the length of the terminal chains n and p attached to the 
mesogenic units are considered. In chapter 5.6 we describe several new systems of type I, with 
three-ring calamitic mesogenic units incorporating biphenylene fragments and bis-azobenzene 
segments. In chapter 5.7 details of characterization of nematic phases of dimeric systems under 
study by means of electro-optical studies are given.  

In chapter 6 we concentrate on the variation of the linking position of the spacer - calamit 
unit on the central resorcinol fragment of the bent-core moiety, i.e. in a laterally – terminally L 
– T fashion in the ‘banana-calamit’ dimers of type II, (see Fig. 2.1b and Fig. 2.3). The 
mesophase behaviour of these new dimers was compared with those previously found for 
terminally - terminally linked dimers. These variations are studied also in correlation with 
modification of the length of the flexible spacer m. 
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Figure 2.3: General formula of ‘banana-calamit’ dimers (type II), laterally – terminally connected in the 5 – 
position (assigned as L – 5 - T) and, respectively, in the 4 - position (L – 4 - T) of the central resorcinol unit. 
 

In chapter 7 our interest is focused on the study of the structure-property relationships of 
the ‘calamit – banana - calamit’ trimers of type I containing two identical calamitic mesogenic 
units connected via two spacers to a bent-core moiety in a linear fashion (Fig. 2.1c and Fig. 
2.4). The influence of the variation of the molecular structure on the mesomorphic properties of 
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these systems is studied also in correlation with changes of length of spacer m, terminal chain 
attached to the calamitic part p, as well as the direction of the ester connecting groups Z, W and 
the number of aromatic rings on the bent unit q. 
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Figure 2.4: General formula of ‘calamit – banana - calamit’ trimers (type I). 
 

The trimeric systems of type II, ‘banana - calamit – banana’ trimers containing two 
identical bent-core units connected via two equal spacers to a calamitic mesogenic moiety in a 
linear fashion (Fig. 2.1d and Fig. 2.5) are the subject of chapter 8. The role of the introduction 
of phenylene and biphenylene fragments (r = 0, 1, see Fig. 2.5a), as well as of the azobenzene 
segments (Fig. 2.5b) as calamitic moiety on the mesomorphic behaviour of these trimers was 
studied. Simultaneously, changes of the mesomorphic properties induced by varying the spacer 
length m were considered. 
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Figure 2.5: General formula of ‘banana - calamit – banana’ trimers (type II) containing (a) phenylene and 
biphenylene fragments and (b) azobenzene segments. 

(a) 

(b) 



22 

3 Synthesis 

 
In the first two parts of this chapter the synthetic pathway to the non-symmetrical ‘banana-
calamit’ dimers of type I (series 1 – 30, terminal–terminal linking) and of type II (series 31 – 
32, lateral–terminal linking) will be described. Next, the synthesis of the symmetrical trimers 
of type I (‘calamit – banana – calamit’ trimer series 33 – 36, terminal–terminal linking) and 
resp. of type II (‘banana– calamit – banana’ trimer series 37 – 38, terminal–terminal linking) 
will be presented. The experimental procedures to prepare the compounds under discussion are 
given together with the analytical data in the Experimental Section (chapter 10) and Appendix. 
The structure and purity of the compounds were proved by 1H and 13C NMR-spectroscopy and 
elemental analysis.i   
 
 
3.1 ‘Banana-calamit’ dimers 1 – 30 of type I 
 
3.1.1 General aspects 
 
The compounds under study consist of a five-ringii or six-ring bent-core moiety and a two-ring 
or three-ring calamitic unit. The mesogenic parts are connected by an aliphatic spacer in a 
terminal – terminal fashion. Both terminal hydrocarbon chains attached to the bent-core moiety 
and the calamitic unit are linked to the aromatic rings by ether groups. The hydrocarbon spacers 
are linked to the aromatic rings by ether and/or ester groups. Furthermore, all phenyl rings in 
the bent-core unit are connected to each other by carboxylic groups.  

A general example of synthetic strategy to obtain non-symmetrical dimers of type I is 
outlined in Schemes 3.1. The strategically crucial point was to find the best linking position in 
the final reaction step which allowed us an effective purification, because the solubility and 
chromatographic properties of the intermediates and final products are relatively similar. The 
best way to prepare the compounds under discussion is the connection of a bent-core fragment 
and a spacer - calamit moiety both ω-functionalized. To synthesise these compounds well-
known reactions in organic chemistry have been used: esterifications, etherifications, oxidations 
and deprotection reactions.  
 

                                                 
i The compounds presented in this work are labelled with Arabic numbers from 1 to 38, followed by a letter 
from a to d to differentiate between different members of the same homologues series. n is the number of the 
carbon atoms in the terminal hydrocarbon chain attached to the bent-core segment; m is the length of the 
hydrocarbon chain spacer connecting the mesogenic units; p is the length of the terminal hydrocarbon chain 
attached to the calamitic segment of the molecules. For the labelling of the intermediate compounds the letter 
‘i’ was used. In the associated brackets the value of the corresponding varied lengths of n, m and p are given. 
ii The terms ‘five-ring’ and ‘six-ring’ are used in this work for compounds consisting of five and six aromatic 
rings, respectively. 
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Scheme 3.1: Example of a retrosynthetic approach to the synthesis of dimers of type I. 
 
Some general considerations on the different reactions types used in this work are given:  

1) The esterification reactions of phenolic parts with fragments containing benzoic acids 
were mainly conducted by means of N,N’-dicyclohexylcarbodiimide (DCC) as a 
coupling reagent in the presence of 4-dimethylaminopyridine (DMAP) as catalyst in 
dichloromethane (CH2Cl2) by STEGLICH method184 (or using tetrahydrofuran (THF) as 
solvent for less soluble benzoic acid derivatives). In parallel, there were several 
attempts to conduct this type of esterification reaction using the acid chloride method 
especially for the less soluble benzoic acids and / or the acid chloride available in our 
laboratory. The benzoic acids were converted to the corresponding acid chloride by 
means of thionyl chloride (SOCl2)58 or oxalyl chloride (COCl)2

146 in CH2Cl2. The crude 
acid chlorides was dissolved in toluene, resp. CH2Cl2 and reacted further with the 
corresponding phenol in presence of pyridine or DMAP as catalyst. The difference in 
yield for the most of the esterification reactions is not significant between the two 
methods (70 to 80 %), however the DCC mediated reaction produced higher yield in 
some cases and takes shorter time. Isolation and purification of the end product was 
achieved by repeated column chromatography and crystallisation for both methods and 
were equally time-consuming. In all the schemes presented later on in this work only 
the most productive method is presented. 

2) The etherification reactions in this work were performed using three different methods. 
The WILLIAMSON reactions were conducted under well-known conditions using phenols 
and n-alkyl halides, α,ω–halogen alkanes by means of potassium carbonate (K2CO3) or 
caesium carbonate (Cs2CO3) as base185 in acetone, acetonitrile or butan-2-one under 
reflux or in dimethylformamide (DMF) at 70 - 80 °C, in presence of potassium iodide 
(KI) or tetrabutylammonium iodide (Bu4NI) as catalyst. The purity of the resulting 
intermediate using butan-2-one as solvent is higher than that of the intermediates 
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resulting from the reaction in DMF at higher temperatures. However, longer reaction 
times are necessary for the reaction with butan-2-one as solvent. The same 
intermediates have been obtained by the MITSUNOBU reactions186 in high yields and 
good quality. The MITSUNOBU reactions were conducted using n-alkanols, phenols or 
diols with triphenylphosphine (PPh3) and diethyl azodicarboxylate (DEAD) in absolute 
THF at room temperature.187 The reactions after MITSUNOBU produced higher yield in 
some cases than the considerably cheaper modified WILLIAMSON etherifications, i.e. 
60% in MITSUNOBU reactions vs. 50% in WILLIAMSON reactions for three-ring calamitic 
moieties connected to the spacer part, for instance, and takes shorter time (2 days vs. 1 
week). However, the purification is more time-consuming in the case of MITSUNOBU 
reaction intermediates because the removal of the triphenylphosphine oxide (O=PPh3) 
derived from PPh3 requires column chromatography. For the third etherification method 
sodium hydride (NaH, 60% in oil) was used to form the corresponding sodium 
phenolate, which can react with ω-halogen substituted alcohol in DMF at 110 – 120 °C. 
Due to the modest reactivity of the chloro-compound used for this reactions the yields 
were relatively low (20 - 30 %). 

3) A PINNICK/LINDGREN188,189 modified method on oxidation of aldehyde groups to 
carboxylic acids was performed using sodium chlorite (NaClO2) as oxidizing agent in 
presence of sodium dihydrogenphosphate dihydrate (NaH2PO4·2H2O) and resorcinol in 
THF and H2O at room temperature. The yields of these reactions were high (> 90 %). 

4) The deprotection reactions of benzyl ethers and benzyl esters, i.e. the hydrogenolytic 
debenzylation of the -OH groups succeeded by means of hydrogen in ethyl acetate with 
5 % Pd catalyst on carbon190 or by means of ammonium formate and 5 % Pd catalyst on 
carbon in acetone.191 The yields of these reactions were high (80 – 90 %). 

 
 
3.1.2 Dimer series 1 – 6 
 
In this section, the synthesis of dimers 1 will be discussed, as a representative example for the 
synthetic strategy to obtain dimers series 1 – 6. The dimer series 1 contains 10 homologous 
compounds, thus being the series with the largest range of spacer chain lengths (m = 2, 3, 5-12 
methylene units). The compounds 1 have a constant length of the alkyloxy chain attached to the 
bent-core unit (n = 12) and to the calamitic part (p = 6). The compounds 1 represent dimers of 
type I with a five-ring bent-core moiety and a calamitic hexyloxybenzoyloxyphenyl unit. The 
bent-core unit possesses a central resorcinol moiety, the ester linking groups within one wing 
of the bent-core moiety having the same direction. This is the reference structure for the bent-
core unit in this thesis assigned as E0. If not otherwise indicated, data refer to an E0 structure 
for the bent-core moieties in the following sections of this thesis. The mesophase behaviour of 
compounds 1 - 6 is described in chapters 5.1-5.3. 



 3 Synthesis  25

H2n+1CnO

O

O O

O

O

O

O

O

O(CH2)mO O
OCpH2p+1

HO

OH

O

 CnH2n+1Br, KOH

H2n+1CnO

OH

O

DCC, DMAP, CH2Cl2

HO COOBn

H2, Pd/C

H2n+1CnO

O

O OBn

O

H2n+1CnO

O

O OH

O

EtOH/H2O
BzO OH

NaH, BnBr
DMF

BzO OBn

NaOH
MeOH/H2O

DCC, DMAP, CH2Cl2

H2n+1CnO

O

O O

O

OBn

EtOAc

H2, Pd/C

EtOAc

H2n+1CnO

O

O O

O

OH

DCC, DMAP, CH2Cl2

HOOC OBn

H2n+1CnO

O

O O

O

O

O

OH

2. i8, H2, Pd/C
EtOAc

OCpH2p+1

HO

O

HO

OBn

DCC, DMAP, CH2Cl2

OCpH2p+1

O

OBnO

H2, Pd/C

EtOAc

OCpH2p+1

O

OHO

Ph3P, DEAD, THF

HO-(CH2)m-Br

OCpH2p+1

O

OO(CH2)m

K2CO3, KI

HO COOBn

OCpH2p+1

O

OO(CH2)m

Br

O

OCpH2p+1

O

OO(CH2)mO

DCC, DMAP
CH2Cl2

Butan-2-one

i1

i3

i2

i4

i5

i6

i7

i9

H2, Pd/C
EtOAc

OH

HO

O

EtOH/H2O

i1

i11

i10

i14

i13

i12

 CpH2p+1Br, KOH

HO OBn

O

1.

O

BnO

HO

O

dimer series 1-6

m = 2, 3, 5, 6, 7, .. 12

n = 8, 12, 16

p = 6, 12, 16
m = 2, 3, 5, 6, 7, .. 12

n = 8, 12, 16

n = 8, 12, 16

p = 6, 12, 16

p = 6, 12, 16

 
Scheme 3.2: Synthesis of compounds 1 – 6. 
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The synthetic strategy to obtain the ‘banana-calamit’ dimer series 1–6 is outlined in 
Scheme 3.2. The final step of the synthesis of target molecules 1 was the esterification of the 
four-ring phenolic bent-core moiety i9 (n = 8, 12, 16) with the benzoic acid containing the 
calamitic unit i14 (m = 2, 3, 5, .. 12). The synthetic approach to prepare the ω-functionalized 
phenolic bent-core moieties i9 is outlined on the left side of Scheme 3.2. The 4-n-
alkyloxybenzoic acids i1 were obtained in a modified WILLIAMSON etherification with the 
corresponding alkyl bromides in presence of KOH in EtOH/H2O under reflux. The benzoic 
acids i1 were esterified with the benzyl 4-hydroxybenzoate using the STEGLICH method in 
presence of DCC/DMAP to give the intermediates i2, followed by deprotection of the 
benzylated intermediate by means of hydrogenolysis in the presence of 5% Pd/C to result the 4-
(4-n-alkyloxybenzoyloxy)benzoic acids i3.192 The 3-benzyloxyphenol i5 was prepared by 
etherification of commercially available resorcinol monobenzoate with benzyl bromide in 
presence of NaH in DMF, followed by saponification of the 3-benzyloxyphenyl benzoate i4 in 
EtOH and NaOH. The phenolic three-ring compounds i7, 3-hydroxyphenyl 4-[4-(4-n-
alkyloxybenzoyloxy)]benzoates, was synthesized by esterification of 3-benzyloxyphenol (i5) 
with the two-ring benzoic acids i3 in presence of DCC/DMAP and further deprotection of the 
intermediates i6 by means of hydrogenolysis in the presence of 5% Pd/C.193,58 The synthesis of 
the four-ring bent-core moieties i9, 3-(4-hydroxybenzoyloxy)phenyl 4-(4-alkyloxybenzoyloxy)-
benzoates, bearing a phenolic group in a terminal position is based on the STEGLICH 
esterification of the three-ring phenols i7 with 4-(benzyloxy)benzoic acid in presence of 
DCC/DMAP, followed by a hydrogenolytic debenzylation of the intermediates i8 by means of 
hydrogen in the presence of Pd/C. The phenolic four-ring compounds i9 was reported by 
MURTHY et al.193,194 

The synthetic approach to prepare the benzoic acids i14 containing the calamitic moiety 
and the spacer part is given on the right side of the Scheme 3.2. The two-ring phenols i11, 4-
hydroxyphenyl 4-n-alkyloxybenzoates were synthesised as shown in the reaction pathway.192 

The bromo-compounds i12, 4-(ω-bromoalkyloxy) phenyl 4-alkyloxybenzoates were 
synthesized by means of MITSUNOBU etherification of phenols i11 and ω-bromoalkanols with 
PPh3/DEAD in THF. The 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]alkyloxy}benzoic acids 
(i14) containing the calamitic moiety connected to the spacer were synthesized by WILLIAMSON 
etherification of bromo-compounds i12 with benzyl 4-hydroxybenzoates, in presence of 
K2CO3/KI in butan-2-one and following benzyl deprotection. The benzoic acid i14 with m = 6 
and p = 6 was already reported by us.195 The final compounds 1 were prepared by the STEGLICH 
esterification of the phenolic four-ring bent-core moieties i9 (n = 8, 12, 16) with the benzoic 
acids i14 (m = 2, 3, 5, 6, 7,.. 12). 
 
 
3.1.3 Dimer series 7 – 12 
 
In order to study the influence of the groups X and Y connecting the spacer with the two 
different mesogenic moieties on the mesophase behaviour dimers 7 – 12 were synthesized. The 
mesophase behaviour of these compounds is described in chapter 5.4. 

The synthetic pathway to obtain the series 7 – 9 (connecting groups X = –COO- and Y = –
O- and m = 6, 11) is outlined in Scheme 3.3. The first step was to append hydrocarbon chains 
bearing a terminal hydroxyl function to 4-hydroxyphenyl 4-n-alkyloxybenzoates i11 via a 
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WILLIAMSON etherification with a ω-bromoalkanol in presence of K2CO3/KI in DMF. The 
resulted 4-(ω-hydroxyalkyloxy)phenyl 4-alkyloxybenzoates i15 were esterified with the 4-
formylbenzoic acid in the presence of DCC/DMAP to give the aldehyde intermediates i16 
which were further oxidized by means of NaClO2 to give 4-{ω-[4-(4-alkyloxybenzoyloxy)-
phenyloxy]alkyloxycarbonyl}benzoic acids (i17). Similar substituted n-alkanols i15 and 
benzoic acids i17 were already reported by us.195 The target molecules 7 – 9 were obtained by 
DCC-esterification reaction of these benzoic acid i17 with the four-ring bent-core phenols i9 
reported in section 3.1.2. 
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Scheme 3.3: Synthesis of compounds 7 – 9. 
 

The strategy to obtain the series 10 – 11 which differ from compounds 7 – 9 by the 
direction of one connecting group (X = –OOC-, Y = –O- and m = 5) is given in Scheme 3.4. 
The benzoic acids i20 containing the calamitic parts were synthesised using the following 
pathway. The 6-bromohexanoyl chloride was reacted with the benzyl 4-hydroxybenzoate in 
presence of TEA/DMAP in toluene to give compound i18. Similar to the procedure previously 
described for compounds i15, the ω-bromo–functionalized ester i18 was further etherified in a 
WILLIAMSON reaction and followed by deprotection by means of hydrogenolysis to result the 4-
{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]alkylcarbonyloxy} benzoic acids i20. The last step 
was the esterification reaction of the 3-(4-hydroxybenzoyloxy)phenyl 4-(4-alkyloxybenzoyl-
oxy)benzoates (i9) with the benzoic acids containing the calamitic unit i20. 
 



 3 Synthesis  28

H2, Pd/C

EtOAc

K2CO3, KI

Butan-2-one
H2p+1CpO

O

O O (CH2)mCOO COOBn

H2n+1CnO

O

O O

O

O

O

O

O

i20

dimer series 10-11

O

O
OCpH2p+1

OOC(CH2)mO

p = 6, 12
m = 5

10a: n = 12; m = 5; p = 6
10b: n = 16; m = 5; p = 6
11a: n = 12; m = 5; p = 12
11b: n = 16; m = 5; p = 12

H2n+1CnO

O

O O

O

O

O

OH

DCC, DMAP, CH2Cl2

i9: n = 12, 16

H2p+1CpO

O

O OH

i11
p = 6, 12

i19
p = 6, 12
m = 5

H2p+1CpO

O

O O (CH2)mCOO COOH

Br-(CH2)m-COCl
TEA, DMAP, Toluene

HO COOBn
Br-(CH2)m-COO COOBn

m = 5 i18
m = 5

 
 

Scheme 3.4: Synthesis of compounds 10 – 11. 
 

The synthesis of compound 12 (m = 15) with an inversed position of the connecting groups 
between the spacer and the two mesogenic units, i.e. X = –O- and Y = –COO-, is presented in 
Scheme 3.5. The first step was the reaction of phenol i11 with 16-bromohexadecanoic acid in 
presence of DCC/DMAP. The bromo-functionalized compound i21 was etherified in a 
WILLIAMSON reaction in presence of K2CO3/KI with the benzyl 4-hydroxybenzoate and further 
deprotection of benzyl benzoate i22 by means of hydrogenolysis with Pd catalyst results the 
benzoic acid (i23). The final compound 12 was prepared by the esterification of the four-ring 
bent-core phenol i9 with the 4-substituted benzoic acid containing the calamitic part, i23.  
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Scheme 3.5: Synthesis of compound 12. 
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3.1.4 Dimer series 13 – 19196 
 
In order to study the influence of the direction of the ester linking groups E connecting the five 
phenyl rings of the bent-core unit on the mesophase behaviour of dimer type I, compounds 13 –
19 were synthesised. The direction of each of the four ester groups E between the phenyl rings 
of the bent-core unit has been inverted with respect to the position of the ester linking groups in 
the reference structure E0 used in the dimers 1 – 12. Since for each group of isomers the 
direction of only one ester group has been changed, the inversion of the first, second, third and 
fourth one is assigned as E1, E2, E3 and E4, respectively (see general formula in the Fig. 3.1 and 
an example explaining the abbreviation system for the E groups in Fig. 5.64, chapter 5.5.1). 
The mesophase behaviour of dimers 13 – 19 is described in chapter 5.5.1 and these results were 
already published by our research group.196 
 

H2n+1CnO O(CH2)mO O

O
OCpH2p+1

E1

E2 E3

E4

 
 

Figure 3.1: General formula of dimers 13 – 19. 
 
 
Dimers 15a and 16a with an inverse carboxylic group in E1-position 
 
The synthetic strategy to obtain the dimers 15a and 16a which possess an E1 structure (with an 
inversion of the first ester connecting group E1 with respect to the E0 structure) is described in 
Scheme 3.6. The 4-n-dodecyloxyphenol i25 was esterified with the 4-formylbenzoic acid to 
give the aldehyde intermediate i26 which was further oxidized by means of NaClO2/NaH2PO4 
to give 4-(4-n-dodecyloxy-phenyloxycarbonyl)benzoic acid i27. Its esterification with 3-
benzyloxyphenol i5 and further deprotection of the benzylether intermediate i28 results in the 
three-ring phenol i29. The substituted phenol i29 was reported by our research group.192 The 
synthesis of the four-ring bent-core moiety i31, 3-(4-hydroxybenzoyloxy)phenyl 4-(4-n-
dodecylphenyloxycarbonyl)-benzoate, bearing a phenolic group in a terminal position is based 
on the STEGLICH esterification of phenol i29 with benzyl 4-hydroxybenzoic acid followed by a 
hydrogenolytic debenzylation of the benzoate i30. The final compounds 15a and 16a were 
prepared by the STEGLICH esterification of the phenolic four-ring bent-core moiety i31 with the 
4-{ω-[4-(4-hexyloxybenzoyloxy)phenyloxy]alkyloxy}benzoic acid (i14, m = 6, 11).196 
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Scheme 3.6: Synthesis of compounds 15a and 16a. 
 
 
Dimers 13a, 14, 15b, 16b, 17a, 18 and 19 with an inverse carboxylic group in E2-position 
 
The synthetic pathway to obtain the dimers of series 13 to 19 which possess an E2-structure 
(with an inversion of the second ester connecting group E2 with respect to the E0 structure) is 
outlined in Scheme 3.7. The 4-hydroxyphenyl 4-n-alkyloxybenzoates i33192 were synthesised in 
analogy to the phenols i11. The esterification of the commercially available 3-hydroxy-
benzaldehyde with 4-benzyloxybenzoic acid results in 3-formylphenyl 4-benzyloxybenzoate 
i34 which was further oxidized by means of NaClO2/NaH2PO4 to give 3-[4-benzyloxy(benzoyl-
oxy)]benzoic acid i35. Its reaction with the two-ring phenols i33 and further deprotection of the 
benzyl group resulted in the four-ring phenols i37.196 The esterification reactions of these four-
ring bent-core units i37 bearing a phenolic group in a terminal position with the calamitic 
moieties 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]alkyloxy}benzoic acids i14 (m = 3, 6, 11; 
p = 6, 12) yielded the final products 13a, 14, 15b, 16b, 17a, 18 and 19.196 
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Scheme 3.7: Synthesis of compounds 13a, 14, 15b, 16b, 17a, 18 and 19. 
 
 
Dimers 13b, 15c and 17b with an inverse carboxylic group in E3-position 
 
The synthetic pathway to obtain the dimers 13b, 15c and 17b which possess an inversion of the 
third ester connecting group E3 with respect to the E0 structure is given in Scheme 3.8. 3-
Hydroxybenzaldehyde was esterified with 4-(4-n-alkyloxybenzoyloxy)benzoic acids i3 (n = 8, 
12, 16) in presence of DCC/DMAP to give the benzaldehydes i38, which were oxidized using 
NaClO2 to give 3-[4-(4-n-alkyloxybenzoyloxy)benzoyloxy]benzoic acids i39. The three-ring 
benzoic acids i39 were esterified with 4-(benzyloxy)phenol and hydrogenolytic deprotection of 
the benzyl-protected compounds i40 result in the formation of phenols i41, 3-(4-
hydroxyphenoxycarbonyl)phenyl 4-(4-n-alkyloxybenzoyloxy)benzoates. The final compounds 
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13b, 15c and 17b were prepared by the STEGLICH esterification of the four-ring bent-core 
phenols i41 with the benzoic acids i14 bearing the calamitic moiety.196 
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Scheme 3.8: Synthesis of compounds 13b, 15c and 17b. 

 
 

Dimer 15d with an inverse carboxylic group in E4-position  
 

The dimer 15d with an inversion of the fourth ester connecting group E4 with respect to the E0 
structure was prepared according to Scheme 3.9. The phenolic three-ring compound i7 was 
esterified with the commercially available 4-formylbenzoic acid to give the 3-(4-
formylbenzoyloxy)phenyl [4-(4-n-dodecyloxybenzoyloxy)benzoate] i42. The aldehyde 
intermediate i42 was oxidized using NaClO2 to result 4-{3-[4-(4-n-dodecyloxy-benzoyloxy)-
benzoyloxy]phenoxycarbonyl}benzoic acid i43.146 The bromo-compound i12, 4-(ω-
bromohexyloxy)phenyl 4-hexyloxybenzoate, was etherified via a WILLIAMSON method with 4-
benzyloxyphenol in presence of K2CO3/KI in butan-2-one. The deprotection of the intermediate 
i44 by means of hydrogen results in the phenol i45 bearing the calamitic unit. The three-ring 
phenol i45 was esterified in presence of DCC/DMAP with the four-ring bent-core moiety i43 
bearing a carboxylic group in a terminal position to give the dimer 15d.196 
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Scheme 3.9: Synthesis of compound 15d. 
 
 
3.1.5 Dimers 20 – 24 
 
In this chapter the synthetic pathway for compounds 20 – 24 (n = 12; m = 5, 6, 11; p = 6, 12) 
will be presented. These dimers possess different directions of the group X connecting the bent-
core moiety with the spacer unit (-COO-/-OOC-), while the second group is Y = –O-, and the 
direction of the second ester linking group E2 is reversed with respect to the reference structure 
E0 of the bent-core unit (see chapters 5.5.1 and 5.5.2). Their mesophase behaviour is described 
in chapter 5.5.2. 

The target molecules 20, 21 and 22 (n = 12; m = 6, 11; p = 6, 12) have been synthesized 
from the four-ring bent-core unit bearing a phenolic group in a terminal position i37 and the 
calamitic moiety 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]alkyloxycarbonyl}benzoic acid 
(i17, m = 6, 11; p = 6, 12) by an acylation reaction using the carbodiimide method (Scheme 
3.10).  
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Scheme 3.10: Synthesis of compounds 20, 21 and 22. 
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The final compounds 23 and 24 (n = 12; m = 5; p = 6, 12) have been prepared from the four-
ring phenol i37 and the benzoic acids containing the calamitic moieties connected to the spacer 
unit, i20, 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]hexanoyloxy}benzoic acids (m = 5; p = 6, 
12) by an esterification reaction using the carbodiimide method (Scheme 3.11). 
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Scheme 3.11: Synthesis of compounds 23 and 24. 
 
3.1.6 Dimer series 25197 
 
The dimers 25 (m = 3, 6, 11; p = 6; E2) were prepared in order to study the influence of the 
polar terminal cyano- group attached to the bent-core unit on the mesophase behaviour. The 
strategy to obtain the dimers 25 is outlined in Scheme 3.12 and is analogue to that described in 
Scheme 3.7, however now starting with the 4-cyanobenzoic acid. The four-ring phenol i49, 4-
(4-cyanobenzoyloxy)phenyl 3-(4-hydroxybenzoyloxy)benzoate synthesised by deprotection of 
the corresponding benzyl-protected compound i48 was esterified with the substituted benzoic 
acids i14 bearing the calamitic moiety to give the target compounds 25. The mesophase 
behaviour of these compounds is described in chapter 5.5.3 and these results were already 
published by our research group.197 
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Scheme 3.12: Synthesis of compounds 25. 
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3.1.7 Dimer series 26197 
 
In order to study the effect of lateral substitution by chlorine in 3-position at the outer ring of 
the bent-core unit on the mesophase behaviour, dimer series 26 (n = 12; m = 3, 6, 11; p = 6) 
was prepared as shown in Scheme 3.13. The general reaction pathway is analogue to that 
sketched in Scheme 3.2, however now starting with 3-chloro-4-hydroxybenzoic acid. The 
mesophase behaviour of these compounds is described in chapter 5.5.4 and these results were 
already published by our research group.197 
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Scheme 3.13: Synthesis of compounds 26. 
 
 
3.1.8 Dimer series 27197 
 
Compounds 27 (n = 12; m = 3, 6, 11; p = 6) contain a lateral methyl- group in the 2-position of 
the central ring of the bent-core unit. The synthetic way is outlined in Scheme 3.14. The 4-(4-n-
dodecyloxybenzoyloxy)benzoic acid i3 was converted to the corresponding acid chloride by 
means of (COCl)2 and pyridine in CH2Cl2 under reflux. The crude acid chloride was reacted 
with a 5-fold excess of 2-methylresorcinol in presence of pyridine in toluene. The 
monosubstituted resorcinol derivative i58 was synthesized according to a procedure reported in 
the literature by ACHTEN et al.58 The three-ring phenol 3-hydroxy-2-methylphenyl 4-[4-(4-n-
dodecyloxybenzoyloxy)]benzoate (i58) was esterified with 4-benzyloxybenzoic acid, and 
further deprotection of the intermediate i59 by means of hydrogen results in 3-(4-hydroxy-
benzoyloxy-2-methylphenyl) 4-(4-n-dodecyloxybenzoyloxy)benzoate i60. Its esterification 
with the calamitic moieties 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]-alkyloxy}benzoic 
acids (i14, m = 3, 6, 11; p = 6) in presence of DCC/DMAP yielded the target compounds 27. 
Their mesophase behaviour is described in chapter 5.5.4 and these results were already 
published by our research group.197 
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Scheme 3.14: Synthesis of compounds 27. 
 
 
3.1.9 Dimer series 28197 and 29195 
 
The number of aromatic rings in the bent-core mesogenic unit of dimer series 28 was increased 
to six (n = 12; m = 6, 11; p = 6). The synthetic pathway is outlined in Scheme 3.15. The 
esterification of the 4-(4-n-dodecyloxybenzoyloxy)benzoic acid i3 with the benzyl 4-
hydroxybenzoate and hydrogenolytic deprotection of the benzyl-protected compounds i61 
result in the formation of 4-[4-(4-n-dodecyloxybenzoyloxy)benzoyloxy]benzoic acid (i62). i62 
was esterified with 3-benzyloxyphenol (i5) and on further deprotection of the intermediate i63 
by means of hydrogenolysis to result 3-hydroxyphenyl 4-[4-(4-n-dodecyloxybenzoyloxy)-
benzoyloxy] benzoate i64. The four-ring phenol i64 was esterified with the 4-(benzyloxy)-
benzoic acid and the benzyl ether i65 was deprotected to result the five-ring phenol i66.146.The 
target molecules 28 have been synthesized from the five-ring phenolic bent-core unit i66 and 
the calamitic moieties 4-{ω-[4-(4-alkyloxybenzoyloxy)phenyloxy]-alkyloxy}benzoic acids 
(i14, m = 6, 11; p = 6) by an esterification using DCC/DMAP. The mesophase behaviour of 
compounds 28 is described in chapter 5.5.5 and these results were already published by our 
research group.197 
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Scheme 3.15: Synthesis of compounds 28. 

 
Structural variations on the calamitic part of the dimers led to compounds 29, which have 

been synthesised in collaboration with B. KOSATA described elsewhere.146 Their mesophase 
behaviour is discussed in chapter 5.6.1. 
 
 
3.1.10 Dimer series 30198 
 
The linking of a five-ring bent-core mesogen with a calamitic bis-azobenzene moiety by means 
of flexible spacers results in non-symmetrical dimers 30 (n = 12; m = 2, 4, 6). As shown in 
Scheme 3.16, the 4-formylbenzoic acid was reacted with benzylbromide in presence of 
K2CO3/KI in DMF to result benzyl 4-formylbenzoate i67, which was oxidized by means of 
NaClO2/NaH2PO4 to give 4-(benzyloxycarbonyl)benzoic acid (i68). Its esterification with the 
four-ring phenol i9, followed by deprotection of the benzyl ester intermediate i69 results in the 
n-dodecyloxy substituted five-ring bent-core benzoic acid, 4-(4-{3-[4-(4-n-dodecyloxybenzoyl-
oxy)benzoyloxy]phenoxycarbonyl}phenoxycarbonyl)benzoic acid (i70). Synthesis and 
properties of 4-(ω-hydroxyalkyloxy)bisazobenzenes having different alkylene spacer have been 
described by RÖTZ et al.199 and the materials were available in our laboratory. The target 
compounds 30 have been synthesized from the five-ring bent-core acid i70 and the calamitic 
azo-moieties (with m = 2, 4, 6) by STEGLICH esterification. The mesophase behaviour of dimers 
30 is described in chapter 5.6.2 and these results were already published by our research 
group.198 



 3 Synthesis  38

DCC, DMAP, CH2Cl2

H25C12O

O

O O

O

O

O

OH
i9

OHC COOH
DMF

BnBr, K2CO3, KI
OHC COOBn

NaClO2, NaH2PO4

Resorcinol, THF, H2O
HOOC COOBn

i68 i67

H25C12O

O

O O

O

O

O

O

O

COOBni69

H2, Pd/C

EtOAc

H25C12O

O

O O

O

O

O

O

O

COOHi70

HO-(CH2)m-O N N N N

m = 2, 4, 6

DCC, DMAP
CH2Cl2

H25C12O

O

O O

O

O

O

O

O

O

N N N NO-(CH2)m-O

30a: m = 2
30b: m = 4
30c: m = 6

 
 
Scheme 3.16: Synthesis of compounds 30. 
 
 
3.2 ‘Banana-calamit’ dimers 31 and 32 of type II  
 
In order to study the influence of the position to connect the calamitic moiety to the bent-core 
mesogenic unit dimers of type II were synthesised. The compounds 31 are dimers of type II 
connected laterally - terminally in the 5-position on the central resorcinol fragment of the bent-
core moiety (here assigned as L – 5 – T, see Scheme 3.17 and Table 6.1, chapter 6.1), whereas 
the compounds 32 are connected in a similar way in the 4-position (L – 4 – T). The synthetic 
strategy to obtain the dimers 31 and 32 is outlined in Scheme 3.17. The methyl 3,5-
dihydroxybenzoate and resp. methyl 2,4-dihydroxybenzoate were etherified with benzyl 
bromide in presence of K2CO3/Bu4NI in butan-2-one. The resulting methyl 3,5-
dibenzyloxybenzoate and resp. 2,4-substituted ester i71 were saponified with KOH in 
EtOH/H2O to result the 3,5-dibenzyloxybenzoic acid and resp. 2,4-dibenzyloxybenzoic acid 
i72. The WILLIAMSON etherification of the 4-hydroxyphenyl 4-n-hexyloxy-benzoate (i11) with 
ω-bromo-n-alkanols in presence of K2CO3/KI in DMF result in 4-(ω-hydroxyalkyloxy)phenyl 
4-hexyloxybenzoates i73. The alcohols i73 were esterified with the benzoic acids i72 and 
further deprotection of the benzyl ether intermediates i74 by means of hydrogenolysis result in 
resorcinols i75 (ω-[4-(4-hexyloxybenzoyloxy)phenoxy]alkyl 3,5-dihydroxybenzoate, and resp. 
2,4- dihydroxybenzoate). The final compounds 31 and 32 were prepared by the STEGLICH 
esterification of the substituted resorcinols i75 (m=6, 11) with 4-(4-n-
dodecyloxybenzoyloxy)benzoic acid i3. The mesophase behaviour of dimer series 31 and 32 is 
described in chapter 6. 
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Scheme 3.17: Synthesis of dimer series 31 and 32, connected laterally - terminally in the 5- and resp. 4-
position on the central resorcinol fragment of the bent-core moiety (here assigned as L – 5 - T and L – 4 - T). 
 
 
3.3 ‘Calamit – banana – calamit’ trimers 33 – 36 of type I  
 
Symmetric trimers 33 – 36 ‘calamit – banana - calamit’ of type I containing two identical 
calamitic mesogenic units connected via two equal flexible spacers through ether groups to a 
bent-core unit in a linear fashion (terminally – terminally connection) were synthesised. The 
used five- or seven-ring bent-core moieties were derived from resorcinol for trimers 33, 35a 
and 36 or from isophthalic acid for trimers 34 and 35b. The mesophase behaviour of these 
compounds is described in chapter 7. 

The pathway to prepare the trimers 33a, 33b, 33c (m = 3, 6, 11; p = 6) and 35a (m = 11; p 
= 16) is outlined in Scheme 3.18. The 1,3-phenylen bis(4-hydroxybenzoate) i77 was prepared 
by esterification of resorcinol with the 4-benzyloxybenzoic acid, followed by a deprotection of 
the 1,3-phenylen bis(4-benzyloxybenzoate) i76. Esterification of the resorcinol derivative i77 
with the benzoic acids containing the calamitic moieties i14 (m = 3, 6, 11; p = 6, 16) in 
presence of DCC/DMAP yielded the target trimers 33a, 33b, 33c and 35a.  
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Scheme 3.18: Synthesis of compounds 33a, 33b, 33c and 35a. 
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The trimers 34a, 34b, 34c (m = 3, 6, 11; p = 6) and 35b (m = 11; p = 16) were synthesised 
as shown in Scheme 3.19. The bis(4-hydroxyphenyl) isophthalate i79 was prepared by 
esterification of isophthalic acid with the 4-benzyloxyphenol and deprotection of the benzyl-
protected compound i78 by means of hydrogen in the presence of Pd/C. Esterification of the 
isophthalic acid derivative i79 with the ω-carboxyl-substituted calamitic moieties i14 (m = 3, 6, 
11; p = 6, 16) in presence of DCC/DMAP yielded the trimers 34a, 34b, 34c and 35b.  
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Scheme 3.19: Synthesis of compounds 34a, 34b, 34c and 35b.  
 

The synthesis of trimer 36 (m = 6; p = 6) which contains a seven-ring bent-core unit is 
outlined in Scheme 3.20. The esterification of the 4-{ω-[4-(4-hexyloxybenzoyloxy)-
phenyloxy]hexyloxy}benzoic acid i14 (m = 6; p = 6) with 4-hydroxybenzaldehyde gave the 
aldehyde i68, which was oxidized by means of NaClO2/NaH2PO4 to result ω-carboxyl-
substituted calamitic moiety i81 (m = 6; p = 6). Esterification of the 1,3-phenylene bis(4-
hydroxybenzoate) i77 with the benzoic acid containing the calamitic moiety i81 in presence of 
DCC/DMAP yielded the target trimer 36.  
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Scheme 3.20: Synthesis of compound 36. 
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3.4 ‘Banana – calamit – banana’ trimers 37 and 38 of type II  
 
Symmetric trimers ‘banana-calamit-banana’ of type II containing two identical bent-core 
mesogenic segments connected through two equal flexible spacer units in a linear end - to – end 
manner to a calamitic structural unit consisting of a 1,4-disubstituted benzene unit (trimer 37a), 
4,4’-biphenylene fragment (trimers 37b and 37c) and 4,4´-azobenzenes segment (trimers 38) 
were synthesised. The mesophase behaviour of these compounds is described in chapter 8. 
 
 
3.4.1 Trimer series 37 
 
The synthetic strategy to obtain the trimer 37a (n = 12; m = 4) containing a 1,4-disubstituted 
benzene is outlined in Scheme 3.21. Due to the symmetrical structure of these trimers, their 
preparation can be described in a simple way. Esterification of the n-dodecyloxy substituted 
five-ring bent-core benzoic acid i70 with 4,4´-bis(4-hydroxybutyloxy)benzene (available in our 
laboratory) in presence of DCC/DMAP yielded the trimer 37a. 
 

H25C12O

O

O O

O

O

O

O

O

COOHi70

+ HO-(CH2)4-O

DCC, DMAP
CH2Cl2

H25C12O

O

O O

O

O

O

O

O

37a
O

O-(CH2)4-O

O-(CH2)4-OH

O-(CH2)4-O OC12H25

O

OO

O

O

O

O

O

O

 
Scheme 3.21: Synthesis of compound 37a. 
 

The trimers 37b and 37c (n = 12; m = 4, 11) containing a 4,4’-disubstituted biphenylene 
unit as a calamitic structural unit were obtained analogue to the trimer 37a. The esterification of 
the n-dodecyloxy substituted five-ring bent-core benzoic acid i70 with 4,4´-bis(ω-
hydroxyalkyloxy)biphenyl (m = 4, 11; available in our laboratory) in presence of DCC/DMAP 
yielded the trimers 37b and 37c (see Scheme 3.22). Their mesophase behaviour is described in 
chapter 8.1. 
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Scheme 3.22: Synthesis of compounds 37b and 37c. 
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3.4.2 Trimer series 38198 
 
The compounds 38 contain a 4,4´-bis(ω-hydroxyalkyloxy)azobenzenes moiety (m = 2, 4, 5, 6) 
which serves as bridge between two five-ring bent-core moieties. The trimers 38 were 
synthesized according to a similar strategy as that used for compounds 37: the n-dodecyloxy 
substituted five-ring bent-core benzoic acid i70 was esterified with the 4,4´-bis(ω-
hydroxyalkyloxy)azobenzenes to obtain the target trimers (see Scheme 3.23). The 4,4´-bis(ω-
hydroxyalkyloxy)azobenzenes (m = 2, 4, 5, 6; available in our laboratory) have been described 
by RÖTZ et al.200 The mesophase behaviour of these trimers is described in chapter 8.2 and 
these results were already published by our research group.198 
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Scheme 3.23: Synthesis of compounds 38. 



43 

4 Experimental techniques 

 
The assignment of the LC mesophases of the oligomeric system under study is based on 
combined results of polarising optical microscopy (POM), differential scanning calorimetry 
(DSC), electro-optical investigations and X-ray diffraction experiments (XRD). Together these 
methods build a picture of the structure and properties of the LC phases. 
 
 
4.1 Polarising optical microscopy 
 
Most of the liquid crystals are found to be birefringent due to their anisotropic nature. The 
polarizing optical microscopy (POM) method can be used as a method to determine phase 
transition temperatures and phase types by textural analysis of the temperature dependant 
behaviour of samples between crossed polarisers. Characteristic textures and defect structures, 
which change when passing a phase transition, give hints of the phase type. The birefringence 
and the defects of a liquid crystal are responsible for the colours and the patterns seen in a 
polarising microscope wherein light first passes through a polariser, then through the liquid 
crystal sample, and finally through a second polariser. The second polariser (also known as the 
analyser) is orientated at 90° to the first polariser, in such a called crossed polarisers position. 
Because of the crossed polarisers no light reaches the observer’s eyes unless the liquid crystal 
changes the polarisation state of the light. The difference in the intensity of light passing 
through the second polariser is dependent on director orientation, birefringence and sample 
thickness. For a planar/homogenous aligned liquid crystal sample (i.e. if the director is parallel 
to the substrates), when a sample is illuminated with white light, areas of darkness occur when 
the director is parallel to the polarisers. The optical textures were observed using a polarising 
microscope Nikon Labophot-2A (Nikon, Japan) equipped with a Linkam hot stage and an 
automatic temperature controller (THMS 610, Linkam TP 92, UK). The photographs of the 
textural investigations were registered with a Nikon Coolpix 5400 – digital camera (Nikon, 
Japan). 
 
 
4.2 Calorimetric studies 
 
The occurrence of a phase transition is related to a change in the ordering of the molecules. 
These order changes may be positional, translational or orientational. Any change in ordering 
posses an associated change in enthalpy, entropy and volume. The phase transitions between 
the liquid crystalline state are in most cases first order, with a few exceptions. The enthalpy 
changes are relatively small in the order of a few kJ mol-1. A first order phase transition 
involves a spontaneous change in enthalpy, entropy and volume at the transition, whereas a 
second order phase transition is associated with a gradual change in these properties.2 The 
measurements of the temperature dependence of the heat capacity Cp and/or the enthalpy ΔH 
helps the characterization of the thermal behaviour of the liquid crystal phases. The most 
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common calorimetric technique used to study liquid crystals is differential scanning calorimetry 
(DSC). DSC is a thermo - analytical technique in which the difference in the amount of heat 
required to increase the temperature of a sample and reference is measured as a function of 
temperature. The sample and the reference are heated at the same rate over a defined 
temperature range. The reference sample should have a well-defined heat capacity over the 
range of temperatures to be scanned. As phase transitions occur in the sample the sample 
furnace must supply more or less heat flow to maintain the same temperature as the reference 
sample. Melting processes are endothermic and so more heat flow is required to maintain the 
sample temperature, whereas crystallisation processes are exothermic and so less heat flow is 
required. The advantages of this method are in the high sensitivity for detecting the enthalpy 
changes, very small sample size required and the overall rapid and convenient operation. 
However, DSC is not well suited to making detailed quantitative measurements near liquid 
crystal phase transitions. The disadvantage of DSC measurements is the difficulty to distinguish 
first- and second-order transitions. Although slower rates can be used, DSC machines work best 
for fairly rapid scans and require minimum scan rates of 0.1 K/min. A quantitative distinction 
between first and second order transitions could be found by making a series of measurements 
at different scan rates with further extrapolating of the transition enthalpy to rate zero. Strongly 
first order transition does not exhibit dependence of the latent heat on the cooling / heating rate. 
Whereas the enthalpy H shows almost linear dependence in case of the second or weakly first 
order transitions. Usually, for the results presented in this work, the measurements were 
conducted with a rate of 5 K/min and 10 K/min using the experimental set-up Perkin Elmer 
DSC Pyris 1 (Perkin Elmer, Inc., USA). 
 
 
4.3 X-ray diffraction measurements 
 
X-ray diffraction (XRD) is a very powerful technique in the field of liquid crystals which 
perform a key role in the identification of LC phases and in the study of LC phase transitions. 
The analyses of X-ray diffraction patterns provide information about the layer distances or 
lattice parameters and the relative orientation and spatial orientational distribution of the 
molecules. 

X-ray diffraction arises from elastic scattering of radiation by electrons. The angles at 
which X-rays are scattered depend on the distance between centres of mass within the LC 
material. The basic equation of X-ray diffraction is the BRAGG law. This law states that X-rays 
reflected from adjacent atomic planes separated by a distance d of a crystal interfere 
constructively when the path difference between them is an integer multiple of the wavelength 
λ, i.e. 
 
 θλ sin2 hkldn =  (eq. 1)
 
Here n, an integer, is the order of the reflection. The reflected rays make an angle of 2θ with the 
direction of the incident beam. X-ray ‘reflection’ is present only when the planes are aligned at 
the correct angle to satisfy the BRAGG condition. There is no reflection at other angles and for 
this reason it is called X-ray diffraction. It means, the determination of the BRAGG angle(s) can 
be related to the inter-planar distance or lattice constant. 
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In the case of liquid crystals the crystalline lattice is not observed, instead the scattering is 
formed from the centres of mass of adjacent molecules. Nematic liquid crystals are an 
orientationally ordered fluid and the lack of ordering produces broad, less intense reflections, in 
both the wide and small angle regions for nematic materials. Smectic phases exhibit both 
orientational as well as positional ordering in one dimension, therefore their XRD patterns 
display sharp reflections in the small angle region associated with layer spacing, but diffuse 
scattering in the wide angle region associated with intermolecular distances. Columnar phases 
show an additional positional ordering in a second dimension and the XRD analysis shows a 
2D lattice. 

LC materials are multidomain, and so the BRAGG conditions are satisfied for all values of n 
and all possible diffraction peaks are observed. In unaligned samples, domains are orientated 
with all angles of θ. The BRAGG reflections are averaged out if monitored with an area detector 
as a circle. In the X-ray pattern of well-oriented monodomains the layer reflections are located 
on the meridian whereas the diffuse scattering maxima in the wide angle region, indicating the 
absence of in-plane order, are observed perpendicular to this (SmA) or at certain angle (SmC). 
This is observed by the formation of arcs for diffuse scattering peaks and as intense spots for 
BRAGG peaks. BRAGG’S law predicts the direction of any diffracted ray, but no information can 
be obtained with respect to the intensity of the scattered beam. The relative position of the 
diffuse outer maxima with respect to the preferred axis (meridian of the pattern) can be 
determined by a χ-scan. From this follows the determination of the tilt of the molecules within 
the smectic layers. XRD measurements on non-oriented samples were done with a Guinier film 
camera as well as a Guinier goniometer (Huber Diffraktionstechnik GmbH, Germany). Quartz-
monochromatized CuKα radiation (Cu-Kα1-radiation; λ = 0.154056 nm) was used; the incident 
X-ray beam was perpendicular to the glass capillaries. 

Oriented samples were obtained by long annealing of a drop of the liquid crystal on a glass 
plate after very slow cooling of the isotropic liquid (see Fig. 4.1b). In this case the smectic 
layers could be aligned parallel to the substrates and the incident X-ray beam was parallel to the 
smectic layers (see Fig. 4.1a). 
 

(a)  (b)  
 
Figure 4.1: (a) Scheme of the X-ray setup with the 2D detector. (b) Schematic representation of the observed preferred 
orientation of the molecules in the droplet sample at the boundary surface between the (1) glass / LC and (2) air / LC. 

 
The samples for the 2D XRD measurements can also prepared by sealing the sample in 

glass capillaries (with an outside diameter of 0.8 mm to 1 mm and wall thickness of 0.01 mm, 
manufactured by the Hilgenberg GmbH, Germany). Alignment was achieved in thin capillaries 
under a magnetic field (B ≈ 1 T) with samples in a temperature controlled furnace, using Ni 
filtered and pin hole collimated CuKα radiation (Cu-Kα-radiation; λ = 0.15418 nm); the incident 
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X-ray beam was perpendicular to the glass capillaries. The substances had to be heated, for 
orientation, into the isotropic liquid during the sample preparation for the X-ray investigations. 
However, measurements on cooling and on heating could be conducted. Two-dimensional 
patterns for aligned samples were recorded with a two-dimensional detector (HI-Star, Siemens 
AG, Germany). 
 
 
4.4 Electro-optical studies 
 
The symmetry of banana-shaped LC phases is sometimes broken as a result of simultaneous 
director tilt and polar order perpendicular to the director.78 Hence astonishing LC phases that 
exhibit spontaneous polarisation (PS) in the absence of chiral groups in their molecular structure 
and (anti)ferroelectricity are sometimes observed.32 PS is usually determined in electro - optical 
switching experiments: under applied periodic rectangular or triangular waveforms. The 
switching of the PS induces a transient electric current peak in each half period of the driving 
field.201 The ability of the ferroelectric LCs to switch the direction of optical axes under the 
influence of external electric field is one of the most studied features.  

For the ferroelectric phase the macroscopic polarisation does not linearly depend on the 
external field, i.e. it presents a hysteresis-like behaviour (Fig. 4.2a). The macroscopic 
polarisation is saturated in the limit of large fields (E > Eth). The macroscopic polarisation 
remains non-zero in the absence of the external field. In this case two stable states are allowed; 
with spontaneous polarisation ‘up’ (+PS) and ‘down’ (-PS). The switching between these states 
appears on applying of the field above a certain threshold Eth. The rate of the switching is 
characterised by the switching time τ. 
 

(a)      (b)  
 

        (c)             (d)  
 
Figure 4.2: (a) One-loop ferroelectric hysteresis curve; (b) two-loop anti-ferroelectric hysteresis curve; (c) the 
block scheme of the electro-optic setup; (d) the electrical scheme: C and r are the internal capacitance and 
resistance of the LC cell. R is the external resistor. 
 

R 
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For the anti-ferroelectric mesophases the situation is different, i.e. the macroscopic 
polarisation in the absence of external field is zero. A transition into the ferroelectric state can 
be induced on application of a field E (E > Eth). The field-dependent macroscopic polarisation 
shows a typical anti-ferroelectric two-loop hysteresis curve (Fig. 4.2b). The measurements of 
the PS can be conducted on application of electric field to a capacitor filled with the liquid 
crystalline sample. Mainly triangular-wave voltage was employed in polarisation 
measurements. The reorientation of the macroscopic polarisation in the sample induces a 
current impulse through the capacitor when the applied voltage over the capacitor exceeds a 
threshold voltage Uth. Uth = Eth x d, where d is the distance between the capacitor plates. The 
value of this switching polarisation is:  
 
  

 
 

 
(eq. 2)

 
where S is the area of the capacitor. In the ferroelectric material there is only one transition with 
the threshold Eth between the FE+ and FE- states. In means that one peak in half a period of the 
applied voltage represents the current response. In the antiferroelectric phases there are two 
transitions: AFE -> FE with Eth1 and the inversed FE -> AFE transition with Eth2. These 
transitions provide two current impulses per half a period. The switching times can be extracted 
from the current response curves for the step-like shape of the external field. It is important to 
note that throughout this thesis PAF and PFE are used to describe the experimentally determined 
switching behaviour of a polar mesophase (PAF: two peaks, tristable; PFE only one peak, 
bistable). 

For the results presented in this thesis, the compounds under study were loaded into 
commercial liquid crystal cells (E.H.C. Co., Japan) with gaps of 2 µm to 25 µm. These cells 
had 1 cm2 indium tin oxide (ITO) electrodes coated with and without a rubbed polyimide layer 
to induce planar alignment. The cells were mounted in the heating stage of the polarising 
microscope and a voltage of variable shape was applied to the electrodes (8116 A, Hewlett-
Packard, USA). The measurements of the switching polarisation were made employing the 
triangular-wave voltage method.202 The switching polarisation was measured by integration of 
the repolarisation current. The scheme of the experimental set-up is shown in Figure 4.2 c, d. 
The following devices were used in the experimental set-up: oscilloscope (Hewlett Packard, 
HP 54601A, USA); functional generator (Keithley, 3910, USA); amplifier (Krohn-Hite, KH 
7500, USA); resistors (Time Electronics, Model 800, UK); polarising microscope (Leica 
DMRXP); digital camera (Nikon Coolpix 4500, Japan); heating stage (Mettler-Toledo, FP900, 
Switzerland). 
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5 Mesophase behaviour of ‘banana-calamit’ dimers of type I 

 
In the chapter 5 we focus on the structure-properties relationship of terminally - terminally 
connected non-symmetric ‘banana-calamit’ liquid crystal dimers containing bent-core 
mesogenic units and calamitic moieties (dimers of type I; see Figure 5.1 and 5.2). 
 

 
 

Figure 5.1: General formula of non-symmetric dimers type I series under study. 
 

We used bent-core mesogens consisting of five or six aromatic rings, connected by ester 
linking groups E1 – E4. The spacer is a hydrocarbon chain which is connected on the 
mesogenic units through different ether and ester groups X, Y of different directions. The 
influence of the variation of the length of the terminal chain attached to the bent-core moiety 
and to the calamitic part, as well as the influence of the length and parity of the flexible spacer 
is studied in the chapters 5.1, 5.2 and 5.3. 
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Figure 5.2: General formula of non-symmetric dimers type I series under study. 
 

The effect of the connecting groups X and Y (–COO-, -OOC- and –O-) on the mesophase 
behaviour was studied in different dimer series in chapter 5.4. In chapter 5.5, the focus is on 
several variations of the bent-core mesogenic unit on the mesophase behaviour of ‘banana-
calamit’ dimers. The variation of the direction of the ester linking groups E1 – E4 in the bent-
core unit and the impact on the mesomorphic properties was studied in chapter 5.5.1. The 
results of these investigations are combined with a study of the influence of the type and 
direction of the connecting groups X and Y in chapter 5.5.2. Afterwards, the variation of the 
polarity of the terminal group R, lateral substitution and enhancing the number of aromatic 
rings (chapter 5.5.3, 5.5.4 and 5.5.5, resp.) is discussed. Simultaneously, changes of the 
mesomorphic properties induced by varying the length of the spacer and of the terminal chains 
attached to the mesogenic units are considered. In chapter 5.6 we describe several new dimer 
systems of type I, with three-ring calamitic mesogenic units incorporating biphenylene units 
and bis-azobenzene segments. In chapter 5.7 we describe in detail the electro-optical 
characterization of nematic phases of some dimeric systems. 
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In this chapter you will find an account of several novelties concerning the phase 
behaviour of these substances: 

- the combinations lead to compounds exhibiting polymorphism variants with phases 
typical for bent-core molecules (SmCPA, Col) as well as mesophases characteristic for 
calamitic compounds (N, SmA), 

- appearance of new phase sequences with non-polar and polar phases of special interest: 
nematic-columnar and nematic-smectic, 

- an unusual odd-even effect: the appearance of the nematic phase only for the even-
membered dimers; intermediate spacer lengths (n = 6-10) show both nematic and 
columnar phases while for the longer member (n = 12) nematic and smectic (SmCc/ B6) 
phases are observed, 

- these nematic phases exhibit special properties, e.g. field-induced biaxiality, special 
electro-convection pattern and high flexoelectricity, as well as possible field induced 
transitions into smectic-like phases, 

- the occurrence of a N – NX phase transition characterised by a low transition enthalpy, 
- the existence of a SmCs – SmCa phase transition characterised by a small transition 

enthalpy, 
- some examples of rich polymorphism of polar switchable phases typical for bent-core 

mesogens, 
- the appearance of new intercalated smectic phases. 

 
 
5.1 Effect of the length of the spacer m on the mesophase behaviour of dimer series 1 -6 
 
5.1.1 The dimer series 1 
 
The dimer series 1 contains 10 homologous compounds, thus being the series with the largest 
range of spacer chain lengths (m = 2, 3, 5-12 methylene units). The compounds 1 have a 
constant length of the alkyloxy chain attached to the bent-core unit (n = 12) and to the calamitic 
part (p = 6). Thus, for the series of dimers 1 the influence of the length of the aliphatic spacer 
upon the mesomorphic properties will be scanned. The compounds 1 represent dimers of type I 
with a five-ring bent-core moiety and a calamitic hexyloxybenzoyloxyphenyl unit. The bent-
core unit possesses a central resorcinol unit, the ester linking groups within one wing having 
the same direction. This is the reference structure for the bent-core unit in this thesis assigned 
as E0. If not otherwise indicated, data refer to an E0 structure for the bent-core moieties in the 
following sections of this thesis. 

All compounds 1 exhibit liquid crystalline behaviour. The mesophase types, transition 
temperatures together with the associated transition enthalpies and lattice parameters for series 
1 are given in Table 5.1. Nearly all compounds exhibit columnar mesophases (several in 
combination with a nematic phase). The exceptions are the early member 1a (m = 2), which 
exhibits only a monotropic nematic phase and the longest member 1j (m = 12), which shows 
nematic and smectic behaviour. Almost all exhibited mesophases are monotropic, except the 
member with 1i (m = 11), which shows an enantiotropic Colob phase.  
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Table 5.1: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], layer spacing 
d [nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the 
normal to a in Col phases, lattice parameters (a, b, γ) and PS values of dimer series 1.[a] 

 

H25C12O

O

O O

O

O

O

O

O

O(CH2)mO O

O
OC6H13  

Lattice parameters 
Comp. m 

Transitions temperatures [°C] 
ΔH [kJ·mol-1] 

Phase 
type d  

[nm] 
τ  

[°] 
a 

[nm] 
b 

[nm] 
γ 

[°] 

PS 
nC/cm2 

1a 
 

2 Cr 178 (N 163) I 
     72.8      -[b] 

N      
 

 

1b 
 

3 Cr 150 (ColrPAF 127) I 
     65.7                24.0              

ColrPAF  11 7.57 5.51 90.0 350 

1c 
 

5 Cr 137 (ColobPAF 132) I 
     64.4               24.8 

ColobPAF  42 3.55 4.65 91.5 370 

1d 
 

6 Cr 148.5 (Colx 125.5 N 145.5) I 
      61.2           13.1       1.3                   

N 
Colx

[c] 

 

           
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

1e 
 

7 Cr 147 (ColobPAF 132) I 
     74.1               24.5  

ColobPAF  40 
 

3.55 4.74 94.4 390 

1f 
 

8 Cr 141 (Colx 124 N 136) I 
     78.9         0.06    2.5           

N 
Colx 

[c] 

 

 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

1g 
 

9 Cr 136 (ColobPAF 130) I 
     84.4               25.7         

ColobPAF  43 3.38 4.79 100.3 400 

1h 
 

10 Cr 130 (ColobPAF 116 N 129) I 
     98.6               12.4    3.3          

N 
ColobPAF 

 

 
 
50 

 
3.30 

 
4.89 

 
108.3 

 
410 

1i 
 

11 Cr 121 ColobPFE 132.5 I 
     58.8              25.3 

ColobPFE  44 3.20 5.00 110.0 380 

1j 
 

12 Cr 135 (SmCcPAF 121 N 125) I 
     101.1             12.4     2.5              

N 
SmCcPAF 

 

2.28 
 
24 

    
300 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimer series 1 were taken from the second 
DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the 
transition temperatures and enthalpy values were taken from the first DSC cooling scans and the transition 
temperatures were checked by polarising microscopy; [b] the transition is not detectable on DSC and the 
transition temperature value is determined by polarising microscopy; [c] could not be determined due to rapid 
crystallization of the sample. 
 

 

60 80 100 120 140 160

co
m

po
un

d

temperature / °C

 N
 Colx
 ColobPFE

 ColobPAF

 ColrPAF

 SmCcPAF

 Crrecryst
1j
1i
1h
1g

1b
1a

1c

1e
1d

1f

 
Figure 5.3: Transition temperatures (°C) of dimer series 1, taken from the first DSC cooling scans (10 Kmin-1). 
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The shortest member of the series 1a (m = 2) exhibits exclusively nematic behaviour while 
the homologue with m = 3, 1b, only columnar behaviour. The next homologues with even-
numbered spacer lengths (m = 6, 8, 10) give rise to both nematic and columnar phases while for 
the longer member 1j (m = 12) nematic and smectic (SmCc) phases are observed. Thus, 
increasing spacer length appeared to promote smectic over columnar behaviour. The odd-
numbered dimers exhibit exclusively columnar phases, however of different types. 

The Colx phases described in the Table 5.1 and Figure 5.3 are columnar phases which are 
unidentified because of their fast crystallization immediately after formation. Here and in the 
following, the generic name Colx is assigned to all columnar phases which could not be fully 
investigated. This means that Colx phases of different compounds can have different optical or 
structural features. 

A dependence of the I-N, I-Col, N-Col and N-SmCc transition temperatures on the number 
of methylene units, m, in the flexible spacer for the dimer series 1 was established (Fig. 5.4). A 
general tendency of a clear alternation of the isotropic–LC transition temperatures with 
increasing number m of methylene units in the flexible spacer was found. The even members 
exhibit the higher values. For spacer lengths m = 10 and higher the effect has been 
extinguished. It should be mentioned that strictly speaking the direct comparison of the 
transition temperatures of different phases is not appropriate because of the very different 
structural changes which accompanied these transitions. 

 
 
 
 
Figure 5.4: Dependence of the transition 
temperatures on the number of methylene units, m, in 
the flexible spacer for the dimer series 1; ▲ I–Col 
and N–Col transitions, ▼ I– N transitions and ● N–
SmCc transition; values are taken from the first 
cooling DSC scans. 
 
 
 

 

A second type of alternation is attributed to the I-Col and N-Col transition temperatures 
(blue line). Using this aspect the odd-numbered homologues show the higher transition 
temperatures. It seems that for the even members the increase of the number of methylene units 
in the spacer is associated with a continuous decrease of the Col-N transition temperatures. The 
alternation of the transition temperatures but also of the phase type in dependence of the spacer 
length is highly unusual, especially in the combination of type nematic and columnar phases. 
On the other hand, looking at the I-N transition temperatures one can observe a monotone 
decrease of the values on increasing the spacer length from 163 °C (m = 2) to 125 °C (m = 12). 
Interestingly, we could observe the nematic phase only for the even-membered dimers. The 
enthalpy values for the I–N transition were found to be in the range of about 1.3 to 3.3 kJ·mol-1, 
whereas generally for the nematic to the low temperature mesophases (Col or SmCc phases) 
transitions values of about 12 to 13 kJ·mol-1 were found. An exception is compound 1f (m = 8) 
which exhibits a very small N - Colx transition enthalpy (0.06 kJ·mol-1). 
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Table 5.2: X-ray diffraction data from aligned samples of the ColrPAF and ColobPAF phases of compounds 1 
and an estimate of the number of molecules in the cross section of the ribbons within the corresponding Col 
phases. 

[a] Lattice parameter with an error of the calculated parameters in the order of 0.1 nm; [b] Vmol,cr = molecular 
volume in the crystal calculated using crystal volume increments,203 average packing coefficient in the crystal 
k = 0.7 according to Kitaigorodski;204 [c] Vmol,is = molecular volume in the isotropic liquid, average packing 
coefficient k = 0.55; [d] Vcell = unit cell volume obtained from the lattice parameters and assuming a height of h 
= 0.52 nm (assuming a stacking in bend direction of molecules with a bend angle of 120°) calculated 
according to Vcell = a × b × 0.52 nm [nm3] for the Colr phase and Vcell = a × b × sin γ × 0.52 nm [nm3] for the 
Colob phases; ncell = number of molecules in a unit cell with crystal-like density (cr) according to [e] ncell,cr = 

Vcell/Vmol,cr, with liquid-like density (is) according to [f] ncell,is = ncell,cr·0.55/0.7, and in the LC phase [g] ncell,LC 
estimated as the intermediate between that in the crystalline and the liquid phase. 
 

Another interesting point is the structure-property relationship on varying the length of the 
spacer resulting in different columnar phases. The lattice parameters of the columnar phases 
depend on the length of the flexible spacer (only the Colob phases are compared, see Table 5.2). 
On increasing the spacer length the parameter a of the Colob phases is slightly decreasing, while 
parameter b and the oblique angle (γ) are slightly increasing. The number of the molecules in 
the unit cell in the Colob phases is also slightly decreasing with increasing spacer length. The 
correlation of a and ncell speaks for the molecules being packed along a in one ribbon (b is 
associated to the molecular length). In the following the physical properties of the dimer series 
1 will be discussed in detail in the subchapters 5.1.1.1 to 5.1.1.4, excepting the dimer 1a which 
exhibits a monotropic nematic phase only. 
 
 

Comp. m 
T 

[°C] 
Phase 
type 

Parameter[a] 
[nm] 

Vmol,cr
[b]

 

[nm3] 
Vmol,is

[c]
 

[nm3] 
Vcell

[d]
 

[nm3] 
ncell,cr

[e]
 

 
ncell,is

[f]
 

 
ncell,LC

[g]
 

 

1b 3 124 ColrPAF 
a = 7.57 
b = 5.51 

1.475 1.877 21.69 14.70 11.55 13.13 

1c 5 124 ColobPAF 
a = 3.55 
b = 4.65 
γ = 91.5 

1.525 1.941 8.58 5.60 4.40 5.00 

1e 7 127 ColobPAF 
a = 3.55 
b = 4.74 
γ = 94.4 

1.575 2.004 8.72 5.54 4.35 4.95 

1g 9 126 ColobPAF 
a = 3.38 
b = 4.79 
γ = 100.3 

1.624 2.067 8.28 5.10 4.11 4.55 

1h 10 114 ColobPAF 
a = 3.30 
b = 4.89 
γ = 108.3 

1.649 2.098 7.97 4.80 3.77 4.29 

1i 11 125 ColobPFE 
a = 3.20 
b = 5.00 
γ = 110.0 

1.674 2.130 7.82 4.67 3.67 4.17 
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5.1.1.1 The rectangular columnar Colr phase of dimer 1b with m = 3 
 
The dimer 1b shows the typical textural features of the so-called B1 phase (Colr). On cooling 
from the isotropic liquid a dendritic growth of the texture could be observed. On further cooling 
the dendritic aggregates transform into a mosaic-like texture with banana-leaf like and focal 
conic regions (see Fig. 5.5).  
 

 (a)    (b)    (c)  
 
Figure 5.5: The optical photomicrographs of the Colr phase of compound 1b at U = 0 V: (a) at 127 °C, during 
dendritic growing from the isotropic liquid; (b,c) at 125 °C, mosaic texture with focal conic regions. 
 

In the case of compound 1b this mesophase is monotropic, however X-ray investigations 
were able to be performed. By very slow cooling of a drop of the isotropic liquid on a glass 
plate we obtained well-developed domains of the mesophase. The X-ray diffraction pattern is 
characterized by a diffuse scattering in the wide angle region and sharp BRAGG-reflections in 
the small angle region (Fig. 5.6a,b). The small-angle reflections can be indexed to a centred 
two-dimensional rectangular lattice, with the lattice parameters a = 7.57 nm and b = 5.51 nm 
(Fig. 5.7). From the χ-scan of the wide angle region a tilt angle of the molecules with respect to 
the a-axes of the real lattice of 79° could be estimated (Fig. 5.6c). The intensity is corrected by 
subtracting the scattering of the isotropic sample to enhance the effect of the anisotropy of the 
outer diffuse scattering in the liquid-crystalline phase. The distribution of the diffuse scattering 
suggests a synclinic tilt of the molecules. 

The interpretation of the small-angle BRAGG-reflections as resulting from a two-
dimensional rectangular lattice is illustrated in Figure 5.7. It shows the reciprocal lattice with 
the indices of the observed reflections: a = 7.57 nm; b = 5.51 nm (observed only for indices hk 
with h + k = 2n). The position of the maximum of the outer diffuse scattering indicates a tilt of 
the long molecular axes with respect to the b-axis of the 2D lattice of 11° (see Table 5.2).  
 

  (a)     (b)     
 
Figure 5.6: XRD pattern of a surface-aligned sample of the Colr phase of compound 1b at 124 °C on cooling: 
(a) original scattering, (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted 
(suggesting a synclinic tilt of the molecules), (c) distribution of the wide-angle scattering along χ (black line) 
with maximum at 147° [Irel = I(124 °C) / I(160 °C, I)] in comparison with the χ-position of the 0k-reflections 
(red line) with a maximum at 226° (estimated tilt angle of the molecules with respect to the a-axes of the real 
lattice: 79°). 
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 (a)      (b)      (c)  
 
Figure 5.7: (a-c) 2D XRD pattern for a surface-aligned sample of compound 1b in the small angle region of 
the Colr phase at 124 °C: (a) original pattern and (b) reciprocal lattice with hk values for the observed 
reflections; (c) position of the maximum of the diffuse scattering (black arrow) with respect to the reciprocal 
2D lattice (black) and orientation of the molecules in the corresponding real lattice (red, arbitrary size). 
 

On applying a triangular-wave electric field above a relatively high threshold voltage of 25 
V μm-1 the columnar phase is switchable, i.e. two polarisation current peaks per half period 
were recorded which indicates an AF ground state (PS = 350 nC cm-2, Fig. 5.8e).  

 

    
(a)       (b)           (c)   (d)             (e)       

 
Figure 5.8: Electro-optical investigations of the ColrPAF phase of compound 1b under a d.c. electric field at 
124 °C; textures observed between crossed polarisers in the same region of the sample in a 6 µm polyimide-
coated ITO cell; (a) U = 0 V, before starting the experiment; (b,d) U = ± 100 V; (c) U = 0 V; (e) AF switching 
current response obtained by applying a triangular-wave voltage (U = 377 Vpp, f = 3 Hz, R = 5 kΩ, T = 122 
°C, PS = 350 nC cm-2); (a-d, down) proposed models of the organization of the molecules in the ribbons in the 
FE states and (a,c) in the AF ground-state, considering one column as a fragment of a smectic layer; (f) model 
of the ColrPAF phase.  
 

In the circular domains obtained by cooling without field, the extinction crosses are always 
inclined with respect to the directions of polariser and analyser, indicating a synclinic 
organization of the molecules in the ground-state structure (Fig. 5.8a). The positions of the 
circular domains do not change on reversal or removal of the field, only a change in the 
birefringence could be observed which is independent of the polarity of the applied field (Fig. 
5.8b-d). This indicates that the synclinic organization of the ground-state structure is not 
significantly changed by the field and confirms that the switching process takes place by a 
collective rotation around the long molecular axis (change of the polar direction without 
changing the tilt direction of the molecules, see Fig. 5.8). Furthermore, the proposed models of 
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the organization of the molecules in the FE states ([Colr]sPFE) and AF states ([Colr]sPAF) of the 
ColrPAF phase are shown. 

The molecules are organized in ribbons with alternating polar directions along a in the 
ground-state structure. The size of the crystallographic cell of the ColrPAF phase, seems to be 
sufficiently large (about 13 molecules per cross-section) to consider one column as a fragment 
of a smectic layer. This is the reason why in this work the proposed models of the AF switching 
of the molecules in the ribbons are illustrated as reorganization of the molecules in a smectic 
layer organization, if not otherwise stated. This means in this case the switching is illustrated as 
for a SmCsPAF phase. The field-induced reorganization of the molecules in ribbon phases takes 
place by collective rotation around the long axis because the inter-ribbon interfaces hinder 
rotation on a cone. The steric hindrance arising from interactions between columns boundaries 
do not limit the collective rotation around the long molecular axis. It follows from X-ray 
investigations and electro-optical measurements that this phase is a Colr phase which is 
synclinic and AF, i.e. a [Colr]sPAF phase.  
 
 
5.1.1.2 The nematic and columnar phases of dimers 1 with m = 5 - 10 
 
All compounds of the series 1 with m = 5-10 exhibit columnar phases. The even-membered 
dimers exhibit additionally nematic phases (see Table 5.1 and Figure 5.3).  

As a representative example the mesophase behaviour of compound 1h with m = 10 will be 
discussed in more detail. This compound exhibits two monotropic mesophases. The high-
temperature phase could be easily identified as a nematic phase by its characteristic texture. The 
nematic phase occurred with striking nematic droplets (with director fluctuations, flickering) 
emanating from the dark background (Fig. 5.9a). Depending on the boundary conditions, on 
further cooling the nematic phase displays a uniform planar texture, schlieren (Fig. 5.9b) or a 
marbled texture (Fig. 5.9c).  

 

    (a)      (b)      (c)  
 
Figure 5.9 The optical photomicrographs of the nematic phase of compound 1h at U = 0 V: (a) nematic 
droplets at 129 °C during growing from the isotropic state; (b) at 128.5 °C, on further cooling the nematic 
droplets transforms into a schlieren texture; (c) schlieren threaded- marbled patterns. 
 

The nematic phase of compound 1h is a monotropic mesophase which exists in a 
temperature range of 12 K and displays some unusual optical and electro-optical properties. 
Over the whole temperature range of the nematic phase chiral domains of opposite handedness 
can be observed although the molecules are achiral (for some examples in literature see 
ref.64,205). Starting from the crossed position of the polarisers and rotating one polariser 
clockwise by a small angle (5–15°) dark and light domains become visible. Rotating the 
polariser anticlockwise by the same angle causes the effect to be reversed, i.e. the previously 
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dark domains now appear light and vice versa. The textures of the nematic phase of compound 
1h at 127 °C, as obtained between crossed polarisers (Fig. 5.10a) and slightly decrossed 
polarisers (Fig. 5.10b,c) showing chiral ((+) and (–)) domains are below presented. The 
brightness of the (+) and (–) domains is reversed by changing the direction of the polarisers. 
These domains can be seen also by illuminating the sample with circularly polarised light in the 
reflection mode of the microscope. 
 

     (a)      (b)      (c)  
 
Figure 5.10: The optical photomicrograph of the nematic phase of compound 1h at 127 °C in a 5µm non-
coated ITO cell, at U = 0 V observed between crossed polarisers (a), and by rotating one polariser by +15° (b) 
and by -15° (c) from the crossed position (showing chiral (+) and (–) domains). 
 

The spontaneous formation of regions with opposite handedness in the nematic phase is 
obviously the result of bend–twist deformations which are promoted by the bent shape of the 
molecules, as already reported in the literature.64,205,206 The pitch of the twisted domains is 
clearly larger than the sample thickness, so that the texture corresponds to a nematic phase. The 
occurrence of spontaneous twisted regions in nematic phases is also seen in computer 
simulations of bent molecules.207 We observed that domains of opposite handedness are formed 
with equal probability. Notably, these domains occur in random places of the sandwich cell and 
can be altered by mechanical stress or by temperature change.  
 

                (a)              (b)  
 
Figure 5.11: Textures of nematic phase of compound 1h observed between crossed polarisers: (a-b) domain 
patterns in the nematic phase at 127 °C by application of an a.c. field; the electric field strength is E = 1.1 V 
µm-1 (22 Hz); sample thickness: 6 µm; period of the domains, ddom: 6 µm; the black arrows in (b) mark the 
period of the domains equal to the cell thickness, 6 µm; the orientation of the initial director no is marked. 

 
Remarkably, the nematic phase of these dimeric compounds shows unusual electro-optical 

behaviour on applying an electric field,195 as illustrated for example, for compound 1h (Fig. 
5.11). By application of a relatively low a.c. field (1.0 V µm-1; 22 Hz) fluctuating domains 
appear. These domains are WILLIAMS–KAPUSTIN domains, since the period of the domains, 
ddom, corresponds to the cell thickness (6 µm), see Figure 5.11. 

On applying higher fields (3 V µm-1; 20 Hz) to the planar oriented nematic phase in a 6 µm 
polyimide-coated cell, domains with equidistant stripes parallel to the original direction of the 
director no appear (Fig. 5.12a). The period of these domains was found to be 10 µm which is 
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clearly greater than the sample thickness. On further increasing the voltage the domain period 
decreases, i.e. 8 µm at 5 Vµm-1 (Fig. 5.12b), 6 µm at 9 Vµm-1 (Fig. 5.12c). With increasing 
voltage above 12 Vµm-1 the domain pattern is completely changed to a myelin-like texture with 
fine equidistant stripes (Fig. 5.12d). The period of these equidistant stripes within the domains 
decreases with increasing voltage to 19 Vµm-1. On application of a relatively high d.c. field (25 
V µm-1) the stripes disappear and an optical texture results which is reminiscent of a smectic 
fan-shaped texture (Fig. 5.12e,f). This field-induced fan-shaped texture is observed in the whole 
existence region of the nematic phase. However, during the electro-optical experiments no 
polar switching was detected. If the electric field is removed, the smectic-like texture 
disappears and the texture of the planar oriented nematic phase reappears. Similar electro-
optical behaviour has been reported for the nematic phase of different bent-core 
compounds.64,205,208 

 

(a)        (b)      (c)  

(d)        (e)       (f)  
 
Figure 5.12: Field-induced texture changes of the nematic phase of compound 1h at 127 °C, observed 
between crossed polarisers in the same region of a 6 µm polyimide-coated ITO cell, by application of an 
electric field with the strength E: (a) 3 Vµm−1 (20 Hz); (b) 5 Vµm−1; (c) 9 Vµm−1; (d) 15 Vµm−1; (e) 25 
Vµm−1; (f) 30 Vµm−1; the black arrows in (a) mark the period of the domains which was found to be 10 µm 
and is clearly greater than the cell thickness 6 µm; the orientation of the initial director no is marked. 
 

Although the field-induced formation of a smectic phase cannot be excluded, it is more 
probable that the originally partially twisted sample is deformed by the electric field in such a 
way that a fan-shaped texture is built up which is also characteristic of a cholesteric phase, but 
we have no explanation for the mechanism by which such fan-shaped texture can be generated. 
Further X-ray investigations of the field induced structures are in progress. Similar electro-
optical behaviour has been found for all nematic phases of the dimer series 1 and further 
discussion on special properties of the nematic phases under electric field will follow in the 
chapter 5.5. In order to clarify the structural features of the nematic phase, X-ray measurements 
were performed by applying a magnetic field of about 1T. The results confirm the presence of a 
nematic phase and the existence of cybotactic groups is clearly proven on the base of well-
oriented samples. The X-ray pattern shows a diffuse dumb-bell-like scattering maximum in the 
small angle region, and a diffuse wide angle scattering located around the equator (Fig. 
5.13a,b). The diffuse, small-angle scattering in the nematic phase can be attributed to cybotactic 
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groups representing fluctuating arrays of molecules with a short-range order of the same type as 
the long-range order in the low-temperature Colob phase. 
 

       (a)        (b)        (c)  
 
Figure 5.13: The XRD patterns of an aligned sample of the nematic phase of compound 1h at 125 °C: (a) 
original XRD pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; (c) 
scattering in the small angle region. 
 

On further cooling of the nematic phase the dimers 1d and 1f (m = 6 and 8) exhibit 
monotropic columnar phases Colx, which crystallize immediately after formation (only textural 
investigation were possible). The dimers with spacer length m = 5, 7, 9 and 10 form also 
monotropic columnar phases, but in this case structural investigations could be performed. On 
cooling from the isotropic liquid or from the nematic phase a dendritic growth of the texture 
could be observed (Fig. 5.14 a,b). On further cooling the dendritic aggregates transform into a 
mosaic-like texture, characteristic for a Colr phase; also high birefringent and low birefringent 
banana-leaf like regions and focal conic regions could be observed (Fig. 5.14c). 
 

  (a)     (b)     (c)  
 
Figure 5.14: Textures of the Colob phases of the dimers 1 with m = 5, 7, 9, 10 at U = 0 V: (a) growth of the 
dendritic domains of compound 1c on cooling from the isotropic liquid; (b) growth of the dendritic domains 
of compound 1h on cooling from the nematic phase (light domains represent nematic phase); (c) the mosaic 
texture with focal conic regions (compound 1g).  
 

Well-developed domains of the mesophase of compound 1g (m = 9) could be obtained by 
very slow cooling of a drop of the isotropic liquid on a glass plate. The X-ray diffraction pattern 
is characterized by a diffuse scattering in the wide angle region and sharp BRAGG-reflections in 
the small angle region (Fig. 5.15a,b). From the χ-scan (Fig. 5.15d) of the wide angle region we 
could estimate a tilt angle of the molecules with respect to the a-axis of the real lattice of 47°. 
The distribution of the diffuse scattering in the wide angle region suggests a synclinic tilt of the 
molecules. 
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Figure 5.15: XRD patterns of a surface-aligned sample of the Colob phase of compound 1g at 126 °C: (a) 
original pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; (c) θ-scan of 
the diffraction pattern with the d-values; (d) distribution of the wide-angle scattering along χ (black line) with 
maximum at 134° [Irel = I(126 °C) / I(142 °C, I)] in comparison with the χ-position of the 0k-reflections (red 
line) with a maximum at 181° (estimated tilt angle of the molecules with respect to the a-axes of the real 
lattice: 47°). 
 

The small-angle reflections can be indexed to a two-dimensional oblique lattice, with the 
lattice parameters a = 3.38 nm, b = 4.79 nm and γ = 100.3° (Fig. 5.16a,b). The orientation of the 
molecules in the real lattice is shown in Figure 5.16c. 
 

        (a)                                       (b)        (c)  
 
Figure 5.16: (a, b) XRD pattern of a surface-aligned sample of the Colob phase of compound 1g in the small 
angle region at 126 °C: (a) original pattern; (b) reciprocal lattice with hk values for the observed reflections; 
(c) position of the maximum of the diffuse scattering (black arrow) with respect to the reciprocal 2D lattice 
(black) and orientation of the molecules in the corresponding real lattice (red, arbitrary size). 
 

On applying a triangular-wave field above 15 Vµm-1 the Colob phase of compound 1g 
shows an electro-optical switching. The current response indicates an antiferroelectric ground 
state, i.e. two polarisation current peaks per half period were recorded. The value of the 
spontaneous polarisation was found to be 400 nC cm-2 (Fig. 5.17d). Applying an electric field 
to the virgin banana-leaf like texture of compound 1g with high birefringent and low 
birefringent regions, the stripes within the texture disappear and the birefringence (and 
therefore the interference colour) is changing. The texture is transformed under a triangular 
wave electric field into a smooth texture which is independent of the polarity of the applied 
field and does not relaxes after removal of the electric field (Fig. 5.17b,c). This confirms that 
the switching process takes place by a collective rotation around the long molecular axis, which 
changes the polar direction without changing the tilt direction of the molecules. 
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     (a)          (b)                  (c)           (d) 
 

      
Figure 5.17: Electro-optical investigations of the switching process of the ColobPAF phase of compound 1g; 
textures observed between crossed polarisers in the same region of the sample in a 5 µm non-coated ITO cell 
at 126 °C; (a) U = 0 V, before starting the experiment and (b) under a d.c. field (U = ± 180 V); (c) U = 0 V; 
(a-c, down) proposed models of organization of the molecules in the ribbons in the FE state (b) and in the AF 
ground-state (a,c), considering one column as a fragment of a smectic layer; (d) AF switching current 
response obtained by applying a triangular-wave voltage (U = 140 Vpp, f = 5 Hz, R = 5 kΩ, T = 126 °C, PS = 
400 nC cm-2); (f) model of the ColobPAF phase. 
 

ORTEGA et al.209 and KIRCHHOFF 210 postulated possible molecular orientations for the two 
main domain types in the B1 texture. The banana-leaf domains have the molecular dipoles 
pointing perpendicular to the glass plates, aligned with the field, and the other, higher 
birefringence areas have the dipoles parallel with the glass surfaces. By applying fields about 
15 Vµm-1 the brighter domains are destroyed as the molecules are forced to rotate and line up 
with the electric field. This effect can be seen quite clearly in Figure 5.17b. On removal of the 
field the field-induced texture remains (Fig. 5.17c). In Figure 5.17 the proposed models of the 
organization of the molecules in the FE state ([Colob]sPFE) and AF states ([Colob]sPAF) of the 
ColobPAF phase of compound 1g are shown. The molecules are organized in ribbons with a 
reversal of the polar direction along direction b in the ground-state structure. The size of the 
crystallographic cell of the ColobPAF phase, seems to be sufficiently large (about 5 molecules 
per cross-section) to consider one column as a fragment of a smectic phase layer, as already 
discussed for the [Colr]sPAF phase of compound 1b in Figure 5.8. On the basis of these 
experimental observations, the mesophase of the compound 1g has been designated as the Colob 
phase which is synclinic and AF, i.e. a [Colob]sPAF phase. 

Since the molecular conformation of compound 1g is unknown, the construction of an 
appropriate model for the organization of the molecules in this ColobPAF phase is very difficult 
and has to be a speculative one. Based on the special features of the molecular structure of the 
ColobPAF phase of compound 1g following assumptions were made:195 (a) the bent-core and 
calamitic moieties of the molecule are sufficiently de-coupled by the spacer, (b) the moieties of 
different shape and flexibility (bent-core, rod-like core and aliphatic chains) tend to separate 
from each other, (c) the molecules accept an irregular up and down orientation and it is 
assumed that both directions of the polar axes of the bent-core parts - up and down - exist; (d) 
the aliphatic parts are able to interdigitate. Using these assumptions a general structural model 
for the Colob phases of dimers 1 has been derived by us (see Fig. 5.18).195 For the ColobPAF 
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phase of compound 1g the lattice parameter b corresponds to the length of the dimer obtained 
from CPK models considering the observed tilt angle of about 43° of the mesogenic units. This 
general model is in agreement with the results of dielectric measurements which show that the 
dynamic of the bent and the calamitic units are nearly independent from each other.195 

 

 
Figure 5.18: A general model proposed for the Colob phase of 
this type of ‘banana–calamit’ dimers.195 C: calamitic moiety; 
B: bent-core; the dots inside the bent-cores represent the polar 
axes of the bent-core parts being perpendicular to the paper 
plane. The angle γ  deviates from 90° with 4° - 22°. It is 
assumed that both directions of the polar axes of the bent-core 
parts - up and down - exist.   

 
TSCHIERSKE et al.211 proposed a model for the organization of the molecules in the 

ColobPAF phase of some bent-core molecules. There are some general assumptions which can be 
made also for the ColobPAF phases formed by the ‘banana-calamit’ dimers in this thesis, but 
because of the high flexibility of the molecules, any model for their packing is highly 
speculative. There are two principally different organizations which can lead to antiferro-
electricity in the ribbon phases. Either the polar direction changes along the direction b between 
the modulated layers (see Fig. 5.19a), or the antipolar order is realized within the modulated 
layers from ribbon to ribbon (i.e., along the direction a and b), as shown in Figure 5.19d.  

 
Figure 5.19: Proposed model for the organization of 
the molecules in the ColobPAF phase (a) AF 
organization with alternation of the polar direction 
between the modulated layers; (b) FE organization; (c) 
FE organization with opposite polarity and chirality; 
(d) AF organization with alternation of the polar 
direction from ribbon to ribbon within the modulated 
layers. The number of molecules in the ribbons and 
the tilt direction of the molecules with respect to b 
were arbitrarily chosen. The molecules could also be 
organized more parallel to b. This proposed model for 
the organization of the molecules in the ColobPFE phase 
has been already described by TSCHIERSKE et al.211 

 
 
The ribbon structure can be achieved when there is an overlapping of about one half of the rigid 
bent cores at the interfaces between adjacent ribbons (Fig. 5.19), which means that the inter-
ribbon interfaces of the AF arrangements (Fig. 5.19a,d) become different. Only the reversal of 
the polar directions within the modulated layers (along direction a, as in Fig. 5.19d) allows a 
parallel packing of the rod-like wings of the aromatic cores at the interfaces between the 
ribbons. This enables a continuous packing of the rod-like wings in adjacent ribbons and 
therefore this organization seems to be favourable. If the polar direction in adjacent ribbons 
would be synpolar (FE, see Fig. 5.19b,c), then the rod-like wings would not be parallel at these 
interfaces and therefore an unfavourable packing results at these interfaces. It can be concluded 

b 

a 
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that in the ColobPAF phases the polar direction changes within the modulated layers from ribbon 
to ribbon, as shown in Figure 5.19d. This also means that a FE organization, which requires a 
uniform polar order along direction a (Fig. 5.19b,c) is less favourable than the AF structure 
(Fig. 5.19d). Therefore, the switching of the AF ground state into the FE state requires 
significant energy and the threshold voltage for this switching process becomes much higher 
than in the smectic phases. Hence, the AF switching is the result of the steric frustration arising 
from very large alkyl chains, leading to the formation of unfavourable inter-ribbon interfaces 
(ColobPAF phases). 
 
 
5.1.1.3 The oblique columnar ColobPFE phase of dimer 1i with m = 11 
 
Dimer 1i is the only compound in series 1 which exhibits an enantiotropic columnar 
mesophase. The texture of the Col phase of dimer 1i is similar to the textures of the Colr or 
Colob phases presented above. On cooling from the isotropic liquid a dendritic growth of the 
texture could be observed (Fig. 5.20a). On further cooling the dendritic aggregates transform 
into a texture with banana-leaf like regions and mosaic-like texture with high birefringent and 
very low birefringent regions (Fig. 5.20b,c). 
 

 (a)    (b)    (c)  
 
Figure 5.20: Textures of the Colob phase of compound 1i at U = 0 V: (a) at 129 °C; (b,c) at 117 °C. 

 

(a)   (b)   (c)   (d) 
 
Figure 5.21: XRD patterns of a surface-aligned sample of Colob phase of compound 1i at 125 °C: (a) original 
pattern (the higher intensity at the top right suggests a synclinic tilt of the molecules within the Colob phase); 
(b) original small-angle pattern; (c) reciprocal lattice with hk values for the observed reflections; (d) position 
of the maximum of the diffuse scattering (black arrow) with respect to reciprocal 2D lattice (black) and 
orientation of the molecules in the real lattice (red). 
 

The X-ray diffraction pattern of a surface-aligned sample in the Colob phase of compound 1i 
is characterized by a diffuse scattering in the wide angle region and sharp BRAGG-reflections in 
the small angle region (Fig. 5.21a-c). From the χ-scan of the wide angle region a synclinic tilt 
of the molecules is evident with a tilt angle of 46° with respect to the a-axes of the real lattice. 
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The interpretation of the small-angle BRAGG-reflections as resulting from a two-dimensional 
oblique lattice (a = 3.20 nm; b = 5.00 nm and γ = 110°) is shown in Figure 5.21c. The 
orientation of the molecules in the real lattice is shown in Figure 5.21d. 
 

The Colob phase of compound 1i shows an electro-optical switching on application of a 
relatively high threshold electric field of about 25 Vµm-1

. Under an electric field the 
birefringence (and therefore the interference colour) is decreasing and the stripes within the 
texture disappear. The switched states are independent of the polarity of the external applied 
electric field (Fig. 5.22b). Indeed, in the circular domains, where the extinction brushes are 
inclined with respect to the crossed position of the polarisers, the position of the extinction 
crosses does not change, neither on terminating the field nor on reversing the field (Fig. 
5.22b,c). These observations suggest that the chirality of the layers switches by collective 
rotation of molecules around their long axes on reversing the applied field. This switching is 
accompanied by a current response with only one sharp current peak in the half period of a 
triangular wave voltage (Fig. 5.22d), also at low frequencies (down to 0.1 Hz) indicating a FE 
ground state (Ps = 380 nC cm-2). This single peak is a first indication of a FE switching process, 
but this is not a clear proof of ferroelectricity. If the relaxation to the AF ground state would be 
too slow, then the two polarisation current peaks of an AF switching can coalesce to only one 
peak. Therefore, it was proposed to use a modified triangular wave field, where a delay is 
introduced at zero voltage. Also under these conditions, using non-coated ITO cells, 
independent of the temperature and cell thickness (5, 10 µm), only one peak is observed in the 
modified triangular wave field (Fig. 5.22e). This indicates that a bistable switching takes place, 
and that switching always occurs after zero-voltage crossing of the applied field. 

 

   
    (a)                                          (b)                                      (c)                          (d) 

       
 

Figure 5.22: Electro-optical investigations of the ColobPFE phase of compound 1i under a d.c. electric field in 
a 6 µm polyimide-coated ITO cell at 125 °C; textures observed between crossed polarisers in the same region 
of the sample at (a) U = 0 V, before starting the experiment; (b) U = ± 127 V; (c) U = 0 V; (a-c, down) models 
of the organization of the molecules in the FE states, considering one column as a fragment of a smectic layer; 
(d,e) FE switching current response obtained by applying (d) a simple and (e) a modified triangular-wave 
field (U = 380 Vpp, f = 5 Hz, R = 5 kΩ, T = 125 °C; PS = 380 nC cm-2). 

 

The proposed models of the organization of the molecules in the FE states ([Colob]sPFE) of 
the ColobPFE phase are shown in Figure 5.22. In the ground-state the molecules are organized in 
ribbons with alternating polar direction along direction a. The size of the crystallographic cell 
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of the ColobPFE phase, seems to be sufficiently large (about 4 molecules per cross-section) to 
consider one column as a fragment of a smectic layer. It follows from X-ray investigations and 
electro-optical measurements that this phase is a Colob phase which is synclinic and FE, 
[Colob]sPFE phase.  

Since the molecular conformation of this ‘banana-calamit’ compound is unknown and a lot 
of different shapes can be assumed, the construction of an appropriate model for the 
organization of the molecules in the ColobPFE phase is very difficult and has to be a speculative 
one. Based on the special features of the molecular structure we made the assumptions that the 
parameter a should correspond to the width of the ribbons, whereas b is associated with the 
thickness of the ribbons. The molecules are tilted with respect to the a axes of the real lattice 
(tilt angle 46°). The first assumption is that a splay of polarisation is involved in the 
stabilization of the 2D lattice.102 A splay-modulated arrangement of ribbons, as shown in Figure 
5.23, with an overall synclinic correlation between adjacent ribbons (SmCsPFE–like along 
direction b and an AF organization along direction a seems to be the most reasonable structure 
for the ColobPFE phase of compound 1i. In the ColobPFE phase of compound 1i the splay seems 
to be relatively weak, as it can be removed under an electric field, leading to a FE switching 
smectic phase. Also, the formation of an oblique lattice instead of a rectangular one is in line 
with a relatively weak splay of polarisation. The proposed model for the organization of the 
molecules in the ColobPFE phase, shown in Figure 5.23, is already described by KEITH et al. in 
reference.212 The molecules are organized in ribbons with a reversal of the polar direction along 
direction a in the proposed ground-state structure (Fig. 5.23a). The field-induced reorganization 
of the molecules in ribbon phases usually takes place by collective rotation around the long axis 
because the inter-ribbon interfaces hinder rotation on a cone. This reorganization would lead to 
a synpolar (FE) ribbon structure where the synclinic tilt of the molecules is retained.  
 

 
(a)             (b)              (c) 

 
Figure 5.23: (a) Proposed model of ground-state organization in the ColobPFE phase with polarisation splay 
between adjacent ribbons; (b) the field-induced synpolar ribbon structure is unstable due to the unfavorable 
interfaces between the ribbons (broken line); (c) the field-induced non-modulated smectic phase without 
unfavorable interfaces between the ribbons is formed instead (SmCsPFE–like phase). This proposed model for 
the organization of the molecules in the ColobPFE phase is already described in reference.212 

 
However, there would be unfavourable steric interactions at the interfaces between the ribbons 
(Fig. 5.23b) in such a modulated smectic phase with a synpolar organization of the molecules in 
adjacent ribbons (along direction b). Because of this unfavourable steric interactions, these 
interfaces are unstable and a non-modulated smectic phase without these interfaces is formed 
instead (Fig. 5.23c). Practically, a field-induced transition to a synclinic and synpolar smectic 
phase (SmCsPFE) takes place. Such field-induced transitions were reported previously also for 
other polarisation-modulated smectic phases (for B7-type phases,213 some examples of field-
induced Col to Sm transitions.102,209,214). The high threshold voltage (25 Vµm-1) required for FE 
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switching and the relatively high polarisation value (PS = 380 nC cm-2) are strong arguments 
that a field-induced change of the mesophase structure takes place over the switching process. 
The construction of an appropriate model for the organization of the molecules in the ColobPFE 
phase is very difficult and this model of the organization of the molecules is just a speculative 
one. 
 
 
5.1.1.4 The nematic and smectic SmCc phases of dimer 1j with m = 12 
 
Compound 1j (m = 12) exhibits two monotropic mesophases. The high-temperature phase 
could be easily identified as a nematic phase by its characteristic texture. The nematic phase 
shows over the whole temperature range chiral domains of opposite handedness, as already 
described in the chapter 5.1.1.2.64,205 The brightness of the (+) and (–) domains (corresponding 
to the optically active domains in the Fig. 5.24a-c) is reversed by changing the direction of the 
polarisers. 

 

    (a)     (b)      (c)  
 

Figure 5.24: Textures of nematic phase of compound 1j at 124 °C in a 5µm non-coated ITO cell at U = 0 V 
observed in the same region of the sample (a) between crossed polarisers and by rotating one polariser by 15° 
(b) clockwise and (c) anticlockwise from the crossed position. 
 

On further cooling the schlieren texture turned into fans with features characteristic of N-
to-SmA or N-to-SmC transition. This new liquid-crystalline phase separates from the nematic 
phase in the form of batônnets (Fig. 5.25a) which then coalesce and form a fan-shaped texture 
(Fig. 5.25b). It was impossible to obtain a homeotropic texture either by shearing or by surface 
treatment, which implies a phase with tilted molecules, which can be characterised as a SmCc 
phase. Shearing this specimen led to a grey, schlieren-like texture with singularities of s = ±1 
and s = ±1/2 (Fig. 5.25c) which have also been observed in SmCPAF, intercalated SmC phases 
of mesogenic twins or the B6 phase of bent-core mesogens.3,47,96,116,118,122,215 The occurrence of 
such singularities is attributed to an opposite tilt direction of the mesogenic groups between 
adjacent layers. 

 

   (a)      (b)      (c)  
 
Figure 5.25: Textures of SmCc phase of compound 1j: (a,b) in a 6 µm polyimide-coated ITO cell at U = 0 V 
(a) at 121 °C on growing from the N phase (the dark blue domains represent N phase regions) and (b) at 119 
°C; (c) schlieren texture at 119 °C between two untreated glass slides obtained after shearing the sample. 
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X-ray measurements on the two mesophases of the compound 1j were performed by 
applying a magnetic field of about 1 T. For the nematic phase the results confirm the absence of 
a layer structure, but the existence of cybotactic smectic groups is clearly proven on the base of 
well-oriented samples. The X-ray pattern shows a diffuse dumb-bell like scattering maximum 
in the small angle region and a diffuse wide angle scattering located around the equator, see 
Figure 5.26a,b. The diffuse, small-angle scattering in the nematic phase can be attributed to 
cybotactic groups of the SmC-type representing fluctuating arrays of molecules with a short-
range order of the same type as the long-range order in the low-temperature SmCc phase. The 
X-ray diffraction pattern of the low-temperature mesophase of compound 1j (Fig. 5.26c-e) is 
characterized by a diffuse scattering in the wide angle region and sharp equidistant BRAGG-
reflections in the small angle region. Only one layer reflection corresponding to a periodicity 
smaller than half the molecular length appears in the small-angle region (d = 2.28 nm). This 
periodicity strongly indicates an intercalated structure like B6 / SmCc phase. The molecular 
length (L = 6.7 nm) is measured from CPK models (from MM2-optimized models, using 
Chem3D, Cambridge software corporation), for fully extended chains, and assuming a zigzag 
shape for compounds with even-membered spacers. In addition, the molecules are tilted in the 
layers, and the tilt angles are estimated to be about 24° (SmCc phase). On the other hand, four 
broad, diffuse scattering peaks are observed in the wide-angle region, suggesting liquid-like in-
plane order. 
 

(a)  (b)  (c)  (d)  (e) 
 
Figure 5.26: XRD patterns of an aligned sample of compound 1j in the magnetic field on cooling; (a,b) XRD 
patterns of the nematic phase at 123 °C: (a) original pattern; (b) the same XRD pattern, but the intensity of the 
isotropic liquid is subtracted; (c-e) XRD patterns of the SmCc at 119 °C: (c) original pattern; (d) the same 
XRD pattern, but the intensity of the isotropic liquid is subtracted; (e) small angle region. 
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Figure 5.27: Electro-optical investigations of the SmCcPAF phase of 
compound 1j in a 6 µm polyimide-coated ITO cell at 119 °C; textures 
observed between crossed polarisers in the same region of the sample 
under a d.c. electric field; (a,c) U = ± 180 V and (b) U = 0 V; (d) AF 
switching current response obtained by applying a triangular-wave 
field (U = 100 Vpp, f = 3 Hz, R = 5 kΩ, T = 119 °C, PS = 300 nC cm-2); 
(e) model of the organisation of the molecules in the ground state.  
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The application of an electric field of 15 Vµm-1 on the SmCc phase leads to an electro-optical 
switching with a current response indicating an AF ground state, i.e. two polarisation current 
peaks per half period were recorded (PS = 300 nC cm-2), see Figure 5.27d. During the switching 
process the birefringence is decreasing, but the position of the defects do not change, neither on 
terminating nor on reversing the field. (Fig. 5.27a-c). This confirms a switching by rotation 
around the long axis, which changes the polar direction without changing the tilt direction of 
the molecules.  

It follows from the X-ray investigations and the electro-optical measurements that this 
phase is a SmCcPAF phase. However, it is not easy to imagine how titled molecules intercalate 
forming a phase in which bent-core units, calamitic moieties, terminal chains and the spacers 
are mixed randomly and the layer spacing is approximately one third of the molecular length 
and how these molecules are reorganized on switching under an applied electric field. Further 
experimental examinations are necessary.     
 
 
5.1.2 The dimer series 2 – 6 
 
The next point of our systematic investigation is the effect of the variation of the length of the 
spacer in dimers with different lengths of the terminal chains attached to the calamitic 
mesogenic unit and to the bent-core mesogenic moiety in dimer series 2 – 6. To allow an 
appropriate comparison of the mesophase behaviour from this new perspective, the compounds 
2 – 6 are listed in groups of two or three compounds which have a constant length of the 
alkyloxy chain attached to the bent-core unit (n) and resp. to the calamitic part (p), however the 
length of the spacer (m) varies (see Table 5.3.). For comparative purposes the mesophase 
behaviour of the dimer series 1 is included in Figure 5.28. The dimer series 1 – 6 are presented 
on increasing the spacer length (m) and the terminal chain lengths of the bent-core units (n) and 
of the calamitic moieties (p). This is the reason why the series 2 is presented above series 1 in 
Figure 5.28. The mesophase types and transition temperatures together with the associated 
transition enthalpies and lattice parameters for the series 2 – 6 are given in Table 5.3 and Figure 
5.28. All homologues belonging to these five new series exhibit liquid crystalline behaviour. 
The compounds with an even-numbered spacer display various columnar or smectic phases, in 
addition to a nematic phase. Nearly all compounds with an odd spacer exhibit one columnar 
mesophase, except compound 2c, which exhibits an enantitropic SmCcPFE phase. The 
mesophases formed by the even-membered compounds show higher mesophase stability, as 
expected. Increasing the spacer length from m = 3 to m = 6 give rise to an increase of the 
mesophase stability. However, increasing the spacer length from m = 6 to m = 11 give rise to a 
reduction of the mesophase stability.    
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Table 5.3: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the 
normal to a in Col phases, lattice parameters (a, b, γ) [nm, °] and PS values [nC/cm2] of dimer series 2 – 6.[a] 

 

H2n+1CnO

O

O O

O

O

O

O

O

O(CH2)mO O

O
OCpH2p+1

 
Lattice parameters 

Comp n m p 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type d  

[nm]
τ 

[°] 
a 

[nm] 
b 

[nm] 
γ 

[°] 

PS 
nC/cm2 

2a 
 

8 3 6 Cr 166 (Colob 134) I 
     82.2           25.2 

Colob  50 2.73 4.11 112 - 

2b 
 

8 6 6 Cr 145 (M1 125 SmCsPFE 130) N 151 I 
     76.4       0.5                 13.4     1.6 

N 
SmCsPFE 
M1

 [c] 

 
5.80 
-[c] 

 
26 
-[c] 

 
 
-[c] 

 
 
-[c] 

 
 
-[c] 

 
150 
-[c] 

2c 
 

8 11 6 Cr 109 SmCcPFE 147 I 
     46.1               23.3 

SmCcPFE 
 

2.11 14 - - - 230 

3a 
 

16 3 6 Cr 136 (ColobPFE 129) I 
     60.9               22.9 

ColobPFE  39 4.74 4.74 97.4 450 

3b 
 

16 6 6 Cr 150 (Colx 126.5 N 142) I 
     65.0           -[b]        1.4 

N 
Colx 

[c] 
  

-[c] 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

3c 
 

16 11 6 Cr 119 (ColobPAF 109) I 
     79.4               21.9 

ColobPAF  37 4.00 5.38 94.9 530 

4a 
 

12 6 12 Cr 140 (Colx 115.5 N 131) I 
     86.3          -[b]         1.6  

N 
Colx 

[c] 
  

-[c] 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

4b 
 

12 11 12 Cr 126 (ColrPAF 121) I 
     57.0               7.4           

ColrPAF  29 16.1 6.76 90 450 

4c 
 

12 12 12 Cr 117 (M3 102 M2 110 N 114) I 
     69.7        0.3       13.1    1.5 

N 
M2,M3 

[c] 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

5a 
 

12 2 16 Cr 151 (M4 121 SmCs’PAF 144) SmCsPAF 160.5 N 161 I 
     87.5       12.0                12.4                   6.3        -[b] 

N 
SmCsPAF

SmCs’PAF

M4
[c] 

 
4.88 
4.83 
-[c] 

 
41 
36 
-[c] 

 
 
 
-[c] 

 
 
 
-[c] 

 
 
 
-[c] 

 
550 
770 
-[c] 

5b 
 

12 6 16 Cr 139 (SmCPAF
[*] 128) SmCsPAF 141 N 141.5 I 

     88.7                  14.7                   1.5       2.5 
N 
SmCsPAF

SmCPAF
[*]

 
5.56 
-[c] 

 
32 
-[c] 

    
580 
830 

5c 
 

12 11 16 Cr 125 ColrPAF 130 I 
    40.8              27.2         

ColrPAF  0 13.7 7.15 90 470 

6a 
 

16 6 12 Cr 138 (SmXPAF 122 SmCsPAF 125 N 131) I 
     87.7                 4.3                 1.5     5.4 

N 
SmCsPAF

SmXPAF 

 
-[c] 

-[c] 

 
-[c] 

-[c] 

    
490 
850 

6b 
 

16 11 12 Cr 130 (ColrPAF 125) I 
     74.7              34.7 

ColrPAF  0 15.3 7.11 90 770 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimer series 2 – 6 were taken from the second 
DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the 
transition temperatures and enthalpy values were taken from the first DSC cooling scans and the transition 
temperatures were checked by polarising microscopy; [b] the transition is not detectable on DSC and the 
transition temperature value is determined by polarising microscopy; [c] could not be determined due to rapid 
crystallization of the sample; the M phases are unidentified phases which could not be fully investigated 
because of their fast crystallization immediately after formation. 
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Figure 5.28: Transition temperatures (°C) of dimers 1–6, taken from the first DSC cooling scans (10 Kmin-1). 
 
The study of the structure-property relationship for the dimers with p = 6 (2a, 3a, 1i and 3c) 
revealed that on increasing the length of the terminal chain n on the bent-core moiety results in 
a slight increase of the values of the parameters a and b of the Colob phases. Meantime, the 
value of the oblique angle γ is slightly decreasing for these dimers. For the dimers with p = 12 
(4b and 6b), the parameter a of the Colr phases are slightly decreasing, while parameter b is 
slightly increasing. The number of the molecules in the unit cell in the Colob phases with p = 6 
is increasing, while for the dimers with p = 12 is slightly decreasing with increasing the length 
of the terminal chain on the bent-core moiety. On increasing the spacer length, m, the parameter 
a and the oblique angle γ of the Colob phases for dimers 3a and 3c are slightly decreasing, while 
parameter b is slightly increasing. The number of the molecules in the unit cell in the Colob 
phases is also slightly decreasing with increasing the spacer length. On increasing the length of 
the terminal chain of the calamitic unit, p, the parameter a of the Colr phases for dimers 4b and 
5c is decreasing, while parameter b is slightly increasing. The number of the molecules in the 
unit cell in the Colr phases is also decreasing with increasing the spacer length. The correlation 
of a and ncell speaks for the molecular being packed along a in one ribbon (b is associated to the 
molecular length). In the following the physical properties of the dimer series 2 – 6 will be 
discussed in the subchapters 5.1.2.1 to 5.1.2.4. 
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Table 5.4: X-ray diffraction data from aligned samples of the Col phases of compounds 1 – 6 and an estimate 
of the number of molecules in the cross section of the ribbons within the corresponding Col phases. 

[a] Lattice parameter with an error of the calculated parameters in the order of 0.1 nm; [b],[c],[d],[e],[f],[g] for 
calculation of these values see Table 5.2 in chapter 5.1.1. 
 
 
5.1.2.1 The smectic SmCsPFE phase of dimer 2b 

 
The mesophase behaviour of the dimer series 2 (n = 8; p = 6) is very complex (see Table 5.3). 
The dimer 2a with the shortest spacer length (m = 3) exhibits a Colob phase, while dimer 2c (m 
= 11) shows an intercalated smectic SmCcPFE phase. The homologue 2b (m = 6) exhibits three 
different mesophases: an enantiotropic nematic and two monotropic smectic phases. The 
nematic phase showed typical marbled textures (Fig. 5.29a) and presents chiral domains of 
opposite handedness over the whole temperature range, as already described in chapter 5.1.1.2. 
Below this nematic phase two monotropic smectic phases appeared. The high-temperature 
smectic phase exhibits a fan-shaped texture (Fig. 5.29b). The transition N-SmC at 130 °C is 
coupled with an enthalpy change of 13.4 kJ mol-1. At 125 °C a clear change of the texture 
occurs characterized by a change of the birefringence and the appearance of additional stripes 
(Fig. 5.29c). The corresponding transition enthalpy is rather low (0.5 kJ mol-1). 

 

Comp
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T 
[°C] 

Phase 
type 

Parameter 
[nm] 

Vmol,cr
[b]

[nm3] 
Vmol,is

[c]

[nm3] 
Vcell

[d]
 

[nm3] 
ncell,cr

[e] 

 
ncell,is

[f]
 

 
ncell,LC

[g]

 

2a 8 3 6 132 Colob 
a = 2.73 
b = 4.11 
γ = 111.6 

1.376 1.751 5.42 3.94 3.10 3.52 

1b 12 3 6 124 ColrPAF
a = 7.57 
b = 5.51 

1.475 1.877 21.69 14.70 11.55 13.13 

3a 16 3 6 123 ColobPFE

a = 4.74 
b = 4.74 
γ = 97.4 

1.575 2.005 11.59 7.36 5.78 6.57 

1i 12 11 6 125 ColobPFE

a = 3.20 
b = 5.00 
γ = 110.0 

1.674 2.130 7.82 4.67 3.67 4.17 

3c 16 11 6 104 ColobPAF

a = 4.00 
b = 5.38 
γ = 94.9 

1.773 2.257 11.15 6.29 4.94 5.61 

4b 12 11 12 120 ColrPAF
a = 16.06 
b = 6.76 

1.823 2.320 56.45 30.97 24.33 27.65 

5c 12 11 16 123 ColrPAF
a = 13.70 
b = 7.15 

1.922 2.446 50.94 26.50 20.83 23.66 

6b 16 11 12 120 ColrPAF
a = 15.26 
b = 7.11 

1.922 2.446 56.42 29.35 23.07 26.21 
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(a)      (b)      (c)  
 
Figure 5.29: Textures of mesophases of dimer 2b on cooling: (a) N phase at 150 °C; (b) high-temperature 
smectic phase at 130 °C; (c) low-temperature smectic phase at 125 °C (same region of the sample as in (b)). 
 

X-ray measurements performed on the high-temperature mesophase of compound 2b 
showed the scattering typical of a nematic phase when aligned in the magnetic field on cooling 
(Fig. 5.30a). The measurements at 127 °C confirmed the presence of a SmC phase and show 
strong small angle reflections from which a layer spacing of d = 5.76 nm could be determined 
(see Table 5.3 and Fig. 5.30b-d). An average tilt angle τ = 26° of the molecular long axis with 
respect to the layer normal can be calculated from the position of the maxima of the outer 
diffuse scattering in the smectic phase. The distribution of the diffuse scattering points to a 
synclinic tilt of the molecules. The effective molecular length Leff may be calculated from these 
experimental results to Leff = d/cosτ = 6.4 nm. Based on these experimental evidences this SmC 
phase was assigned as SmCs phase. On lowering the temperature to 125 °C, the second smectic 
phase crystallized immediately and further investigations were impossible. This phase was 
assigned as M1 phase. 

 

  (a)   (b)   (c)   (d)  
 
Figure 5.30: XRD patterns of an aligned sample of compound 2b in the magnetic field on cooling: (a) 
nematic phase at 140 °C; (b-d) SmCs phase at 127 °C; (b) original scattering; (c) the same XRD pattern, but 
the intensity of the isotropic liquid is subtracted; (d) small angle region. 
 

The nematic phase of compound 2b shows the same unusual optical and electro-optical 
properties as described in section 5.1.1.2 for dimer series 1. The SmCs phase shows an electro-
optical response. Applying a sufficiently high electric field (10 Vµm-1) a smoother fan-like 
texture is formed which is independent of the polarity of the applied field (Fig. 5.31a,c). If the 
field is removed the texture remains nearly unchanged, only the birefringence is slightly 
changed (Fig. 5.31b). This switching is accompanied by a current response with only one peak 
per half period of the applied field indicating a FE ground state (PS = 150 nC cm-2, Fig. 5.31d). 
Also only one peak per half period of the applied field could be observed under a modified 
triangular-wave field (when a delay is introduced at zero voltage), using non-coated ITO cells 
and independent of the cell thickness or glass coating (5, 6 or 10 µm).  
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Figure 5.31: Electro-optical investigations of the SmCsPFE phase of compound 2b: (a-c) textures observed 
between crossed polarisers in the same region of the sample in a 5 µm non-coated ITO cell under a d.c. 
electric field at 127 °C: (a,c) U = ± 70 V; (b) U = 0 V; (a-c, down) models of the organization of the 
molecules in the FE states in the bistable switching process; (d,e) FE switching current response obtained by 
applying a simple (d) and a modified (e) triangular-wave voltage (10 µm non-coated ITO cell, U = 360 Vpp, f 
= 5 Hz, R = 5 kΩ, T = 127 °C, PS = 150 nC cm-2). 
 

The extinction directions of the half circular domains make an angle of ~ 26° with the 
directions of the crossed polarisers indicating that the SmCs phase has a tilted organization (Fig. 
5.31a-c), as already found from XRD investigations. If the first FE ground state (Fig. 5.31a) is 
switched to the second FE state or vice versa, the extinction directions do not change. Only the 
birefringence is changed (Fig. 5.31c). Furthermore, this effect is independent of the polarity of 
the applied field. This finding suggests that the FE ground state as well as the switched FE 
states have a synclinic tilt and the switching corresponds to the transition from a SmCsPFE state 
to a SmCsPFE state. These observations suggest that the chirality of the layers switches by 
collective rotation of molecules around their long axes on reversing the applied field. 
 
 
5.1.2.2 The mesophase behaviour of dimer series 3 
 
All the dimers of the series 3 (n = 16; p = 6) present liquid crystalline properties (see Table 
5.3). The dimers with an odd-spacer display polar oblique columnar phases. The dimer 3a (m = 
3) exhibits a ColobPFE phase, while the dimer 3c (m = 11) forms a ColobPAF phase. The even 
member 3b (m = 6) possesses a N-Colx phase sequence. 

 
 

5.1.2.3 The mesophase behaviour of dimer series 4 
 
All compounds in the series 4 (n = 12; p = 12) exhibit monotropic liquid crystalline phases. 
Dimer 4b with an odd spacer (m = 11) displays a ColrPAF phase while the even member 4a (m = 
6) forms a nematic and a Colx phase (see Table 5.3). The homologue 4c (m = 12) presents a N-
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M2-M3 phase sequence. The low-temperature mesophases M2 and M3 are crystallizing fast and 
no further investigations were possible. 

The dimer 4b (m = 11) shows some beautiful and exotic textural features, independent on 
the glass surface preparation. On slowly cooling the isotropic liquid, spiral or double spiral 
nuclei arise which coalesce to a variety of optical textures such as striped focal conics, banana-
leaf like textures, ribbon-like texture, spherulitic texture and circular domains, where low 
birefringent domains coexist with highly birefringent domains (Fig. 5.32). These textures 
remember of a B7 phase,24,32,36,61,70,101,102 or B7’ phase.60,72,102,106 

 

(a)        (b)           
 

Figure 5.32: Textures of Colr phase of compound 4b at 121 °C at U = 0 V, on cooling from the isotropic state 
in a 6 µm polyimide-coated ITO cells phase (dark areas are residues of the isotropic liquid state). 
 

The X-ray diffraction pattern is characterized by a diffuse scattering in the wide angle 
region and sharp BRAGG-reflections in the small angle region (Fig. 5.33a, b). The small-angle 
reflections can be indexed to a centred 2D rectangular lattice, with the lattice parameters a = 
16.06 nm and b = 6.76 nm (see Tabel 5.3 and Fig. 5.33c). From the χ-scan of the wide angle 
region we could estimate a tilt angle of the molecules with respect to the normal to a-axis of the 
real lattice of 29°. The alignment of the long molecular axes for one preferred orientation in the 
fiber-like disordered sample is shown in Figure 5.33d.  

 

 (a)     (b)     (c)     (d)  
 
Figure 5.33: XRD patterns of a surface-aligned sample of the Colr phase of compound 4b at 118 °C: (a) 
original pattern; (b) pattern of the small-angle region; (c) reciprocal lattice with hk values for the observed 
reflections; (d) position of the maximum of the diffuse scattering (black arrow) with respect to reciprocal 2D 
lattice (black) and orientation of the molecules in the real lattice (red). 
 

On applying a triangular-wave electric field above a threshold voltage of 10 V μm-1 the 
Colr phase is switchable, i.e. two polarisation current peaks per half period were recorded 
indicating an AF ground state (PS = 450 nC cm-2, see Fig. 5.34e). This switching process was 
additionally confirmed by optical investigations. The ground state, before applying an electric 
field is characterized by highly birefringent stripes running parallel to the smectic layers, 
indicating a multidomain structure of this phase (the effect arose from a racemic nature of the 
domains, as a result of an alternating chirality, see Fig. 5.34a). In the ground state, the 
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extinction crosses of the circular domains are inclined to the directions of the crossed 
polarisers, proving a synclinic tilted organization of the molecules (Fig. 5.34a). On applying an 
electric field the extinction crosses of the synclinic domains rotate into a position parallel to the 
crossed polarisers, as characteristic for an anticlinic organization with an equal number of 
layers with opposite tilt direction, corresponding to a [Colr]aPFE phase (Fig. 5.34b,d).  
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     (a)        (b)            (c)  (d)              (e) 
        [Colr]sPAF                  [Colr]aPFE                 ([Colr]s)aPAF              [Colr]aPFE 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.34: Electro-optical investigations of the ColrPAF phase (racemic [Colr]sPAF phase) of compound 4b: 
(a-d) textures observed between crossed polarisers in the same region of the sample in a 10 µm polyimide-
coated ITO cell under a d.c. electric field at 118 °C; below: models showing the reorganisation of the 
molecules during the switching process around a cone (in analogy to references24,36,216), considering one 
column as a fragment of a smectic layer; (a) U = 0 V, AF ground state: [Colr]sPAF state; (b) U = + 120 V, 
field-induced FE state: [Colr]aPFE state; (c) U = 0 V, AF ground state composed of domains with opposite tilt 
direction and anticlinic/FE boundaries between them (areas with blue background): ([Colr]s)aPAF state; (d) U = 
- 120 V, FE state with opposite polarity: [Colr]aPFE state; (e) AF switching current response obtained by 
applying a triangular-wave voltage (U = 315 Vpp, f = 10 Hz, R = 5 kΩ, T = 109 °C, PS = 450 nC cm-2). 
 
At first sight, these observations could indicate a racemic ground state for the mesophase 
(racemic [Colr]sPAF phase). That means the switching process should take place between 
[Colr]sPAF and [Colr]aPFE states. However, the field-induced circular domains in which the 
extinction crosses are aligned along the directions of the crossed polarisers do not change on 
reversal or on removal of the field (Fig. 5.34c,d). The model described above (Fig. 5.34, model 
in analogy to references24,36,216) could be used to explain the possible modes of molecular 
packing in the ColrPAF phase of compound 4b considering one column as a fragment of a 
SmCsPAF layer. The molecules are organized in ribbons with alternating polar direction along b 
in the ground-state structure. The size of the crystallographic cell of the ColrPAF phase, seems to 
be sufficiently large (about 27 molecules per cross-section) to consider one column as a 
fragment of a SmCsPAF layer. FOLCIA et al.217 showed that the initially proposed models of the 

P 
A 50 μm 

Anticlinic/ FE 
defects 

U = 0 V U = 0 V U = + 120 V U = - 120 V

P 
A 50 μm 



 5 Mesophase behaviour of ‘banana-calamit’ dimers of type I  75

SmCsPAF phases contradict the CURIE principle218 , i.e. the symmetry of the SmCaPFE phase 
(C2v) is not the intersection between the point groups of the SmCsPAF structure (C2h) and the 
point group of the electric field (C∞v). Therefore these phase structures cannot be stable in bulk 
samples. The CURIE principle can be satisfied if an additional periodicity of equally spaced 
anticlinic–FE interlayer boundaries (see in the model the areas with blue background in Fig. 
5.34) in the SmCsPAF phase exists along the layer normal219,220 which changes the symmetry to 
C2v. It means that in the ground state of the bulk materials there are mesoscopic domains with 
synclinic–AF interlayer interfaces separated by defects where the interlayer correlation is 
anticlinic–FE, i.e. the tilt direction alternates from domain to domain (Fig. 5.34b). This is in 
line with the domain structure and the fact that the extinction crosses still coincide with 
polariser and analyzer in the field-off state.24 

 
 
5.1.2.4 The smectic polymorphism of dimers 5  
 
The dimer series 5 (n = 12; p = 16) with an even methylene spacer (m = 2, 6) display various 
new smectic phases, in addition to the nematic phases. For the dimer with an odd spacer length, 
5c (m = 11), a Colr phase is observed (see Table 5.3 and Fig. 5.35). On increasing the spacer 
length the mesophase stability is decreasing. 
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Figure 5.35 Transition temperatures (°C) of dimer series 5, taken from the first DSC cooling scans (10 Kmin-1). 
 
The dimer 5a with relatively long terminal alkyloxy chains (n = 12, p = 16) and a very 

short spacer (m = 2) exhibits two enantiotropic and two monotropic mesophases. The 
enantiotropic N and SmC phases were identified according to their characteristic schlieren 
textures. During transition from the nematic phase to the SmC phase, a typical fingerprint 
texture was observed. The nematic phase exists in a temperature range of 0.5 K and displays 
characteristic schlieren, marbled or homeotropic textures depending on the boundary 
conditions. If the planar oriented nematic phase is cooled down into the high-temperature 
smectic phase, a schlieren texture arises with singularities of s = ±1, s = ±1/2 and s = ±3/2 (Fig. 
5.36a, indication of a tilted smectic mesophase) or a birefringent smooth fan-shaped texture 
(Fig. 5.36b). The occurrence of a schlieren texture as well as a smooth fan-shaped texture 
points to an anticlinic SmC phase (Fig. 5.36a,b). 
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(a)  (b)  (c)  (d)  
 
Figure 5.36: Textures of mesophases of dimer 5a on cooling between crossed polarisers in a 5µm non-coated 
ITO cell: (a,b) high-temperature SmC phase at 150 °C; (c,d) low-temperature SmC phase at 140 °C. 
 

On further cooling, a monotropic smectic phase appeared whose texture depended strongly 
on the texture of the preceding SmC phase. Thus, this phase appeared either with a broken fan-
shaped texture (Fig. 5.36c) if cooling from a smooth fan-shaped texture or with a very low 
birefringent smooth fan-shaped texture (Fig. 5.36d) if cooling from schlieren SmC texture. 

X-ray measurements performed on the mesophases of compound 5a at 149 °C and at 142 
°C confirmed the presence of two SmC phases with molecules tilted with respect to the layer 
normal and they showed very similar patterns for both phases (Fig. 5.37a-e). The layer spacing 
derived from the X-ray measurements on cooling are almost independent of the temperature, 
including the transition from the high-temperature SmC (d = 4.88 nm) to the lower-temperature 
SmC’ phase (d’ = 4.83 nm) and until the sample crystallizes. On the other hand, the appearance 
of second- and third-order layer reflections in the lower temperature phase (Fig. 5.37c-e) 
suggests a change from a sinusoidal modulation of the electron density along the layer normal 
found in the higher temperature phase (where only the first order is observed), to more strictly 
defined layers with a more pronounced segregation of the aromatic and aliphatic parts of the 
molecules within the intercalated structure. An average tilt angle of the molecular long axis 
with respect to the layer normal can be calculated from the position of the maxima for the outer 
diffuse scattering in the SmC phase (τ = 41°) and in the SmC’phase (τ’= 36°). The effective 
molecular length Leff may be calculated from these experimental results for SmC to Leff = d/cosτ 
= 6.47 nm and for SmC’ to Leff’ = d’/cosτ’ = 5.97 nm. On the basis of these X-ray experimental 
evidences these two synclinic SmC phases were assigned as SmCs and SmCs’ phases (in 
contradiction with the textural investigations which point to an anticlinic mesophase).  

 

(a)  (b)  (c)  (d)  (e)  
 
Figure 5.37: XRD patterns of an aligned sample of compound 5a in the magnetic field on cooling; (a-b) 
SmCs phase at 150 °C: (a) original pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid 
is subtracted; the inset shows the small angle region; (c-e) SmC’s phase at 130 °C: (c) original pattern; (d) the 
same XRD pattern, but the intensity of the isotropic liquid is subtracted; (e) small angle region. 

 
Electro-optical measurements give evidence for an AF ground state in both SmC phases, 

since we found two peaks per half cycle of the applied triangular voltage (Fig. 5.38e). The 
switching polarisation increases with decreasing temperatures (PS = 550 nC cm-2 for SmCsPAF 
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phase and PS’ = 770 nC cm-2 for SmCs’PAF phase). The two SmC phases show a very different 
electro-optical switching. On application of a sufficiently high electric field (17 Vµm-1) the 
SmCsPAF phase of compound 5a forms at 150 °C a smooth fan-like texture which is 
independent of the polarity of the applied field (Fig. 5.38b,d). If the field is removed the texture 
remains nearly unchanged, only the birefringence is slightly changed (Fig. 5.38c). This 
indicates that the synclinic organization of the ground-state structure is not significantly 
changed by the field. This confirms a switching by rotation around the long axis, which 
changes the polar direction without changing the tilt direction of the molecules. It should be 
noted that this switching process gives rise to a change of the superstructural chirality from 
racemic at zero voltage to homogeneously chiral under the applied field, and the change of the 
sign of the applied field switches between the enantiomeric chiral states (Fig. 5.38). 
 

                   
           (a)           (b)            (c)              (d)  

 
 

Figure 5.38: Electro-optical investigations of the SmCsPAF phase of compound 5a; textures observed in the 
same region of the sample between crossed polarisers in a 5µm non-coated ITO cell under a d.c. electric field 
at 150 °C: (a) U = 0 V, before starting the experiment; (b,d) U = ± 50 V; (c) U = 0 V; (e) AF switching 
current response obtained by applying a triangular-wave voltage (U = 308 Vpp, f = 6 Hz, R = 5 kΩ, T = 150 
°C, PS = 550 nC cm-2); (down) models of organization of molecules in the FE states and in AF ground-state. 
 

The low-temperature SmCs’PAF phase of compound 5a exhibits a complex electro-optical 
switching process. The first experimental findings (X-ray, electro-optic measurements, see Fig. 
5.37 and 5.39) point to a SmC’sPAF phase. However, further d.c. experiments revealed that the 
field-induced texture shows some special features.    
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           (a)          (b)           (c)          (d) 
Figure 5.39: Electro-optical investigations of the SmC’sPAF phase of compound 5a; textures observed in the 
same region of the sample between crossed polarisers under a d.c. electric field at 130 °C, in a 5µm non-
coated ITO cell: (a,c) U = ± 70 V; (b) U = 0 V; (d) AF switching current response obtained by applying a 
triangular-wave voltage (U = 151 Vpp, f = 15 Hz, R = 5 kΩ, T = 124 °C, PS = 770 nC cm-2). 
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By applying electric fields greater than 10 Vµm-1, the broken fan-shaped texture can be 
switched into a smoother fan-shaped texture which presents highly birefringent stripes running 
parallel to the smectic layers. If the field is switched off, the texture relaxes in a texture which 
shows nearly extinction between crossed polarisers. Rotating one polariser from the crossed 
position we could observe the same regions with opposite handedness as in the virgin broken 
fan-shaped texture. The field-free state should correspond to the anticlinic AF ground state, 
since this texture appears by the relaxation of the switched ferroelectric state. The nearly 
extinction between crossed polarisers could be the consequence of the tilt angle of the 
molecules. At a tilt of about 45°, in a so-called orthoconic anticlinic director structure,221 the 
smectic layers have a book-shelf geometry, where the layers are perpendicular to the substrates. 
For bent-core molecules a deviation from a tilt angle (θ) of exactly 45° is possible if the 
bending angle (α) is changed according to the relation: α = 2 tan-1(1/cos θ).222 This state is non-
birefringent in the direction perpendicular to the substrates, and therefore a nearly extinction 
between crossed polarisers is observed.223  

On slow cooling of the sample under an external electric field circular domains could be 
obtained. In these circular domains the molecules are organized predominantly parallel to the 
surfaces. The smectic layers are more or less perpendicular to the substrates. There are rolled up 
in onion-like cylinders around the centre of the domains with the layer normal parallel to the 
substrates. This arrangement of the smectic layers is indicated by extinction cross. The dark 
brushes occur parallel and perpendicular to the molecular long axis. In this case, these brushes 
are inclined with the position of polariser and analyzer in the synclinic tilted phases by an angle 
of 36°. This value is in agreement with the results of the X-ray investigations. Interestingly, on 
removal of the applied electric field the relaxation of the field-induced circular domains 
depends on the experimental conditions. As a result, two mechanisms could be established: (a) 
for fast removing of the electric field (Fig. 5.40a-d); (b) for slow removing of the electric field 
(Fig. 5.40e). 
 

 
Figure 5.40: Electro-optical investigations of the SmC’sPAF phase of compound 5a; textures observed in the 
same region of the sample between crossed polarisers in a 5µm non-coated ITO cell under a d.c. electric field 
at 130 °C; (a) U = 0 V, before starting the experiment; (b,d) U = ± 70 V; (c) U = 0 V, on fast removing of the 
applied field; (e) U = 0 V, on slow removing of the field; (a-e, down) models of organization of the molecules 
in the FE states (b,d) and in the AF ground-states (a,c,e). 
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(a) On fast removing of the electric field the extinction crosses rotate more or less to the 
crossed polarisers position and the texture becomes dark, so that the crosses are now difficult to 
recognize (in Fig. 5.40c the intensity of the light was strongly increased for a better observation 
of the extinction crosses). By re-applying the electric field, the extinction crosses rotate back to 
the original 36° position, whereby the sense of rotation is opposite for an opposite sign of the 
field. The relaxation from the field-induced FE state into the AF ground state obviously 
corresponds to the transition from the synclinic FE state (SmCsPFE) into the anticlinic AF state 
(SmCaPAF, see Fig. 5.40c and Fig 5.41).The formation of nearly black textures, after removing 
the electric field, is obviously due to the tilt angle of about 45°.65,223,224,225 Based on these 
observations we can conclude that such behaviour is typical for a SmCaPAF phase, in 
contradiction to the X-ray experimental findings. 

 (b) On slow removing of the electric field (0.3 Vs-1) the field-induced texture with circular 
domains does not change, and only the birefringence slightly decreases (Fig. 5.40e). If the 
electric field slowly increases again, the positions of the extinction crosses do not change also 
on reversal or removing of the electric field. It seems that the field-induced ferroelectric state 
does not relax anymore into the AF ground state observed for case (a). Such transition from the 
field-induced SmCsPFE into the AF state, without rotation of the extinction crosses could be 
realised if, in each second layer, the molecules would rotate by 180° around their long axes. 
That means the chirality is changed in each second layer (transition from the chiral SmCsPFE 
into the racemic SmCsPAF state, see Figure 5.40e, and Figure 5.41). For such a chiral - racemic 
change-over in a SmCP phase (called flipping of chirality, already reported in the 
literature94,222,226,227) it was shown that, in the field-free state, the AF synclinic racemic state 
possesses a lower free energy than the corresponding anticlinic homochiral state, which is 
probably caused by steric reasons. A transition from a metastable into a stable state requires 
nucleation and needs time and this could be the reason why the effect described above is visible 
when the electric field is changed very slowly. Also under these conditions, the rotation around 
the long molecular axes needs less energy than the rotation around the tilt cone. CLARK228 
demonstrate that such a field-induced change of chirality takes place also at fast switching, but, 
in the main part of the sample, the chirality does not change during the switching process. 
These findings are very similar to those reported by SCHRÖDER et al.226 for bent-core molecules. 
They proposed a model for this flipping of chirality process (Fig. 5.41). 
 

 
 
Figure 5.41: (a-c) Proposed models for the 
organization of the molecules over this 
flipping of chirality process; positions of 
the extinction crosses between crossed 
polarisers and related structures: (b) in the 
switched FE state; (a) in the AF ground 
state after fast removal of the applied field 
and (c) after very slow removal of the 
field. These models for the organization of 
the molecules are already described by 
SCHRÖDER et al.226 
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Also of interest is the additional low temperature M4 phase. On cooling the birefringence 
of the texture decreases and the schlieren texture transformed into a mosaic-like texture while 
the broken fans became striped (Fig. 5.42a). Rapid crystallisation prevented electro-optical 
investigations and a clear recording of the X-ray diffraction pattern of the M phase. Textural 
behaviour in conjunction with the XRD pattern (see Fig. 5.42b) implies the presence of a higher 
ordered smectic phase. 
 

(a)              (b)  
 
Figure 5.42: Compound 5a: (a) texture of the potential crystal - like M4 phase at 120 °C; (b) short take of the 
powder-like X-ray pattern of the M4 phase developing on cooling from the SmC’sPAF phase at 120°C. 
 

The dimer 5b (m = 6) exhibits two enantiotropic phases (nematic and smectic phases), and 
a low-temperature monotropic smectic phase. The nematic phase and the high-temperature 
smectic phase were identified according to their characteristic schlieren textures (during 
transition from the nematic phase to the SmC phase, a typical fingerprint texture was observed, 
see Fig. 5.43a-c). Depending on the boundary conditions we can also observe marbled and 
homeotropic texture for the nematic phase and a highly birefringent smooth fan-shaped texture 
for the high-temperature SmC phase.  

 

(a)   (b)   (c)   (d)  
 
Figure 5.43: Textures of the mesophases of dimer 5b as observed between crossed polarisers in the same 
region of the sample, between two untreated glass slides on cooling at U = 0 V: (a) N phase at 141.5 °C; (b) 
typical fingerprint texture at the transition from a N schlieren texture (top-left) to a SmC schlieren texture 
(bottom-right) at 141 °C; (c) SmC schlieren texture at 137 °C; (d) transition from a SmC schlieren texture 
(top-right) to a unspecific low birefringent texture at 128 °C. 
 

X-ray measurements were performed on well-oriented samples of 5b by applying a 
magnetic field of about 1T. The X-ray pattern at 141.2 °C shows a dumb-bell like scattering 
maximum in the small angle region, and a diffuse wide angle scattering located around the 
equator, see Figure 5.44a,b. The small-angle scattering in the nematic phase can be attributed to 
cybotactic groups of the SmC-type representing fluctuating arrays of molecules with a short-
range order of the same type as the long-range order in the low-temperature SmC phase. The X-
ray diffraction pattern of the high-temperature SmC phase of compound 5b at 132 °C (Fig. 
5.44c-e) is characterized by a diffuse scattering in the wide angle region and sharp equidistant 
BRAGG-reflections in the small angle region (d = 5.44 nm, SmCs phase) and confirmed the 
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presence of a SmC phase with molecules tilted with respect to the layer normal. An average tilt 
angle of the molecular long axis with respect to the layer normal can be calculated from the 
position of the maxima for the outer diffuse scattering in the SmCs phase (τ = 32°) and the 
effective molecular length is Leff = d/cosτ = 6.56 nm.  
 

(a)  (b)  (c)  (d)  (e)  
 
Figure 5.44: XRD patterns of an aligned sample of dimer 5b; (a-b) N phase at 141.2 °C: (a) original pattern; 
(b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; the inset shows the small 
angle region; (c-e) SmCs phase at 132 °C: (c) original pattern; (d) the same XRD pattern, but the intensity of 
the isotropic liquid is subtracted (suggesting a synclinic tilt of the molecules); (e) small angle region. 
 

On electro-optical investigations the high-temperature SmCs phase of compound 5b showed 
the same behaviour as the high-temperature SmCsPAF phase of compound 5a. The smooth fan-
shaped texture induced under an electric field is independent of the reversal or removal of the 
field, confirming a switching by rotation around the long axis. Two peaks per half cycle of the 
applied triangular voltage were found (PS = 580 nC cm-2, SmCsPAF phase).  

On further cooling, at 128 °C, the low-temperature smectic phase of compound 5b appears 
as fractal nuclei which coalesce to a low-birefringent grainy non-specific texture. Rotating one 
polariser out of the crossed position chiral domains of opposite handedness could be observed 
(Fig. 5.45). The light transmission does not change when the sample is rotated. This indicates a 
conglomerate of macroscopically chiral domains with opposite chirality sense.88,145,229,230,231 
Moreover, these domains occur in the ratio of 1:1. In crystalline systems this type of racemic 
structure, in which enantiomers are organized in separate enantiomorphic crystals is called 
conglomerate.232 Hence, this type of low-birefringent mesophases with a local chiral structure 
has been assigned as dark conglomerate phases and is indicated by the superscript ‘[*]’. The 
mesophase has a chiral superstructure though the molecules themselves are achiral.23,105,233 Up 
to now the precise structure of these phases is not clear. As already mentioned for the low-
temperature SmCs’PAF phase of compound 5a, the low birefringence could be an indication of 
an orthoconic anticlinic director structure221 with a 45° tilted organization of the molecules as 
recently proposed for a field-induced dark-conglomerate phase.234 The key difference between 
our results and previously published work (see for an example ref.234) is the fact that the low-
temperature mesophase of 5b represents a virgin structure obtained without previous 
application of an electric field and hence their structure could be different.  

Another explanation of the low birefringent mesophase of compound 5b can be a layer 
distortion which leads to a mesoscopically disordered structure, either composed of randomly 
ordered fragments of these layers,235 or due to a random (sponge-like) deformation of the 
layers230 and it is possible if the size of the domains with uniform director orientation is smaller 
than the wave length of light. 
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(a)   (b)  (c)   (d)                      
 
Figure 5.45: Textures of the SmCPAF

[*] phase of compound 5b at 127 °C in a 5µm non-coated ITO cell at U = 
0 V, observed in the same region of the sample: (a) between crossed polarisers and (b,c) by rotating one 
polariser by +15° (b) and by -15° (c) from the crossed position (chiral (+) and (–) domains); (d) model of 
sponge phase composed of deformed stacks of layers (only one layer is shown); model in analogy to the 
references.211,224,236 

 

There are indeed strong arguments that the dark conglomerate phases of these molecules 
represent smectic phases with a strongly folded and non-regular organization of the smectic 
layers, similar to sponge phases known from lyotropic systems 211,237 (see Fig. 5.45d): (a) the 
microscopic observation of the growing process of the distorted structure, characterized by a 
fractal growing with a grainy and non-specific appearance of the mesophase (which is not 
typical for smectic phases with flat layers); (b) the significantly higher viscosity of this 
mesophase in comparison to the high-temperature conventional polar smectic SmCsPAF phase. 
HOUGH et al 238 proposed that the optical activity of the dark conglomerate phases arises from 
the layer chirality and it requires the phase structure being homogeneously chiral and the 
birefringence of the mesophase itself be sufficiently small.  

 

        
      (a)         (b)                      (c)                        (d) 

           SmCaPAF-like                       SmCsPFE-like                        SmCaPAF-like                    SmCsPFE-like 

 
Figure 5.46: Electro-optical investigations in a 10 µm polyimide-coated ITO cell of the low-temperature 
phase of compound 5b (dark conglomerate SmCPAF

[*] phase); textures observed between crossed polarisers in 
the same region of the sample under a d.c. electric field at 120 °C: (a,c) U = 0 V; (b,d) U = ± 150 V; (e,f) AF 
switching current response obtained by applying (e) a simple and (f) a modified triangular-wave voltage (U = 
298 Vpp, f = 10 Hz, R = 5 kΩ, T = 120 °C, PS = 830 nC cm-2); down: models of the organization of the 
molecules; in the FE states (b,d) and in the AF ground-state (c). 
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This is a good argument for a SmCaPAF-like ground-state structure of the low-temperature 
smectic phase of compound 5b. Unfortunately, X-ray measurements were impossible in the 
low-temperature smectic phase of compound 5b (this SmC phase crystallized a few minutes 
after its formation); however it was sufficient time to observe the textures as well as the field-
induced changes of the textures in d.c. and a.c. field experiments. 

The electro-optical response of this low-temperature smectic phase of dimer 5b is different 
from the previously described one for the SmCsPAF-like phase. By applying electric fields 
greater than about 20 Vµm-1, this texture can be switched into a birefringent fan-shaped texture 
which presents circular domains with the extinction crosses inclined with the directions of 
polariser and analyzer evidencing a synclinic organization (Fig. 5.46). In the field-induced 
states the tilt angle of the extinction crosses with respect to the crossed position of the polarisers 
is about 45° which indicates a tilt angle of the molecules of 45°, respectively (Fig. 5.46b,g). If 
the field is switched off, the texture shows nearly extinction between crossed polarisers and in 
the circular domains the extinction crosses rotate into positions parallel to polariser and 
analyzer. This indicates relaxation into an anticlinic structure at 0 V (Fig. 5.46c,h; SmCaPAF-
like state). In this non-birefringent texture, over the whole temperature range chiral domains of 
opposite handedness could be observed. By applying the electric field again, the extinction 
crosses rotate back to the original 45° position leading to a SmCsPFE-like structure with 
opposite polar direction (Fig. 5.46d,i). The current response shows two current peaks per half 
period of the applied triangular voltage (PS = 830 nC cm-2, Fig. 5.46e,f). Hence, optical 
investigation clearly indicates a tristable switching by a collective rotation around a cone, 
which is an additional confirmation of the AF switching process. 

Based on these experimental findings the ground state structure of the low-temperature 
smectic phase of compound 5b should be AF with an anticlinic organization, a dark 
conglomerate SmCPAF

[*] phase. Two different modes of switching between the SmCsPFE–like 
states were described by KEITH et al.212 for some bent-core molecules: a classical and a non-
classical AF process (Fig. 5.47). 

 
 
 
Figure 5.47: Proposed models of switching between the 
polar SmCsPFE–like states: (A) in the classical AF switching 
process the relaxation of the FE states at 0 V gives rise to a 
SmCaPAF–like structure where the polar direction reverses 
from layer to layer; (B) in the nonclassical AF switching the 
relaxation can take place by reorganization of stacks of 
layers, leading to an anticlinic and antipolar organization of 
SmCsPFE layer stacks and giving rise to a [SmCsPFE]aPAF 
ground-state structure. This model is described in the 
reference.212 
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(A) In the classical AF switching process the relaxation of the FE states at 0 V gives rise to 
a SmCaPAF–like structure where the polar direction reverses from layer to layer (discussed for 
the SmCs’PAF of the compound 5a). 

(B) In the non-classical AF switching the relaxation takes place by reorganization of stacks 
of layers, as shown at the bottom of the model, leading to an anticlinic and antipolar 
organization of SmCsPFE layer stacks and giving rise to a [SmCsPFE]aPAF ground-state structure. 
If in this structure the size of the uniform SmCsPFE layer stacks is smaller than the wavelength 
of light, only an average optical axis is seen and the extinction crosses are parallel to the 
polarisers. The [SmCsPFE]aPAF structure as suggested for the dark conglomerate phases could 
also be obtained by relaxation of the polar and synclinic structure if layer deformation is 
inhibited (e.g. by surface stabilization). 

The dimer with m = 11, 5c, is the only compound in this series which does not show a 
simple layer structure but a mesophase with 2D lattice instead, i.e. a ColrPAF phase (lattice 
parameters a = 13.77 nm, b = 7.15 nm, PS = 470 nC cm-2, see Table 5.3). 
 
 
5.1.2.5 The smectic SmXPAF phase of dimer 6a 
 
The dimer series 6 (n = 16; p = 12) contains two compounds. The dimer 6a (m = 6) with an 
even methylene spacer displays additional to the nematic phase, various smectic phases (Table 
5.3). For the dimer 6b (m = 11) with an odd spacer length a Colr phase is observed. The 
increase of the spacer length gives rise to a reduction of the mesophase stability. 

The compound 6a exhibits three monotropic phases: a nematic and two smectic phases. On 
cooling from the isotropic liquid, the nematic phase showed typical schlieren texture 
(Fig.5.48a). The nematic phase presents over the whole temperature range chiral domains of 
opposite handedness, as already described in chapter 5.1.1.2. Below this nematic phase the 
high-temperature monotropic smectic phase appeared on cooling and the transition was 
accompanied by a change to a fan-like texture (Fig.5.48b). If this fan-shaped texture is cooled 
down into the low-temperature smectic phase (SmX) a non-specific texture arises (Fig.5.48c). 
 

     (a)        (b)        (c)  
 
Figure 5.48: Textures of the mesophases of compound 6a observed in a 5 µm non-coated ITO cell on 
cooling: (a) N phase at 130 °C; (b) high-temperature smectic at 124 °C; (c) low-temperature SmX at 121 °C. 
 

X-ray measurements were impossible because the mesophases of compound 6a crystallized 
a few minutes after formation. However it was sufficient time to observe the textures as well as 
the field-induced changes of the textures in a.c. and d.c. field experiments. When a relatively 
low field (1.0 V µm-1; 27 Hz) is applied, the nematic phase of this compound shows fluctuating 
domains of the WILLIAMS–KAPUSTIN type (the period of the domains corresponds to the cell 
thickness (5 µm), see section 5.1.1.2.).195 Electro-optical measurements give evidence for an AF 
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ground state in the high-temperature SmC phase of compound 6a, since we found two peaks 
per half cycle of the applied triangular voltage (PS = 490 nC cm-2

, Fig. 5.49d). The application 
of an electric field (10 Vµm-1) at 124 °C leads to the formation of a smooth fan-like texture 
which is independent of the polarity of the applied field (Fig. 5.49a,b). If the field is removed 
the texture remains nearly unchanged, only the birefringence is slightly changed (Fig. 5.49c). 
This confirms that the switching between the AF ground state (SmCsPAF state) and the switched 
FE states (SmCsPFE states) preferably takes place through a collective rotation of the molecules 
around their long molecular axes (SmCsPAF phase). 
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      (a)           (b)            (c)             (d) 

      SmCsPAF (racemic)            SmCsPFE (homochiral)            SmCsPAF (racemic) 
 
Figure 5.49: Electro-optical investigations on the SmCsPAF phase of compound 6a; textures observed 
between crossed polarisers in the same region of the sample under a d.c. electric field in a 5 µm non-coated 
ITO cell at 124 °C: (a,c) U = 0 V; (b) U = ± 50 V; (d) AF switching current response obtained by applying a 
triangular-wave voltage (U = 280 Vpp, f = 7 Hz, R = 5 kΩ, T = 124 °C, PS = 490 nC cm-2). 
 

The low-temperature SmX phase of compound 6a exhibits peculiar optical and electro-
optical properties. The non-specific texture of the SmX phase exhibits no extinction condition 
when rotating the microscope stage between crossed polarisers which points to a twisted 
structure. By a small decrossing of the polarisers, domains of opposite handedness can be 
visualized which obviously correspond to regions of opposite director twist. Two current peaks 
per half-period of a triangular voltage could be recorded during the switching process 
indicating an AF ground state (PS = 850 nC cm-2, at 120 °C, see Fig. 5.50d). Depending on the 
experimental conditions two different mechanisms of the switching process of the SmX phase 
can be distinguished: (a) above 117 °C; (b) below 115 °C. 

(a) If an electric field of 15 V μm-1 is applied to the planar oriented SmX phase at 121 °C 
the texture becomes more non-specific. The texture of the switched states is independent of the 
polarity of the field and nearly the same as in the field-off state (Fig. 5.50a-c). This confirms 
that the switching between the AF ground state and the switched FE states preferably takes 
place through a collective rotation of the molecules around their long molecular axes. A 
transition into a new texture which shows complete extinction between crossed polarisers takes 
place on increasing the applied field to 30 V μm-1 (Fig. 5.51a-c). The extinction does not 
change when the sample is rotated. The field-induced dark texture exhibits domains of opposite 
handedness which can be visualized by a small decrossing of the polarisers (Fig. 5.51a,c). The 
border lines of these domains are identical with those of the chiral domains which are 
spontaneously formed in the fan-like field-free texture. On removal of the applied field, at 121 
°C the field-induced non-birefringent texture relaxes to a low-birefringent texture (Fig. 5.51b). 
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  (a)          (b)           (c)    (d) 

            SmXPAF                                 SmXPFE                                SmXPAF 
 
Figure 5.50: Electro-optical investigations of the SmXPAF phase of compound 6a; textures observed between 
crossed polarisers in the same region of the sample under a d.c. electric field at 120 °C in a 5µm non-coated 
ITO cell: (a, c) U = 0 V; (b) U = ± 70 V; (d) AF switching current response obtained by applying a triangular-
wave voltage (U = 300 Vpp, f = 4 Hz, R = 5 kΩ, T = 120 °C, PS = 850 nC cm-2). 
  

(b) On lowering the temperature to 114 °C, the non-birefringent field-induced texture 
remains unchanged when the field is removed (Fig. 5.51e). However long-time observations 
were not possible because of the fast crystallization of the phase. An interesting finding is that 
at this temperature, above critical field strength of a definite polarity (about 32 V μm-1), the 
bright domains become dark and the dark domains become bright. This effect is reversed by a 
field of opposite polarity. It means that the chiral domains of opposite handedness can be 
reversibly switched into a state of opposite chirality by reversal of the applied electric field 
(Fig. 5.51d-f). The chiral domains of opposite handedness in this phase are visualized by 
rotation of one polariser by +5° from the crossed position. The angle between the polarisers is 
fixed at +5°, during these experiments (Fig. 5.51d-f). In this way, the field-induced switching of 
chirality can be visualized. Hence, optical investigation clearly indicates a tristable switching 
by a collective rotation around a cone, which is an additional confirmation of the AF switching 
process. However, the switching polarisation of this AF phase varies between 900 and 970 nC 
cm-2 on cooling the sample below 114 °C. Without electric field this non-birefringent texture 
remains unchanged on further cooling. After the removal of the field the switched states are 
stable up to the crystallization but it can be easily switched into the opposite FE state. This AF 
phase is different from that which arises spontaneously on cooling the isotropic liquid. The 
switching mechanism is not yet clear. On the basis of these experimental findings the low-
temperature phase of compound 6a was assigned as SmXPAF phase. 

EREMIN239 and PELZL240 et al. reported a similar complex electro-optical behaviour for some 
five-ring bent-core mesogens with a 4-chlororesorcinol as central core, and WEISSFLOG et al.241 
for some five-ring bent-core mesogens with a 4,6-dichlororesorcinol as central core. There is 
proposed an alternative model which is based on the assumption that in the field-induced non-
birefringent state the smectic layers are arranged parallel to the substrates and the tilted 
molecules form a helical superstructure. Even when the pitch is relatively large this structure 
should be non-birefringent in direction of the helix axis because the tilt angle is about 45°. 
There is assumed that the smectic layers have a triclinic (C1) symmetry as in SmCG 
phases.79,107,239,242 In the SmCG phase the director tilt has two components with respect to the 
layer normal: clinic by the angle θ and additionally in the tilt plane by the leaning angle α. In 
this case the smectic layers have a polarisation component not only parallel but also 
perpendicular to the smectic layers. 
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Figure 5.51: Electro-optical investigations of the SmXPAF phase of compound 6a in a 5 µm non-coated ITO 
cell; the field-induced textures (a, c, d, f) between uncrossed polarisers (5°); the field-free textures (b, e) 
between crossed polarisers; (a-c) at 121 °C: (a) U = + 150 V, FE state; (b) U = 0 V, low-birefringent AF 
ground-state; (c) U = - 150 V; (d-f) at 114 °C: (d) U = + 150V, FE state; (e) U = 0 V, non-birefringent AF 
ground-state; (f) U = - 150V, FE state; (a,d) on cooling in the presence of a field of U = + 150 V, below 115 
°C the texture is complementary to that of the starting one; (f,c) on heating in the presence of a field of U = - 
150 V, over 117 °C the texture is unchanged. The intensity of the light and the contrast are increased in the 
optical microphotographs presented above for a better observation of the textural changes. 
 
By coupling of the electric field with the polarisation component perpendicular to the layers the 
reorientation of the smectic layers from originally perpendicular to parallel to the substrates 
would be possible provided that the polarisation component parallel to the layer normal is 
larger than that perpendicular to this. In the smectic layers the molecules are tilted and form a 
helical superstructure which explains the extinction of this texture between crossed polarisers. 
In the randomly distributed chiral domains the helices possess opposite handedness. The 
formation of a helical structure would be advantageous from the energetically point of view 
because of the partial compensation of the polarisation. In the case of SmCG-like layers the 
application of an electric field perpendicular to the layers would reverse the chirality in a 
simple way, by the collective rotation of the molecules around the long axes, which is 
accompanied by an inversion of the layer chirality (Fig. 5.52).79 

 
Figure 5.52: Schematic representation of the inversion of 
chirality in the SmCG phase through field-induced rotation of the 
bent molecules around their long axes (according to BRAND et 
al.79). k: layer normal; n: director; LH: left-handed; RH: right-
handed. 

 
REDDY et al24 proposed that a field-induced optically isotropic FE phase corresponds to a dark 
conglomerate phase (SmCP[*] phase). It is assumed that by the action of the electric field the 
smectic layers of the original texture are strongly folded similar to a lyotropic sponge phase 
which can explain the optical isotropy (see also the SmCPAF

[*] phase of compound 5b). 
Furthermore it is assumed that the existence of chiral domains of opposite handedness is caused 
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by the layer chirality. As shown by HOUGH et al238 the layer chirality can produce a collective 
chiral optical activity which is large enough to be observed in systems with very low 
birefringence in helix-free systems. REDDY et al24 do not exclude that also the conformational 
chirality can play a role for the formation of chiral domains and that the reversible switching 
between the states of opposite chirality is based on the rotation of the molecules around their 
long axes. At the moment the experimental results are not sufficient to decide unambiguously 
between the proposed models which try to explain the reversible switching of chirality by the 
reversal of the field polarity. Further investigations with new experimental methods and new, 
similar materials should clarify what is the exact mechanism of the reversible switching of 
chirality by the reversal of the field polarity.  

We can conclude that both smectic phases of compound 6a are AF and the values of the 
spontaneous polarisation, PS, increase on decreasing the temperature. The polar switching of the 
high-temperature SmCsPAF phase takes place through collective rotation of the molecules 
around their long axes (a similar polar switching as shown for the SmCsPAF phase of compound 
5a, i.e. which changes the polar direction without changing the tilt direction of the molecules). 
The low-temperature smectic phase was assigned as a probable SmCG-like phase or as a 
probable dark conglomerate phase with a strongly folded and non-regular organization of the 
smectic layers and therefore it is called in this thesis SmXPAF phase. This low-temperature 
phase exhibits two different types of switching under application of an external electric field 
with a clear dependence of the switching mechanism on the temperature. The polar switching 
of the SmXPAF phase above 117 °C takes place through collective rotation of the molecules 
around their long axes, while for the same phase below 115 °C by a collective rotation around a 
cone. The mechanism of this polar switching is not yet clear. 

 
 

5.1.2.6 The rectangular columnar ColrPAF phase of dimer 6b 
 

The dimer 6b whit an odd spacer (m = 11) exhibits a monotropic columnar phase. On slow 
cooling of the isotropic liquid the texture of the columnar phase shows focal conics, banana-
leaf like textures, ribbon-like texture and circular domains (Fig. 5.53a). The small-angle 
reflections of the X-ray diffraction pattern of the columnar phase of compound 6b can be 
indexed to a centred two-dimensional rectangular lattice (Colr), with the lattice parameters a = 
15.26 nm and b = 7.11 nm (see Tabel 5.3). 
 

          -0.1 0.0 0.1

-15

-10

-5

0

5

10

15

-150

-100

-50

0

50

100

150

 

time/ s

applied voltage U
 / V

cu
rr

en
t r

es
po

ns
e/

 a
.u

.

 
         (a)   (b)           (c)              (d) 
           [Colr]sPAF                         [Colr]aPFE                   ([Colr]s)aPAF 
 

Figure 5.53: Electro-optical investigations of the ColrPAF phase of compound 6b in a 5µm non-coated ITO 
cell; textures observed between crossed polarisers in the same region of the sample under a d.c. electric field 
at 120 °C; (a, c) U = 0 V; (b) U = ± 120 V; (d) AF switching current response obtained by applying a 
triangular-wave voltage (U = 198 Vpp, f = 40 Hz, R = 5 kΩ, T = 120 °C, PS = 410 nC cm-2). 
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On applying a triangular-wave electric field above a threshold voltage of 25 V μm-1, in a 
5 µm non-coated ITO cell, the Colr phase is switchable, i.e. two polarisation current peaks per 
half period were recorded, which indicates an AF ground state (PS = 410 nC cm-2, Fig. 5.53). 

The extinction crosses of the synclinic domains (Fig. 5.53a) rotate into a position parallel 
to the crossed polarisers, indicating an anticlinic organization with an equal number of layers 
with opposite tilt direction (Fig. 5.53b). That means the switching process takes place between 
[Colr]sPAF state and [Colr]aPFE states. This switching process is very similar to the one described 
for the ColrPAF phase (racemic [Colr]sPAF phase) of compounds 4b and 5c. The field-induced 
circular domains in which the extinction crosses are aligned along the directions of the crossed 
polarisers do not change on reversal or removal of the applied field (Fig. 5.53b,c). As already 
described for the ColrPAF phases of dimers 4b and 5c, there is assumed that in the ground state 
of the bulk materials there are mesoscopic domains with synclinic–AF interlayer interfaces 
separated by defects where the interlayer correlation is anticlinic–FE, i.e. the tilt direction 
alternates from domain to domain (Fig. 5.34).24,36,216 Further investigations were impossible 
because of the fast crystallisation of the material and of the tendency to short at the high 
voltages required, but these experimental findings in the 5 µm non-coated ITO cell are 
indication of a racemic [Colr]sPAF phase. 
 Another interesting behaviour is observed on application of higher electric fields in a 6 
µm polyimide-coated ITO cell. Under the influence of a triangular-wave electric field of 
moderate amplitude, an increase of the birefringence is observed (Fig. 5.54a,b). However, no 
switching current is detected, indicating that the material remains AF. Above a threshold 
voltage of 25 V μm-1, a similar switching process to the one described previously in the 5 µm 
non-coated ITO cell could be detected. For sufficiently high fields (> 30 V µm-1), a drastic 
change in the texture occurs. This is evidenced by a drastic modification of the texture, passing 
through an intermediate stage with a sandy texture (Fig. 5.54c). This change is a phase 
transition to a SmCPAF phase with a non-specific smectic-reminiscent texture (Fig. 5.54d), and 
shows the typical AF switching of this phase (Fig. 5.54f), i.e. two polarisation current peaks per 
half period were recorded (the value of the PS is now much higher: PS = 770 nC cm-2). Upon 
removal of the field, the virgin texture of the Colr phase is not recovered, and the texture 
relaxed to a non-specific smectic-reminiscent one (Fig. 5.54e). These high electric fields make 
the study problematic as thin (5-6 µm) LC samples have a tendency to short at the high voltages 
required.  
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Figure 5.54: Electro-optical investigations of the ColrPAF phase of compound 6b in a 6 µm polyimide-coated 
ITO cell at 120 °C; textures observed between crossed polarisers in the same region of the sample; (a) U = 0 
V; (b) field-induced mosaic-like texture at U = ± 100 V; (c) field-induced sandy texture at U = ± 150 V; (d) 
field-induced non-specific smectic-reminiscent texture at U = ± 170 V; (e) field-free non-specific smectic-
reminiscent texture at U = 0 V; (f) AF switching current response obtained by applying a triangular-wave 
voltage (U = 372 Vpp, f = 20 Hz, R = 5 kΩ, T = 120 °C, PS = 770 nC cm-2). 
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Such field-induced smectic phases obtained by applying high electric fields on columnar 
phases were also reported by ORTEGA et al.209 Consistent with their observations it takes a 
relatively long time for this structural transition to occur, as a major molecular rearrangement is 
clearly taking place. The series of images showing the possible Colr to SmCPAF transition in 
Figure 5.54a-e was taken over a period of 10 minutes. Unfortunately, the possible relaxation 
process of the field-induced texture could not be observed longer than few minutes, because of 
the crystallisation of the material. 

The key difference between the results presented in this thesis and previously published 
work is the fact that the material does not relax back into the Colr texture at low fields (10 V 
µm-1) or removal of the electric field. KIRCHHOFF et al.210 reported similar field-induced 
transitions where the material once transformed into the switching state the electric field can 
then be reduced significantly, down to 1 V µm-1, and switching persists (the switching state has 
become locked in). Whereas ORTEGA et al.209 report a return to the Colr phase at zero fields, 
KIRCHHOFF et al.210 observed a relaxation into a homeotropic texture. In the case of the B1rev 
phase reported by SZYDLOWSKA et al.94 the defect texture is also maintained after the onset of 
switching. The texture of the Colr phase of dimer 6b relaxed to a non-specific smectic-
reminiscent texture, not very different from the field-induced texture. Although X-ray data are 
yet to be obtained to confirm the structure of the field-induced phase, there are strong 
arguments that our results reported in this thesis are another example of a Colr-SmCPAF field-
induced transition. 

Dimer 6b is a good example to point out that surface interactions are of great importance 
for the observed switching behaviour. However, if 6 µm polyimide-coated cells are used, a 
field-induced smectic phase with a repolarisation current curve could be observed. The reasons 
could be the possibility of applying an electric field above 30 V µm-1 (in contrast to the 5 µm 
cell where the material short at this high voltage required) and the better orientation of the 
molecules in the polyimide-coated cell. The field-induced smectic phase shows a value of the 
PS much higher (PS = 770 nC cm-2). We can conclude that the AF switching is the result of the 
steric frustration arising from very large alkyl chains, either leading to the formation of 
unfavourable inter-ribbon interfaces (ColrPAF phase), or to the separation of the bent cores in 
the layers which reduces the polar order and hence decreases the surface coupling (SmCPAF 
phase). The switching of the AF ground state into the FE state requires significant energy and 
the threshold voltage for this switching process becomes much higher than in the original Colr 
phase. In summary, we have observed a Colr-SmCPAF transition induced by a rather strong 
electric field. The transition takes place through a profound molecular reorganization, involving 
the alignment of the dipoles and the formation of smectic layers with tilted molecules. 
 
 
5.2 Effect of the length of the terminal chain p attached to the calamitic mesogenic unit on 
the mesophase behaviour of dimer series 1 – 6      
 
A further aspect of our systematic investigation is the influence of the length of the terminal 
chain p attached to the calamitic mesogenic unit on the mesophase behaviour of the dimer 
series 1 – 6. For this reason the compounds 1 – 6 presented in sections 5.1.1 and 5.1.2 are listed 
in groups of two or three compounds which have a constant length of the spacer (m) and of the 
alkyloxy chain on the bent-core unit (n), however the length of the terminal chain attached to 
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the calamitic part (p) varies. This allows an appropriate comparison of the mesophase 
behaviour from this new point of view. The mesophase behaviour and transition temperatures 
taken from the first DSC cooling scan (10 Kmin-1) for the series 1 – 6 are given in Figure 5.55 
and Table 5.3. 
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Figure 5.55: Transition temperatures (°C) of dimer series 1 – 6, taken from the first DSC cooling scans (10 Kmin-1). 

 
For the dimers 1a and 5a with the shortest spacer length (m = 2) the elongation of the 

terminal alkyloxy chain attached to the calamitic mesogenic unit results in the appearance of 
additional polar smectic phases. The dimer 1a displays a nematic phase, whereas the dimer 5a, 
with relatively long terminal alkyloxy chains exhibits two enantiotropic mesophases and two 
monotropic mesophases (N- SmCsPAF- SmCs’PAF-M4).  

The dimers 1d and 4a (m = 6) exhibit nematic and columnar Colx phases. By further 
elongation of the terminal alkyloxy p chain, instead of columnar phases as previously found for 
the first two dimers, polar smectic phases could be observed, i.e. the dimer 5b presents three 
mesophases: N - SmCsPAF - SmCPAF

[*] (see section 5.1.2.4). For their homologue dimers 3b 
and 6a with (m = 6), with elongated terminal chains at the bent shape moiety (n = 16), similar 
phase sequences were observed. 3b shows two monotropic mesophases, a nematic phase and a 
Colx phase. The elongation of the terminal alkyloxy chain attached to the calamitic mesogenic 
unit results in the appearance of a nematic phase and an additional polar smectic phases, i.e. the 
dimer 6a (p = 12) exhibits three mesophases: N-SmCsPAF-SmXPAF (a probable SmCG-like 
phase or dark conglomerate phase, see section 5.1.2.5).      

All the dimers with m = 11 exhibit different columnar phases, independent of the chain 
length p. The dimer with the longest spacer length 1j (m = 12) shows nematic and an 
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intercalated smectic SmCcPAF phase. The elongation of the terminal alkyloxy chain p attached to 
the calamitic mesogenic unit results for the analogue compound 4c in the appearance of three 
different monotropic phases: a high-temperature nematic phase, a M2 (probable Colx) phase and 
an optically isotropic M3 phase (probable dark conglomerate phase).  

A general tendency of a mesophase stabilization is found here: the transition temperatures 
of the dimers 1 – 6 are first decreasing with elongation of the terminal chain p attached to the 
calamitic part from p = 6 to 12 and then rise again by further elongation to p = 16. 
 
 
5.3 Effect of the length of the terminal chain n attached to the bent-core mesogenic unit on 
the mesophase behaviour of dimer series 1 – 6    
 
Next, the influence of elongating the terminal chain n attached to the bent-core mesogenic unit 
on the mesophase behaviour of the dimer series 1 - 6 shall be investigated. The accordingly 
rearranged list of compounds 1 - 6 presented in sections 5.1 and 5.2 are presented in groups of 
two or three compounds which have a constant length of the spacer (m) and of the alkyloxy 
chain on the calamitic part (p), however the length of the terminal chain attached to the bent-
core unit (n) varies. The mesophase behaviour and transition temperatures taken from the first 
DSC cooling scan (10 Kmin-1) for the series 1 – 6 are given in Figure 5.56 and Table 5.3. 
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Figure 5.56: Transition temperatures (°C) of dimer series 1 – 6, taken from the first DSC cooling scans (10 K min-1). 
 

All dimers with an odd number of methylene units in the flexible spacer (m = 3, 11) 
present columnar phases of different types. An exception is dimer 2c (n = 8) which exhibits an 
enantiotropic SmCcPFE phase. The lattice parameters of the columnar phases are dependent on 
the length of this chain n. The dimer 2a with the shortest terminal chain (n = 8) presents the 
smaller lattice parameters (a = 2.73 nm, b = 4.11 nm, see Table 5.3). On further increasing of 
the terminal chain length to n = 16, for the compound 3a the lattice parameter a is 2 times 
higher and b is only slightly increased compared to the value found for the compound 2a. The 



 5 Mesophase behaviour of ‘banana-calamit’ dimers of type I  93

number of the molecules in the unit cell in the Colob phases is also increasing with increasing n 
length. The correlation of a and ncell speaks for the molecular being packed along a in one 
ribbon. For the compounds 1i and 3c which exhibit Colob phases and resp., 4b and 6b which 
exhibit ColrPAF phases, the effect of the elongation of the terminal alkyloxy chain at the 
bent-core mesogenic unit on the lattice parameters is considerably attenuated. 

All the dimers with an even number of methylene units in the flexible spacer (m = 6) 
exhibit a high temperature nematic phase in combination with smectic and columnar phases, 
independent of the chain length n. The dimer 2b with the octyloxy chain (n = 8) exhibits an 
enantiotropic nematic and two monotropic phases, i.e. a N-SmCsPFE -M1 phase sequence. On 
increasing the length of the terminal chain attached to the bent unit n, for dimer 1d (n = 12) and 
dimer 3b (n = 16) N-Colx phase sequence could be observed.  

The dimer 4a (n = 12) exhibits two monotropic mesophases: a nematic and a columnar, 
Colx phase. For its homologues, dimer 6a (n = 16) three mesophases could be observed: N-
SmCsPAF-SmXPAF phases (probable SmCG-like phase or dark conglomerate phase, see section 
5.1.2.5). 

The increase of the length of the terminal chain n attached to the bent-core unit results 
in a mesophase destabilization. An exception to this tendency is found for the dimers 4b 
and 6b with an odd spacer (m = 11) and longer chain on the calamitic part (p = 12). An 
increase of the values of the spontaneous polarisation, PS, on increasing the length of the 
terminal alkyloxy chain n and p is observed for dimers 1-6. 
 
 
 
5.4 Effect of the type of the groups X, Y linking the spacer to the bent-core mesogenic unit 
and the calamitic moiety on the mesophase behaviour of dimer series 7 – 12  
 
This chapter is focusing on the influence of the type of the groups X and Y connecting the 
spacer with the two different mesogenic moieties on the mesophase behaviour in different 
dimer series: series 7 – 9 (connecting groups X = –COO- and Y = –O- and m = 6, 11) and series 
10 – 11 (connecting groups X = –OOC- and Y = –O- and m = 5), and with different lengths of 
the terminal n-alkyloxy chains with n = 12, 16 and p = 6, 12. Furthermore, compound 12, which 
has the longest spacer, m = 15, and different connecting groups (X = –O- and Y = –COO-) 
between spacer and the two mesogenic units is presented. The mesophase behaviour of these 
new compounds is compared with the mesophase behaviour of the analogues dimers 1-6 with 
an ether connecting group described in chapters 5.1 -5.3. The transition temperatures and 
mesophase behaviour for dimer series 7 – 12 are listed in Table 5.5 and Figure 5.57. 
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Table 5.5: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the normal 
to a in Colr phases, lattice parameters (a, b, γ) and PS values of the compounds 7 – 12.[a] 

H2n+1CnO

O

O O

O

O

O

O

O

X(CH2)mY O

O
OCpH2p+1  
Lattice parameters 

Comp. n m p X Y 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type d 

[nm] 
τ  
[°] 

a 
[nm] 

b 
[nm]

γ 
[°]

PS 
nC/cm2 

7a 12 6 6 COO O 
Cr 135 (ColxPFE 128) I 
    67.3               26.6 

ColxPFE  -[c] -[c] -[c] -[c] 240 

7b 16 6 6 COO O 
Cr 133 (ColrPFE 126) I 

     66.3              27.5   
ColrPFE  0 12.45 6.28 90 370 

8a 12 6 12 COO O 
Cr 129 ColrPFE 137 I 
     32.3            27.6 

ColrPFE  7 11.62 6.29 90 330 

8b 16 6 12 COO O 
Cr 131 ColrPFE 139 I 
     33.2             25.7  

ColrPFE  27 11.38 6.63 90 390 

9a 12 11 6 COO O 
Cr 109 (ColxPFE 103 N 105) I 

     67.1               -[b]       -[b] 
N 
ColxPFE 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
380 

9b 16 11 6 COO O 
Cr 111 (N 103) I 
    69.6       -[b] 

N 
 

      

10a 12 5 6 OOC O 
Cr 137 Cr*PFE 169 I  
     14.0            68.2 

Cr*PFE - - - - - 340 

10b 16 5 6 OOC O 
Cr 131 Cr*PFE 168 I 
    15.2             59.7 

Cr*PFE - - - - - 430 

11a 12 5 12 OOC O 
Cr 117 SmC’aPAF 128 SmCaPAF 139 N 148 I 
    42.8                 18.8                 0.4       2.3 

N 
SmCaPAF 

SmC’aPAF

 
5.78 
5.71 

 
37 
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11b 16 5 12 OOC O 
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    32.5                  5.7                  0.8      2.0 
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[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimers 7 – 12 were taken from the second DSC 
heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the transition 
temperatures and enthalpy values were taken from the first DSC cooling scans and the transition temperatures were 
checked by polarising microscopy; [b] the transition is not detectable on DSC and the transition temperature value is 
determined by polarising microscopy; [c] could not be determined due to rapid crystallization of the sample. 
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Figure 5.57: Transition temperatures (°C) of compounds 7–12, taken from the first DSC cooling scans (10 Kmin-1). 
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5.4.1 Substitution of the ether group in position X by the carboxyl group in dimer  
series 7 – 9 
 
The transition temperatures of dimer series 7 – 9 (connecting groups X = –COO- and Y = –O-) 
and their mesophase behaviour are shown in Figure 5.57 and Table 5.5. These dimers are 
studied in comparison with the analogues dimers connected through an ether group, dimer 
series 1 – 6. The dimers 9 (m = 11, p = 6) with an even-numbered spacer (summarizing the 
simple units of the flexible spacer that corresponds to an odd number of methylene units) 
display mesomorphism in accordance with their overall linear shape. Similar to the series 1 – 6, 
additional to the nematic phase, also a columnar phase was found. Only columnar phases were 
found for the dimers series 7 (m = 6, p = 6) and 8 (m = 6, p = 12) which posses an odd-
numbered spacer (but with an even number of methylene group) in accordance with the series 
1 – 6. 
 
 
5.4.2 Substitution of the ether group in position X by the oxycarbonyl group in dimer 
series 10 – 11  
 
The transition temperatures and mesophase behaviour for dimer series 10 – 11 are listed in 
Figure 5.57 and Table 5.5. The influence of the structure of the connecting groups X and Y on 
the mesophase behaviour of the dimers 10 – 11 (X = –OOC- and Y = –O-) is studied in 
comparison with the analogues dimers 1 – 6 which are linked through ether groups and resp. 
with the dimers 7 – 9 connected through an ester and an ether group (X = -COO- and Y = –O-). 

There are considerable changes of the mesophase behaviour on introducing the X = – 
OOC- connecting group between the bent-core unit and spacer unit (actually, on reversing the 
ester linking group direction used for dimers 7 – 9). The compounds 10 exhibit crystalline polar 
phases. On the other side, the compounds 11, with an elongated terminal chain attached to the 
calamitic mesogenic unit, exhibit nematic and polar smectic phases. The introduction of the X = 
– OOC- connecting group between the bent-core unit and spacer unit resulted also in a strong 
effect on the mesophase stability. On increasing the length of the terminal chain of the calamitic 
mesogenic unit a destabilizing effect of the mesophase could be observed. On increasing the 
length of the terminal chain of the bent-core mesogenic unit in general, a weak destabilizing 
effect of the mesophase could be found. 
 
 
5.4.2.1 Occurrence of a polar crystalline Cr*PFE phase for dimers 10 
 
The data listed in Table 5.5 reveal that the two dimers 10 (m = 5, p = 6, X = –OOC- and Y = –
O-) with an even numbered spacer (summarizing the simple units of the flexible spacer that 
corresponds to an odd number of methylene units) exhibit a crystalline phase with polar 
switching, a Cr* phase. Such a polar switching in the crystalline modification of a bent-core 
compound is being reported for the first time by WEISSFLOG et al.243 

The Cr* phases of the two dimers 10 present similar optical, electro-optical and structural 
features. As a representative example the Cr* phase of compound 10b (n = 16) is described in 
more detail (Fig. 5.58). In the DSC scans two phases can be distinguished (Cr* and Cr) and 
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there are no significant changes for different heating or cooling rates. X-ray investigations were 
performed on surface-aligned samples. They give clear evidence for the crystalline nature of the 
low- and high-temperature phases. The X-ray pattern of the Cr* phase of 10b displays a lot of 
strong reflections in the small- and in the wide-angle region, which characterize the phase 
under discussion as crystalline phase (see Fig. 5.58e). It should be noted that the transition from 
the high-temperature crystalline phase Cr* into the low-temperature phase Cr is indicated by 
only very small changes of the optical texture and the X-ray scattering diagram. The crystalline 
nature is also supported by the high enthalpy value at the transition to the isotropic phase (68 kJ 
mol-1) whereas the clearing temperatures of the smectic phases or columnar phases formed by 
other dimer series do not exceed 30-35 kJ mol-1, respectively. The texture of the high-
temperature Cr* phase of compound 10b could be slightly and irreversibly deformed by 
applying strong mechanical stress, in contrast to the low-temperature Cr phase. Independent of 
the experimental conditions the Cr* phase appears on cooling as a weakly birefringent 
modification (Fig. 5.58a). By application of an a.c. or d.c. field this crystalline phase adopts a 
non-specific texture with small birefringent domains (Fig. 5.58b). By applying a high threshold 
electric field of 30 V μm-1 and at low frequencies (5-10 Hz), the Cr* phase of 10b is 
switchable, i.e. one polarisation current peak per half period was recorded which indicates a FE 
ground state (PS values are 340 nC cm-2 for 10a, and 430 nC cm-2 for 10b). The field-induced 
birefringent textures of 10b do not change on reversal (Fig. 5.58b) or on removal of the applied 
field (Fig. 5.58c). This confirms a switching by rotation around the long molecular axis. The 
Cr* phase of 10a (n = 12) shows the same features. On the basis of these experimental findings 
both Cr* phases of dimers 10 are assigned as Cr*PFE phases.  

There are some differences between the results of this thesis and the results described in 
the reference243 for simple bent-core mesogens. In the case of dimers 10, no field-induced 
modifications of these crystalline phases could be found by the application of a sufficiently 
high electric field above the transition temperatures to the isotropic phase. Unfortunately, no 
circular domains could be obtained under a d.c. electric field for a better investigation of the 
switching process. The ground state of the Cr* phases of dimers 10 is FE and the corresponding 
PS values calculated are much smaller than those reported in reference.243 
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          (a)           (b)         (c)                 (d)    (e) 
 
Figure 5.58: The Cr*PFE phase of compound 10b at 156 °C: (a-d) electro-optical investigations of the 
switching process in a 5 µm non-coated ITO cell; textures observed between crossed polarisers in the same 
region of the sample; (a) U = 0 V, before starting the experiment; (b) U = ± 200 V; (c) U = 0 V; (d) FE 
switching current responses obtained by applying a triangular-wave voltage (U = 343 Vpp, f = 10 Hz, R = 5 
kΩ, T = 157 °C, PS = 430 nC cm-2); (e) XRD pattern of the Cr*PFE phase. 
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5.4.2.2 Electro-optical switching behaviour of the SmCaPAF phases of dimer 11a  
 

The two dimers 11 (m = 5, p = 12, X = –OOC- and Y = –O-) with an even numbered spacer and 
a longer terminal chain attached to the calamitic mesogenic unit exhibit enantiotropic nematic 
and smectic phases. The nematic phases of the two dimers are similar to the nematic phases 
described above in this thesis and exhibit the same unusual optical and electro-optical 
behaviour (see chapter 5.1.1.2). The enantiotropic nematic and the high-temperature SmC 
phases of compound 11a (n = 12) were identified according to their characteristic schlieren 
textures (Fig. 5.59a). Depending on the boundary conditions a birefringent fan-shaped texture 
could be also observed for the high-temperature SmC phase (Fig. 5.59b). The texture of the 
low-temperature SmC phase depended strongly on the texture of the preceding SmC phase. 
This phase appeared either as a non-specific low-birefringent texture with small islands of 
birefringent broken fan-shaped texture (Fig. 5.59c) or as a very low birefringent grainy texture. 
 

  (a)      (b)      (c)    
 
Figure 5.59: Textures of mesophases of dimer 11a observed between crossed polarisers in the same region of the 
sample on cooling in a 5µm non-coated ITO cell: (a) N phase at 143 °C; (b) high-temperature SmC phase at 133 
°C; (c) low-temperature SmC phase (uper-left) growing from high-temperature SmC (lower-right). 

 
X-ray measurements performed on the high-temperature mesophase of compound 11a at 

145 °C showed the scattering typical of a nematic phase with SmC – like cybotactic groups 
when aligned in the magnetic field on cooling (Fig. 5.60a,b). The measurements at 130 °C and 
122 °C confirmed the presence of two SmC phases with molecules tilted with respect to the 
layer normal and they showed very similar patterns. The X-ray measurements did not show any 
significant change in the layer distance on cooling, including the transition from the high-
temperature SmC (Fig. 5.60c,d, d = 5.78 nm) to the lower-temperature SmC’ phase (d = 5.71 
nm). An average tilt angle of the molecular long axis with respect to the layer normal can be 
calculated from the position of the maxima of the inner scattering in both SmC phases (τ = 
37°). These SmC phases were assigned as SmCa and SmCa’ phases. 

 

 (a)    (b)    (c)    (d)   
 
Figure 5.60: XRD patterns of an aligned sample of compound 11a: (a-b) nematic phase at 145 °C: (a) original 
pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; the inset shows the small 
angle scattering; (c-d) SmCa phase at 130 °C: (c) original pattern; (d) the same XRD pattern, but the intensity of the 
isotropic liquid is subtracted; the inset shows the small angle scattering. 
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The nematic phase of compound 11a shows the same unusual electro-optical behaviour on 
applying an electric field as previously described in the section 5.1.1.2. The application of an 
electric field (10 Vµm-1) on the SmCa phase leads to the formation of a birefringent smooth fan-
like texture with multiple circular domains where the extinction crosses are inclined with 
respect to the directions of the crossed polarisers (about 40°, which is in good agreement with 
the tilt angle found by X-ray investigations) evidencing a synclinic organization of the 
molecules between adjacent layers (Fig. 5.61a,d). 
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Figure 5.61: Electro-optical investigations on the SmCaPAF phase of dimer 11a at 130 °C; textures observed 
between crossed polarisers in the same region of the sample in a 5 µm non-coated ITO cell: (a,d) U = ± 100 
V; (b,c) U = 0 V; (e) the field induced SmC’’sPFE state at U = ± 190 V; (f) AF switching current response 
obtained by applying a triangular-wave voltage (10 µm polyimide-coated ITO cell, U = 309 Vpp, f = 7 Hz, R = 
5 kΩ, T = 129 °C, PS = 570 nC cm-2); (a-e) down: models of the organization of the molecules in the FE states 
(a,d,e), and in the AF ground state (b,c). 
 

On removing the electric field the extinction crosses rotate to the position of the crossed 
polarisers and the birefringence significantly decreases (Fig. 5.61b). After another 5 seconds 
the texture relaxes to the original schlieren texture (Fig. 5.61c). By applying the electric field 
again, the same fan-shaped texture is induced and the extinction crosses of the circular domains 
rotate back to the original 40° position, whereby the sense of rotation is opposite for an 
opposite sign of the field. The current response presents two current peaks per half period of the 
applied triangular voltage (AF ground-state, PS = 570 nC cm-2, Fig. 5.61f). The relaxation from 
the field-induced FE state into the AF ground state obviously corresponds to the transition from 
the synclinic FE state (SmCsPFE) into the anticlinic AF state (SmCaPAF, see Fig. 5.61a-c). 
Hence, optical investigation clearly indicates a tristable switching by a collective rotation 
around a cone, which is an additional confirmation of the AF switching process. On the basis of 
these experimental findings the high-temperature SmCa phase of compound 11a is AF with an 
anticlinic organization, i.e. a SmCaPAF phase. 

Interestingly, for a sufficiently high electric field (34 Vµm-1), a change in the texture occurs 
which is accompanied by a slightly decrease of the birefringence and the occurrence of smaller 
circular domains with apparently identical inclination angle of the extinction crosses with 
respect to the crossed polarisers position (Fig. 5.61e). However it seems that the switching 
behaviour is different, that means the new field-induced fan-shaped texture is independent of 
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the polarity of the applied field and the extinction crosses are not relaxing to the position of the 
crossed polarisers or to the original schlieren texture on removal of the applied field. Two 
current peaks per half period of the applied triangular voltage were observed also for this 
voltage (PS = 590 nC cm-2, is in the same range as the value found for the SmCaPAF phase) but 
in contrast to the original SmCaPAF phase, the switching process takes place by a collective 
rotation around the long molecular axis. This could give a hint that a Sm–Sm transition has 
been observed. Unfortunately, only short time observations (over a few minutes) were 
conducted because of the breakdown of the material at this high threshold voltage and further 
investigations were not possible. In the literature various reversible or irreversible field-induced 
transitions Sm–Sm, Col–Sm and in smectic phases, racemic to homochiral, have been 
reported.107,214,225,234,244 

The low-temperature phase of compound 11a is also an AF phase with an anticlinic 
organization, i.e. a SmCa

’PAF phase. The current response presents two peaks per half period of 
the applied triangular voltage (PS = 870 nC cm-2, Fig. 5.62f). On removing of the electric field a 
different relaxation mechanism could be observed depending on the experimental condition, as 
already discussed for the SmC’sPAF phase of compound 5a (see chapter 5.1.2.4). 

(a) When the field is removed fast the extinction crosses of the birefringent field-induced 
texture rotate to the position of the crossed polarisers and the texture becomes dark 
(Fig.5.62a,b). The formation of nearly black textures, after removing the electric field, is 
obviously due to the tilt angle of about 45°, as already discussed in the chapter 5.1.2.4 and 
reported in the literature.65,223,224,225 By applying the electric field again, the same fan-shaped 
texture is induced and the extinction crosses of the circular domains rotate back to the original 
45° position, whereby the sense of rotation is opposite for an opposite sign of the field 
(Fig.5.62e). The optical investigation clearly indicates a tristable switching by a collective 
rotation around a cone. Such behaviour is typical for a SmCaPAF phase.  
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Figure 5.62: Electro-optical investigations on the SmC’aPAF phase of dimer 11a at 124 °C in a 5 µm non-coated 
ITO cell; textures observed in the same region of the sample under an applied d.c. field; (a,e) at U = ± 150 V; (b-d) 
at U = 0 V: (a,b,e) between crossed polarisers and (c,d) by rotating one polariser from the crossed position: (c) by 
+15° and (d) by -15°; (chiral (+) and (–) domains); (f) AF switching current response obtained by applying a 
triangular-wave voltage (U = 263 Vpp, f = 7 Hz, R = 5 kΩ, PS = 870 nC cm-2); (a-e, down): models of the 
organization of the molecules; in the FE states (a,e) and in the AF ground-state (b-d). 
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not described here because it is very similar to the switching process of the SmC’sPAF phase of 
compound 5a). If the electric field slowly increases again, the positions of the extinction 
crosses do not change also on reversal or again removing of the electric field. It seems that the 
field-induced FE state does not relax anymore into the AF ground state observed for the case 
(a). Such transition from the field-induced SmCsPFE into the AF state, without rotation of the 
extinction cross could be realised if the chirality is changed in each second layer (flipping of 
chirality, already reported for the SmC’sPAF phase of 5a and in the literature87,94,226,222). On 
removal of the applied field domains of opposite handedness can be distinguished in the non-
birefringent texture over the whole sample on rotating the polariser from the crossed position 
(Fig. 5.62c,d). 

Compound 11b (n = 16) exhibits a nematic phase and two smectic phases. The XRD 
measurements at 130 °C and 110 °C confirmed the presence of two SmC phases with molecules 
tilted with respect to the layer normal and they showed very similar patterns The X-ray 
measurements did not show any significant change in the layer distance on cooling, including 
the transition from the high-temperature SmC (d = 5.87 nm) to the lower-temperature SmC’ 
phase (d = 5.80 nm). An average tilt angle of the molecular long axis with respect to the layer 
normal can be calculated from the position of the maxima of the outer diffuse scattering for the 
SmC phase, τ = 40°, and for the SmC’ phase, τ ‘= 44°. On the basis of these experimental 
evidences the two SmC phases of compound 11b were assigned as SmCs and SmCs’ phases. 
Electro-optical investigation showed that the nematic phase behaves similar to the nematic 
phases of compound 1 – 6, but both smectic phases present different structural features and 
electro-optical switching processes. The switching behaviour of the two smectic phases SmCs 
and SmC’s phases is very similar to the already described behaviour of the SmCsPAF and 
SmXPAF phases of compound 6a (see Table 5.3, Fig. 5.49-5.51, section 5.1.2.5). Electro-optical 
measurements give evidence for an AF ground state in the high-temperature SmCsPAF phase of 
compound 11b (PS = 690 nC cm-2). The switching between the AF ground state and the 
switched FE states preferably takes place through the collective rotation of the molecules 
around their long molecular axes. The low-temperature SmC’sPAF phase of compound 11b 
exhibits quite similar optical and electro-optical properties as the one observed for the SmXPAF 
phase of compound 6a. On the basis of these findings we can conclude that the low-
temperature phase of compound 11b is a SmC’sPAF phase and on applying a relatively high 
threshold voltage a field-induced smectic SmC’’sPAF phase could be observed. 
 
 
5.4.3 Substitution of the ether group in position Y by the carboxyl group: Occurrence of a 
polar crystalline Cr*PAF phase for dimer 12 
 
The dimer 12 (n = 12, m = 15, p = 16, X = –O- and Y = –COO-) exhibits a nematic phase 
which exists over a very short temperature interval (0.5 K) and a crystalline phase with polar 
switching, a Cr* phase. The X-ray investigations, textural observations together with the DSC 
scans revealed that this Cr* phase is very similar to the Cr*PFE phase of compounds 10. The 
non-specific weakly birefringent texture of compound 12 (Fig. 5.63b) exhibits domains of 
opposite handedness, visible by slightly rotating the polariser from the crossed position (Fig. 
5.63c,d). In contrast to this Cr*PFE phase of compound 10, the Cr* phase of compound 12 
shows an AF response by applying a high threshold electric field of 30 V μm-1, i.e. two 
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polarisation current peaks per half period were recorded (PS = 190 nC cm-2). The non-specific 
texture turns into a birefringent texture with small domains (Fig. 5.63e). The application of a 
higher electric field (about 35 V μm-1) leads to an increase of the birefringence and to a 
transition into a texture with bigger domains, reminiscent of a smectic-like phase (Fig. 5.63e). 
The field-induced textures do not change on reversal of the field (Fig. 5.63e,f) or on terminating 
the applied field. This confirms a switching by rotation around the long molecular axis. On the 
basis of these experimental findings the Cr* phases of compound 12 is assigned as Cr*PAF 
phase. There are some differences between the polar Cr* phases presented in this thesis, i.e. the 
ground state of the Cr* phase of the dimer 12 is AF and the corresponding PS value is much 
smaller than the value reported for the Cr*PFE.of dimers 10. 
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             (a)            (b)     (c)          (d)                (e)        (f)                            (g) 
 
Figure 5.63: The Cr*PAF phase of compound 12 at 98 °C: (a) XRD pattern; (b-g) electro-optical 
investigations in a 5 µm non-coated ITO cell; textures observed in the same region of the sample on applying 
a d.c. electric field: (b-d) at U = 0 V as observed (b) between crossed polarisers and (c,d) by rotating one 
polariser by +15° (c) and by -15° (d) from the crossed position (chiral (+) and (–) domains); (e) U = ± 150 V; 
(f) U = ± 180 V; (g) AF switching current response obtained by applying a triangular-wave voltage (U = 334 
Vpp, f = 9 Hz, R = 5 kΩ, PS = 190 nC cm-2). 
 

Summarizing the chapter 5.4, it was found that the introduction of different connecting 
groups between the spacer unit and the two mesogenic units resulted in the appearance of new 
mesophases. A highlight of this thesis is the occurrence of crystalline polar phases with FE and 
AF ground states. It seems that the introduction of the connecting group X = -OOC- between 
the bent-core mesogenic unit and the spacer unit for the compounds 10 and the introduction of 
the connecting group Y = -COO- between spacer unit and calamitic mesogenic unit for 
compound 12 results in occurrence of similar crystalline polar phases. Increasing the terminal 
chain p attached to the calamitic mesogenic unit in dimers 11 resulted in the appearance of 
enantiotropic nematic and smectic phases (for 11b in accordance with the analogue dimer 
connected through ether groups, dimer 6a). Also new in this chapter is the observation of a 
SmC’sPAF phase for compound 11b, very similar to the potential dark conglomerate or SmCG 
phases (SmXPAF

 phase) described for compound 6a in chapter 5.1.2.5. It can be suggested that 
this SmC’sPAF phase has similar structural features as the SmXPAF

 phase of 6a, but there is not 
enough experimental evidence. The values of the spontaneous polarisation PS of the dimers 
under discussion are increasing on elongating the spacer m and the terminal chains n and p 
attached to the mesogenic units. 
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5.5 Variations of the bent-core mesogenic unit of dimers 13 – 28 
 
The next point of our systematic investigation is the study on the influence of several variations 
on the bent-core mesogenic unit on the mesophase behaviour of ‘banana-calamit’ dimers of 
type I. It will be shown that the fine adjustment of the chemical structure in these systems leads 
to dimers with different mesophases and interesting variations of the physical properties. 

At first, the direction of the ester linking groups in the bent-core unit is varied (dimers 13 - 
19). Next, the results of these investigations are combined with a study on the role of the type 
and the direction of the connecting groups X and Y in dimers 20 - 24. Afterwards, the variation 
of the polarity of the terminal group R, lateral substitution and enhancing the number of 
aromatic rings is discussed in detail. 
 
 
5.5.1 Variation of the direction of the ester linking groups E in the bent-core mesogenic 
unit of dimer series 13 – 19196 
 
One of the main subjects of this thesis is the influence of the direction of the ester linking 
groups on the mesophase behaviour of the discussed dimer type I. To obtain comparable 
results, the following molecular parameter have been selected: the bent-core unit contains five 
phenyl rings which are all connected by carboxylic groups E; the calamitic unit is a phenyl 
benzoate; alkyloxy chains are attached to the two terminal positions; the alkylene spacer is 
linked to both mesogenic moieties by ether oxygens. Variations have been done in the length n 
and p of the terminal hydrocarbon chains and in the number m of methylene units in the 
aliphatic spacer. After that, the direction of each of the four ester groups E between the phenyl 
rings of the bent-core unit has been inverted. 

 
 

 
 
 
 

                         E0 structure - dimer 2b (n=8, m=6; p=6): Cr 145 (M1 125 SmCsPFE 130) N 151 I 
 

                              
                         E3 structure - dimer 13b (n=8, m=6; p=6): Cr 147 (Colx 127 Nx 129) N 167 I 
 
Figure 5.64: Example explaining the abbreviation system for the E groups; mesophase behaviour and 
transition temperatures (°C) of dimers 2b (E0) and 13b (E2). 
 

This section introduces the non-symmetrical dimers 13 – 19 (n = 8, 12, 16; m = 3, 6, 11; p 
= 6, 12). They will be compared with the analogues dimers in series 1 – 4 which have a bent-
core unit possessing a central resorcinol fragment and both ester linking groups within one 
wing have the same direction. This is the reference structure for the bent-core unit in this 
thesis assigned as E0. 
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Table 5.6: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the 
normal to a in Colob phases, lattice parameters (a, b, γ) and PS values of compounds 13 – 19 and their 
analogues dimers 1b, 1d, 1i, 2b, 3b, 4a.[a] 

 
 
 
 

 
Lattice parameters 

Comp. n m p E[d] 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type d 

[nm] 
τ  
[°] 

a 
[nm] 

b 
[nm] 

γ 
[°] 

PS 
nC/cm2 

2b 
8 6 6 E0 

Cr 145 (M1 125 SmCsPFE 130) N 151 I 
     76.4        0.5                13.4     1.6 

N 
SmCsPFE 
M1

 [c] 

 
5.80 
-[c] 

 
26 
-[c] 

 
- 
-[c] 

 
- 
-[c] 

 
- 
-[c] 

 
150 
-[c] 

13a 8 6 6 E2 
Cr 155 (SmCx 134) N 171 I 
     70.0        0.7        2.9  

N 
SmCx 

[c] 
 
-[c] 

 
-[c] 

 
 

 
- 

 
- 

 
-[c] 

13b 
8 6 6 E3 

Cr 147 (Colx 127 Nx 129) N 167 I 
     55.8         -[b]         1.0      4.0  

N 
Nx 
Colx 

[c] 

 

 
 
 
-[c] 

 
 
-[c] 

 
 
-[c] 

 
 
-[c] 

 
 
-[c] 

1b 12 3 6 E0 
Cr 150 (ColrPAF 127) I 
     65.7              24.0 

ColrPAF  11 7.57 5.51 90.0 350 

14 
12 3 6 E2 

Cr 147 I 
     54.4   

 - - - - - - 

1d 12 6 6 E0 
Cr 148.5 (Colx 125.5 N 145.5) I 
      61.2           13.1       1.3                     

N 
Colx  

[c] 
 

           
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

15a 12 6 6 E1 
Cr 146 SmA 149 N 150 I 
     48.5           -[b]        5.4 

N 
SmA 

 

7.00 
 

0 
    

- 
15b 

12 6 6 E2 
Cr 159 (SmCx 148) N 166 I 

     69.8          0.04       3.1 
N 
SmCx 

[c] 
 

-[c] 
 
-[c] 

 
 

 
 

 
 

 
-[c] 

15c 12 6 6 E3 
Cr 145 (Colx 130) N 161 I 
     64.9          -[b]       2.6 

N 
Colx 

[c] 
 

           
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

15d 
12 6 6 E4 

Cr 140 (Colx 130) N 143 I 
     54.1          -[b]       1.7 

N 
Colx 

[c] 
 

 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

1i 12 11 6 E0 
Cr 121 ColobPFE 132.5 I 
     58.8               25.3 

ColobPFE  44 3.20 5.00 110.0 380 

16a 
12 11 6 E1 

Cr 126 USmCaPAF 130 I 
     39.7                 24.7 

USmCaPAF  22 36.8 6.61 90.0 550 

16b 
12 11 6 E2 

Cr 131 (Colx 128 N 129) I 
    67.4          21.2    0.04  

N 
Colx 

[c] 
 

 
 
 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

3b 16 6 6 E0 
Cr 150 (Colx 126.5 N 142) I 
     65.0            -[b]       1.4 

N 
Colx 
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-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

17a 

16 6 6 E2 
Cr 160 (SmCx 144) SmA 163 N 164 I 
     63.5          -[b]                       0.5     5.3 

N 
SmA 
SmCx 

[c] 

 
7.19 
-[c] 

 
0 
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- 
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- 
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17b 
16 6 6 E3 

Cr 149 (Colx 133) N 158 I 
     58.9          -[b]        2.9 

N 
Colx 

[c] 
 

 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

4a 12 6 12 E0 
Cr 140 (Colx 115.5 N 131) I 
      86.3         -[b]         1.6                        

N 
Colx 

[c] 
 

 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

18 

12 6 12 E2 
Cr 140 (SmCs’PAF 131) SmCsPAF 163 I
    88.5                    8.5                 11.7 

SmCsPAF 
SmCs’PAF 

6.19 
6.10 

24 
32 

   550 
780 

4b 

12 11 12 E0 
Cr 126 (ColrPAF 121) I 
     57.0               7.4           

ColrPAF  29 16.06 6.76 90.0 450 

19 12 11 12 E2 
Cr 133 (Colr 131) I 
    85.2         30.3 

Colr   - 21.4 6.89 90.0 - 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimers 13 – 19 and their analogues compounds 1b, 
1d, 1i, 2b, 3b, 4a were taken from the second DSC heating scans (10 Kmin-1); values in parentheses indicate 
monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC 
cooling scans and the transition temperatures were checked by polarising microscopy; [b] the transition is not 
detectable on DSC and the transition temperature value is determined by polarising microscopy; [c] could not be 
determined due to rapid crystallization of the sample; [d] the direction of the ester linking group E1 - E4 which is 
opposite to the corresponding one in the reference structure E0 (see general formula in the Figure 5.64). 
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Figure 5.65: Transition temperatures (°C) of dimers 13 – 19 and their analogues compounds 1b, 1d, 1i, 2b, 3b, 
4a, taken from the first DSC cooling scans (10 Kmin-1). 
 

Since for each group of isomers the direction of only one ester group has been changed, the 
inversion of the first, second, third and fourth one is assigned as E1, E2, E3 and E4, respectively 
(see general formula in the Figure 5.64). The synthesis and mesophase behaviour of dimers 13 
– 19 were already published.196 To explain the system of abbreviations, an example is given in 
Figure 5.64. The reference compound E0 (2b) is derived from resorcinol, the aliphatic chains 
have the lengths: n = 8, m = 6; p = 6. For compound E3 (13b) the aliphatic chains are the same, 
however, the direction of the carboxylic group in position E3 is inverted. 

To allow an appropriate comparison, the mesophase behaviour of the new compounds 13–
19 is presented together with that of the corresponding isomers E0 (described in the previous 
sections 5.1 and 5.4). The mesophase behaviour, transition temperatures together with the 
associated transition enthalpies, lattice parameters and PS values of the isomers 13 – 19 and 1  –
 4 are given in Table 5.6 and Figure 5.65. The compounds are listed and will be discussed with 
increasing length of the terminal alkyloxy chains n and p and increasing the length of the spacer 
m. To give more information, the mesophase behaviour on cooling is sketched in the bar charts, 
the transition temperatures are taken from the first DSC cooling scan (10 Kmin-1), and therefore 
the recrystallization temperatures can be presented additionally. Nearly all compounds exhibit 
liquid crystalline behaviour, except compound 14 (n = 12, m = 3, p = 6) which is crystalline. 
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5.5.1.1 Occurrence of a N - NX phase transition for dimer 13b   
 
In the compounds 13a,b the number m of methylene groups in the spacer amounts to 6, both 
terminal alkyloxy chains have similar length (n = 8; m = 6; p = 6). All dimers exhibit nematic 
phases. Additional smectic and columnar phases were found (Table 5.6 and in Figure 5.65). 
The analogue dimer 2b with all ester linking groups in the reference orientation (E0) forms one 
enantiotropic nematic phase and two monotropic phases (a SmCsPFE and a non-classified 
mesophase designated as M1 phase, see section 5.1.2.1). 

The isomeric dimer 13a (E2) exhibits a N-SmCx phase sequence. The isomer 13b, with the 
third ester linking group in inverse direction (E3) exhibits three mesophases which can be 
clearly distinguished by their textures and by differential scanning calorimetry. According to its 
characteristic texture the high-temperature phase can be assigned as a N phase. This N phase 
shows typical marbled, homeotropic and/or planar textures (Fig. 5.66a) and forms chiral 
domains of opposite handedness over the whole temperature range, as already described in 
chapter 5.1.1.2. The transition from the isotropic state to the N phase at 164 °C is coupled with 
an enthalpy change of 4.0 kJ mol-1. On cooling the N phase a clear change in the optical texture 
occurs below 129 °C (Fig. 5.66b), which is accompanied by a rather low transition enthalpy 
(1.0 kJ mol-1). The long-range director fluctuations which are characteristic of a N phase 
disappear and a fine structured fan-like texture develops (Fig. 5.66b). It is remarkable that this 
fan-like texture does not show typical focal-conic defects. On the other hand, the texture of 
homeotropically oriented regions remains unchanged below 129 °C, only the director 
fluctuations disappear and some oily strikes become visible. The occurrence of the homeotropic 
texture is an indication of a uniaxial phase. On cooling from this unknown phase, at 127 °C a 
dendritic growth of the texture can be observed, which transforms into a mosaic-like texture 
suggesting a columnar phase (Fig. 5.66c,d). 
 

             (a)       (b)       (c)       (d)    
 

             (e)            (f)                                        (g)                
 
Figure 5.66: (a-d) Textures of the mesophases of compound 13b on cooling at U = 0 V, observed in the same 
region of the sample between crossed polarisers: (a) planar texture of N phase at 163 °C; (b) fan-like texture 
of the Nx phase at 128 °C; (c) dendritic growing of a mosaic texture of the Colx phase in the fan-like texture of 
the Nx phase at 127 °C; (d) mosaic texture of the Colx phase at 126 °C; (e-g) proposed models for the N (e), 
Nx (f) and Colr (g) phases in analogy to ref.39 

 

X-ray diffraction measurements have been performed on samples of compound 13b 
aligned in a magnetic field of about 1T. The results confirm that the high-temperature phase is a 
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N phase. The X-ray pattern shows a diffuse dumb bell-like scattering in the small angle region, 
and a diffuse wide angle scattering located around the equator (at 155 °C, Fig. 5.67a,b). The 
diffuse small-angle scattering in the N phase can be attributed to cybotactic groups representing 
fluctuating arrays of molecules with a short-range smectic-like order. Surprisingly, this pattern 
did not show significant changes at the transition to the low-temperature Nx phase (at 128 °C, 
Fig. 5.67c,d), although the fan-like texture indicates the existence of a smectic-like phase (see 
Fig. 5.67d). The distribution of the wide-angle scattering along χ and the corresponding θ-scan 
of the diffraction pattern in the N and Nx phases are shown in Figure 5.67e,f. The experimental 
results shown in Figure 5.67 prove that both nematic phases N and Nx cannot be clearly 
distinguished by X-ray methods. Due to the metastable nature of the low-temperature columnar 
phase it was not possible to characterize it by X-ray diffraction and electro-optical studies. 
Hence, it has been designated as an unknown columnar phase (Colx phase).  
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Figure 5.67: (a-d) XRD patterns of a sample of compound 13b aligned in the magnetic field on cooling: (a,b) 
patterns of the nematic phase at 155 °C; (c,d) patterns of the Nx phase at 128 °C: (a,c) original scattering; (b,d) 
the same patterns, but the scattering of the isotropic liquid has been subtracted; (e) θ-scans of the diffraction 
patterns in the N and Nx phases; (g) distribution of the wide-angle scattering along χ in the nematic phase 
(black and blue line) and in the Nx phase (green and red line) (Irel = I(T) / I(167 °C, isotropic liquid). 
 

The results of our investigations point to a Nx phase as found for instance for liquid 
crystalline bent dimers of cyanobiphenyl connected by flexible spacers which has recently been 
characterized as a nematic phase with a conical twist-bend helical arrangement of the molecules 
and which has been called nematic twist-bend (NTB) phase.39,196,206,245,246,247,248,249 

A similar phase sequence N - Nx - Colr was already reported by SCHROEDER et al. for bent-
core mesogens with a central N-benzoylpiperazine fragment.39 Based on the experimental 
results this unusual behaviour can be explained by the following structure model. In the N 
phase the molecules adopt only an orientational order with respect to the averaged molecular 
long axes (see Fig. 5.66e). On the other hand, in the Nx phase (see Fig. 5.66f) the molecules are 
stacked along the bent direction in bundles of non-defined length. Between the bundles 
(aggregates) only a short range positional order exists, giving rise to the diffuse scattering. In 
order to prevent a macroscopic polarisation, neighbouring bundles should be aligned anti-
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parallel. On further cooling the lateral distances of the bundles are fixed and the structure 
passes over into a two-dimensional columnar structure (see Fig. 5.66g). That means the Nx 
phase can be regarded as the precursor to the following low-temperature Colx phase. If the 
discussed model reflects the structure of the Nx phase correctly then it exhibits the structural 
feature of a NCol phase as reported for discotic systems,250 (although the texture of the NCol 
phase of discotic systems is different to that found for the here discussed Nx phase). But in the 
NCol phase the disc-like molecules are also stacked by intermolecular interactions one over each 
other forming non-ordered bundles (or columns). The existence of aggregates of bent-shaped 
molecules is assumed, too, to explain a field-induced transition from a layer into a columnar 
structure.27 
 
 
5.5.1.2 The mesophase behaviour of dimers 15a – d 
 
The dimer series 15 contains four compounds, thus being the series with a systematic ester 
linking group inversion, one by one from the first to the fourth group, E1 – E4. The compound 
1d with E0 is presented for comparison. All compounds exhibit liquid crystalline behaviour. 
The dimers possess an even-methylene spacer (m = 6) and similar to the series discussed in the 
previous chapters 5.1 - 5.4 they exhibit nematic phases. Additional smectic and columnar 
phases were found. The mesophase types, transition temperatures together with the associated 
transition enthalpies and lattice parameters for dimers 15 and 1d are given in Table 5.6 and 
Figures 5.65 and 5.68. 
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Figure 5.68: Transition temperatures (°C) of dimers 15a – d and their analogue compound 1d taken from the 
first DSC cooling scans (10 Kmin-1). 
 

All dimers 15 with one reversed carboxylic group exhibit beside a low-temperature phase 
an enantiotropic nematic phase, however, with very different ranges of existence. The reference 
compound 1d (E0) exhibits a metastable nematic and a metastable columnar phase only. The 
compounds with E3 (15c) and E4 (15d) exhibit nematic and columnar (Colx) mesophases, while 
the compounds with E1 (15a) and E2 (15b) form nematic and smectic mesophases. The clearing 
temperatures vary between 143 °C (E4-isomer) and 166 °C (E2-isomer) and increase in the 
following sequence: T(E4) < T(E0) < T(E1) < T(E3) < T(E2). 

The dimer 15a with the first ester linking group reversed (E1) forms two enantiotropic 
mesophases: a nematic and a smectic phase.  
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(a)  (b)  (c)  (d) (e)  
 
Figure 5.69: (a-c) Textures of the mesophases of compound 15a on cooling at U = 0 V, observed in the same 
region of the sample between crossed polarisers: (a) schlieren texture of the nematic phase at 149 °C; (b) fan-
shaped texture of the SmA phase growing from the schlieren texture of the nematic phase at 148.5 °C; (c) fan-
shaped texture and homeotropic regions of the SmA phase at 145 °C; (d-e) XRD patterns of a surface-aligned 
sample in the SmA phase at 140 °C: (d) original pattern; (e) the same XRD pattern, but the intensity of the 
isotropic liquid is subtracted; the inset shows the small angle region. 
 

The nematic phase of the dimer 15a (E1) exists over a very small temperature interval (1K) 
and shows the characteristic features of the previously discussed nematic phases in the chapter 
5.1.1.2 (Fig. 5.69a). On cooling the nematic phase, a smectic phase appears characterized by a 
homeotropic or fan-shaped texture (Fig. 5.69b,c). The X-ray pattern of the smectic phase at 143 
°C obtained from an aligned sample shows a diffuse outer scattering with the maxima located 
on the equator and BRAGG-reflections on the meridian, from which a layer spacing of d = 7.0 
nm is calculated, see Table 5.6 and Figure 5.69d,e. This finding indicates a SmA phase. 
Additionally, no electro-optical response could be observed on applying an a.c. or a d.c. field. 
These experimental findings provide evidence that the low temperature smectic phase is a non-
polar SmA phase. 

The knowledge of the layer spacing d = 7.0 nm in the SmA phase could encourage a 
discussion on the packing of the ‘banana-calamit’ molecules. A calotte model of the dimer 15a 
(E1) gives a similar value of L = 6.93 nm in its most stretched conformation, see Figure 5.70a. 
This is a hint at a monolayer packing, a strong intercalation of the different molecular 
fragments can most probably be excluded. However, a determination of the molecular shape of 
liquid crystalline dimers is not simple as already discussed by IMRIE and LUCKHURST.120 This is 
especially true for large molecules with an unconventional shape. But for compound 16a (E1), a 
comparison of the lattice parameters with the corresponding calotte model would favour a more 
hockey-stick like or bent conformation shown in Figure 5.70b. Also in this case an intercalation 
can be excluded in all probability. But it should be stressed again: since the molecular 
conformations of the dimers are unknown and a lot of different molecular shapes can be 
assumed, the construction of such a structure model is rather speculative. 

                 
    (a)                   L = 6.9 nm                                         (b)                 L = 6.2 nm 
 
Figure 5.70: CPK models of molecule 15a (E1) showing two possible conformations of the dimer. 
 

The dimer 15b (E2) exhibits an enantiotropic nematic phase and a monotropic smectic 
SmCx phase. The inversion of the direction of the second ester connecting group results in an 

U = 0 V 

P 
A 20 μm 

U = 0 V 

P 
A 20 μm



 5 Mesophase behaviour of ‘banana-calamit’ dimers of type I  109

increase of the clearing point by 20 K in comparison with the isomer 1d (E0). The nematic 
phase shows typical marbled and homeotropic textures and chiral domains of opposite 
handedness over the whole temperature range. This phase exists in a temperature range of 16 K 
and displays some unusual optical and electro-optical properties which will be separately 
discussed in the chapter 5.7. It should be mentioned that extensive physical measurements have 
been performed on the nematic phase of compound 15b (E2) and the results were published, see 
literature.251,252,253,254,255 On cooling the homeotropic texture of the nematic phase below 148 °C, 
a transition into a weakly birefringent, fluctuating schlieren texture takes place indicating a 
biaxial smectic phase SmCx. This transition is accompanied by a very small calorimetric peak 
(0.04 kJ mol-1). The low-temperature smectic phase is crystallizing very fast, therefore further 
investigations to distinguish between a polar and a non-polar phase were impossible.  

For the compounds with E3 (15c) and E4 (15d) textural and calorimetric investigations 
give evidences for the existence of enantiotropic nematic and monotropic columnar Colx 
phases. Further electro-optical experiments and X-ray diffraction measurements were not 
successful because of rapid crystallization. 
 
 
5.5.1.3 The undulated smectic USmCaPAF phase of dimer 16a 
 
The spacer of the following series 16 is increased from m = 6 to m = 11, that means, both 
mesogenic units are connected by an odd-numbered spacer now. A relatively short hexyloxy 
group is attached (p = 6) to the calamitic moiety, the bent-core part bears a dodecyloxy 
substituent (n = 12). Compound 16b (E2) exhibits a N-Colx phase sequence (Table 5.6 and 
Figure 5.65), whereas the analogue compound 1i (E0) forms an enantiotropic ColobPFE phase 
(see section 5.1.1.3). The compound 16a (E1) shows an enantiotropic mesophase with some 
peculiar textural features (Fig. 5.71a-c). On cooling the isotropic liquid, this phase grows as 
dendritic nuclei or as spiral nuclei which coalesce to a variety of optical textures such as focal 
conics, banana-leaf like regions and circular domains together with ribbon-like and spherulitic 
textures (Fig. 5.71a-c). The growth of the phase suggests a mesophase belonging to the B7 
family (see some examples in literature24,32,36,61,70,101,102,106). 
 

(a)    (b)    (c)  
 
Figure 5.71: Textures of the mesophase of compound 16a observed between crossed polarisers on cooling 
from the isotropic state at U = 0 V in: (a-b) 6 µm polyimide coated ITO cell; (c) 5 µm non-coated ITO cell. 
 

The X-ray diffraction pattern of a surface-aligned sample of compound 16a (E1) is 
characterized by sharp BRAGG-reflections in the small-angle region and a diffuse scattering in 
the wide angle region with a maximum at 0.46 nm indicating a liquid-like lateral arrangement 
of the molecules within the layers (Fig. 5.72a). The layer reflections and their satellites of weak 
intensity are arranged in lines parallel to the equator. They can be indexed on a centred 
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rectangular 2D lattice, with the lattice parameters a = 36.8 nm and b = 6.6 nm (see Fig. 5.72b-
d). These features and the missing h0 reflections on the equator of the pattern (suggesting a 
nearly sinusoidal modulation of the electron density in direction a192) are typical for an 
undulated smectic structure. Therefore, this phase is preliminary assigned as an undulated 
smectic phase (USmCa phase) with a layer spacing of 6.6 nm and an undulation period of 36.8 
nm. From the χ-scan of the wide angle region we could estimate a tilt angle of the molecules 
with respect to the layer normal of 22°. 

 

(a)       (b)       (c)  
 
Figure 5.72: XRD patterns of a surface-aligned sample of compound 16a in the USmCa phase at 120 °C: (a) 
wide-angle pattern; (b) pattern of the small-angle region; (c) reciprocal lattice for the observed reflections; (d) 
close-up of the reciprocal lattice with indices for the observed h1 and h-1 reflections. 
 

In addition to the structural features, the electro-optical behaviour of the mesophase of 
dimer 16a is also particularly interesting. Under a triangular-wave voltage antiferroelectric 
switching could be observed for the USmCa phase (i.e. an USmCaPAF phase, see Fig. 5.73). The 
calculated value of the spontaneous polarisation is about 550 nC cm-2 and increases on 
decreasing temperature. This can be explained by a reduction of the polar order at higher 
temperature, possibly due to the diminished barriers for the rotation around the molecular long 
axis. On cooling the isotropic liquid, under a d.c. voltage of 50 V circular domains were 
obtained (Fig. 5.73a-c). The characteristic feature is the appearance of extinction crosses which 
are aligned along the direction of the crossed polarisers (Fig. 5.73a-c), indicating that the 
molecules adopt an anticlinic organization. The field-induced circular domains do not change 
on reversal of the field. However, no relaxation of the extinction crosses could be seen on 
terminating the applied field, apart from a small change in the birefringence (Fig. 5.73b). This 
means that the position and tilt of the molecules remains unchanged during the switching 
process, which can be explained by a polarisation reversal that takes place by rotation around 
the molecular long axis (see models under the Fig. 5.73a-c). 

The textural features, the electro-optical behaviour, but especially the XRD pattern prove 
that the mesophase of compound 16a (E1) can be assigned as B7´ phase. The reasons of the 
frustration of the layer organisation with formation of correlated undulated layer structures (i.e. 
non-interrupted, but sinusoidal deformed layers) are the mismatch of the area required by rigid 
bent-cores and alkyl chains at aromatic–aliphatic interfaces99 as well as polar effects.100 This 
gives rise to a modulation of the layers, to a tilt of the molecules and to a reduced packing 
density of the bent core units. COLEMAN et al.102 showed that the modulated layer structures 
formed by bent-core molecules can be generated by splayed polarisation with domains of 
alternate tilt and polarisation periodically arranged in order to escape from a macroscopic polar 
order. The layers are slightly thicker along the splay defects than between them and this leads 
to an additional undulation of the layers (modulated–undulated smectic layers). 

(d) 
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Figure 5.73: Electro-optical investigations on the USmCaPAF phase of compound 16a (E1) at 120 °C in a 5µm 
non-coated ITO cell: (a,c) U = ± 100 V and (b) U = 0 V; (a-c, lower part of the figures) proposed models of 
the organization of the molecules in the ribbons in the FE state (a,c) and in the AF ground state (b); (d) AF 
switching current response obtained by applying a triangular-wave voltage (U = 353 Vpp, f = 10 Hz, R = 5 kΩ, 
PS = 550 nC cm-2). In the schematic model, only the bent-core parts of the dimers are sketched because the 
calamitic moieties are not of importance for the electro-optical behaviour under discussion. 

 
These undulations are correlated and disregarding the polar direction it leads to a 2D-

rectangular lattice with the parameter b corresponding to the layer distance and parameter a 
corresponding to the undulation wavelength (λ). The model suggested by COLEMAN et al.102 is 
shown in Figure 5.74a-d. Accordingly, the molecules are organized across the splay defects in 
four different combinations of handedness which are indicated by different colour and 
orientation of the polar direction, indicated by crosses and points. This gives rise to the 
existence of two distinct types of defects with distinct structures with the crests and the troughs 
of the modulation non-equivalent (the handedness and clinicity changes (grey, crests) and the 
handedness remains the same and the clinicity changes (red, troughs)24,102). There are several 
possibilities for the organisation of the molecules in the undulated smectic phases. Two 
possible structures are shown in Figure 5.74e-f, in analogy to reference.256 The tilt direction can 
change from layer to layer, which, due to the anticlinic tilt, would lead to a homogeneous chiral 
structure (USmCaPAF structure, see Fig. 5.74e). In a second possible structure the correlation 
between the undulated layers is synclinic, but the tilt direction changes along the undulated 
layers (USmCsPAF structure, see Fig. 5.74f). This structure would be racemic, but requires 
additional defects in the layers (positions where the tilt direction changes, see Fig. 5.74f) which 
are unfavourable if there is a significant tilt.  

The USmCaPAF phase of compound 16a can be characterized by the model shown in 
Figure 5.74e. The AF switching is the result of the steric frustration arising from very large 
mesogenic groups leading to the separation of the bent cores in the layers which reduces the 
polar order and hence decreases the surface coupling. 
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Figure 5.74: (a, b) Model of the modulated–undulated layer structure resulting from splay defects, in analogy 
to references24,102; (a) top view upon the layer, arrows indicate the direction of the polar vector; (b) front view; 
(c, d) model proposed for rectangular mesophases formed by the polarisation modulation leading to half-layer 
interdigitation of the smectic ribbons between the defects, in analogy to references; (c) top view; (d) front 
view along the ribbons; (e-f) models of the organisation in the undulated smectic phase, in analogy to 
reference;256 (e) homogeneously chiral anticlinic AF organisation (USmCaPAF); (f) synclinic AF organisation 
between the layers and alternation of the tilt direction along the layers (USmCsPAF). 
 
 
5.5.1.4 Field-induced enhancement of the transition temperature between the polar and 
non-polar smectic phases of dimer 17a 
 
The dimer series 17 (n = 16; m = 6; p = 6) contains two compounds. The dimers 17 possess an 
even- methylene spacer (m = 6) and display nematic phases as expected. Additional smectic and 
columnar phases were found (Table 5.6 and Figure 5.65). 

The isomer 17b (E3) and its analogue dimer 3b (E0, section 5.1.2.2) present a similar 
mesophase sequence (nematic and Colx phases). The dimer 17a (E2) exhibits two enantiotropic 
mesophases, a nematic and a high-temperature smectic phase, and in addition a monotropic 
low-temperature smectic phase. The nematic phase shows typical marbled, homeotropic or a 
schlieren texture (Fig. 5.75a) and forms chiral domains of opposite handedness over the whole 
temperature range. On cooling the nematic phase (Fig. 5.75a), a homeotropic texture as well as 
a smooth fan-shaped texture was observed, which is a typical feature of a SmA phase (Fig. 
5.75b). On lowering the temperature (below 144 °C) the homeotropic regions transform into a 
weakly birefringent fluctuating schlieren texture, indicating a biaxial phase. On cooling the 
smooth fan-shaped texture a broken fan-shaped texture appears (Fig. 5.75c). Rapid 
crystallization prevents detailed investigations on this biaxial low-temperature smectic phase, 
which was designated as a SmCx phase.  

X-ray measurements on the high-temperature phase of compound 17a at 163 °C show the 
typical scattering of a N phase when aligned in the magnetic field on cooling (Fig. 5.75d). The 
measurements at 150 °C confirm the presence of a SmA phase and show strong small angle 
reflections from which a layer spacing of d = 7.19 nm could be determined (Table 5.6 and Fig. 
5.75e) and two distinct wide-angle reflections with the maximum at 0.50 nm in a direction 
normal to the layer reflections. Based on these experimental evidences this smectic phase was 
assigned as a SmA phase. 
 

(c)

a

b

(d) 

(e)

(f) a 
b

a 

b 

b
a 



 5 Mesophase behaviour of ‘banana-calamit’ dimers of type I  113

(a)   (b)  (c)   (d)   (e)  
 
Figure 5.75: (a-c) Textures of the mesophases of compound 17a on cooling at U = 0 V, observed in the same 
region of the sample between crossed polarisers: (a) nematic phase at 163 °C; (b) SmA phase at 148 °C; (c) 
SmCx phase at 144 °C; (d-e) XRD patterns of a sample of compound 17a aligned in the magnetic field: (d) 
nematic phase at 163 °C; (e) SmA phase at 150 °C; the inset shows the small angle region. 
 

The SmA phase of compound 17a does not show a polar electro-optical response. 
However, the SmA texture (Fig. 5.76a) can be transformed into an optically biaxial texture 
(Fig. 5.76b) under a sufficiently high electric field (~ 40 Vµm-1). This field-induced transition 
can be observed up to 4 K above the transition temperature SmCx to SmA phase. 
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Figure 5.76: Compound 17a: Electro-optical investigations of the field-induced SmCxPAF phase formed from 
the SmA phase under a d.c. electric field at 147 °C; textures observed in the same region of the sample 
between crossed polarisers in a 5 µm non-coated ITO cell: (a) the SmA phase at U = 0 V; (b) the field-
induced SmCxPAF phase at U = ± 200 V; (c) AF switching current response obtained by applying a triangular-
wave voltage (U = 400 Vpp, f = 20 Hz, R = 5 kΩ, T = 147 °C, PS = 450 nC cm-2). 
 

If the field is switched off the original fan-shaped texture of the SmA phase reappears. This 
field-induced transition is reversible. The field induced phase can be assigned as SmCxPAF 
phase because an antiferroelectric switching can be measured, as shown in Figure 5.76c. It can 
be assumed that the switching current response obtained in this field-induced SmCxPAF phase 
(Fig. 5.76c) is identical to that which could be shortly observed in the low-temperature SmCx 
phase. That means the transition temperature for SmCx to SmA can be enhanced by the 
application of a sufficiently high electric field. Applying a field of 40 Vµm-1 the enhancement 
of the transition temperature was found to be about 4 K. This effect may be connected with the 
existence of polar clusters in a short-range order region already in the non-polar SmA phase. A 
similar field-induced enhancement of the transition temperature between polar and non-polar 
phases was reported in the literature for a few ‘monomeric’ bent-core mesogens, especially for 
the phase transitions SmCPAF - SmA, SmCPAF - isotropic liquid, crystalline-polar – 
isotropic.62,225 The enhancement of the transition temperature for SmCx to SmA by the 
application of a sufficiently high electric field is of special interest. 
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5.5.1.5 The mesophase behaviour of dimer 18 
 
In dimer 18 (E2) both mesogenic units are connected by an even-numbered spacer (m = 6), 
however, both terminal chains have the same length: n, p = 12. Such symmetric substitution is 
of clear influence on the mesophase behaviour. The compound 18 forms two smectic phases, a 
high-temperature SmCs (d = 6.19 nm, τ = 24°, Leff = d/cosτ = 6.78 nm) and a low-temperature 
SmCs’ phase (d’ = 6.10 nm, τ’= 32°, Leff’ = 7.19 nm). The intensity distribution of the outer 
diffuse scattering indicates a synclinic tilt of the molecules in adjacent layers in both phases, 
because the maxima in the upper left and the lower right quarter of the patterns are significantly 
stronger than those in the other two quarters.257 It is remarkable that this result is in 
contradiction with the textural investigations for the high-temperature SmCs phase which point 
to an anticlinic mesophase. Electro-optical measurements give evidence for an antiferroelectric 
(AF) ground state in both SmCs phases (PS = 550 nC cm-2 for SmCsPAF phase and PS’ = 780 nC 
cm-2 for SmCs’PAF phase). The analogue compound 4a (E0) exhibits a nematic – columnar 
dimorphism (see description in the section 5.1.2.3). Interestingly, compound 18 (E2) is the first 
dimer of type I with an even-methylene spacer which does not form a nematic phase.  
 
 
5.5.1.6 The mesophase behaviour of dimer 19 
 
Defining the odd-numbered spacer with m = 11, in the compound 19 the two terminal chains 
have the same length: n, p = 12. The dimer 19 (E2) forms a rectangular columnar phase (Colr 
phase, a = 21.4 nm, b = 6.89 nm) with rather large blocks. Remarkably, for this compound no 
electro-optical response can be observed up to a voltage of about 400 Vpp using a 5 µm thick 
cell, the maximum voltage attainable from our experimental set-up. For compound 19 the 
inversion of the second ester linking group (E2) results in an increase of the value of the lattice 
parameter a of the Colr phase. The analogue dimer 4b with E0 shows a monotropic ColrPAF 
phase (chapter 5.1.2.3). 

To summarize the results presented in the chapter 5.5.1, different aspects are of interest.  
Compounds with an even-numbered spacer exhibit higher clearing temperatures as those with 
an odd-numbered spacer, as expected. This means that also for this dimer of type I the 
molecules with an even number of single units in the spacer should have a more stretched 
shape. Nearly all of these even-numbered dimers exhibit a nematic phase as high-temperature 
phase with one exception. Two polar SmC phases are formed by compound 18 (E2), 
symmetrically substituted at both terminal positions by dodecyloxy groups. Both phases, 
showing a synclinic tilt of the molecules in an antiferroelectric layer arrangement, could be 
completely characterized. Such a SmCs´PAF – SmCsPAF sequence was extremely rarely found 
for bent-core mesogens up to now. Recently, the re-entrant behaviour SmCs´PAF – Colob - 
SmCsPAF has been reported.257 Nearly all compounds having an odd-numbered spacer prefer the 
formation of columnar phases and of an undulated SmCP phase, respectively. There is one 
exception: a nematic phase was found for dimer 16b with 11 CH2 groups in the spacer.  

Concerning the reversion of the carboxylic groups E1 to E4, all four ester groups were 
changed in their direction – step by step – in the isomeric series 15. On the other hand, the ester 
linking group E2 was reversed in all the series under study which are different in the length of 
the aliphatic parts (n,p,m) to allow a comparison with the corresponding reference compounds 
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E0. Looking at Table 5.6, the mesophase stability of nearly all isomers E1-E4 is increased after 
reversing one of the carboxylic groups in the reference compounds E0. This allows the 
preparation of such ‘banana-calamit’ dimers with thermodynamically stable mesophases. The 
strongest stabilization has been observed for the isomers E2 and amounts up to 32 K (compare 
4a with 18). It is worth mentioning that the directly comparable inversion of the carboxylic 
group E2 in the corresponding ‘monomeric’ five-ring bent-core mesogens has a relatively low 
influence on the mesophase stability: the change of the clearing temperatures for the 
dodecyloxy substituted compound amounts to -7K, for the octyloxy homologue +3K.192 With 
growing length of the terminally attached alkyloxy chains there is the tendency in the dimers 
under study that the clearing temperatures are reduced. This is in agreement with the 
mesophase behaviour observed for calamitic systems. For the series with the spacer m = 6 
(compounds 2b, 13a, 13b, 1d, 15a-d, 3b, 17a, 17b, 4a and 18) we could check the influence of 
the alkyloxy wing groups in more detail. A nearly symmetric substitution (n = 8; p = 6) yielded 
the interesting sequence of two nematic phases N - Nx (13b with E3). For long terminal chains 
(n + p > 20) the phase behaviour of the non-symmetrically substituted compound 17a with E2 
(n = 16; p = 6: N, SmA, SmCX) is very different in comparison to the symmetrically substituted 
dimer 18 with E2 (n = 12; p = 12: SmCs´PAF – SmCsPAF).  

A multitude of new or changed phase sequences have been found by the inversion of ester 
linking groups of the reference compounds E0. A variety of mesophases occur (N, Nx, SmA, 
SmCaPAF, SmCaPFE, SmCsPAF, SmCsPFE, USmCaPAF, SmCx phases) whereby the clearing 
temperatures vary from 121 to 171 °C. These compounds show interesting properties, such as 
field-induced biaxiality of uniaxial nematic phases, special electroconvection patterns and high 
flexoelectricity of nematic phases, field-induced inversion of chirality in SmCPAF. Also the 
SmA phases exhibit unusual properties. This is proven by the experimental finding that the 
transition temperature SmCP – SmA can be increased on applying an electric field. For 
compound 17a with E2, this enhancement amounts to 4K using 40Vµm-1. This is clearly more 
than reported for a comparable ‘monomeric’ bent-core compound, for which an enhancement of 
2K using 35Vµm-1 was observed.257 Up to now, it is not possible to predict which phases in 
which sequences will result caused by these structure variations. Such conclusion needs much 
more experimental work in this field. Additional work would also be justified in expectation of 
new materials with exciting properties. It could be shown that the direction of the ester linking 
groups has a significant influence on the dipole moment, on the conformation (in particular on 
the bending angle) and on the conformational flexibility (the inversion of the second ester 
linking group E2 have a lower conformational degree of freedom, which is responsible for 
higher clearing temperatures). For example, isomers in which the direction of the ester groups 
in each wing of the bent-core unit is opposite have a lower conformational degree of freedom, 
which is responsible for higher clearing temperatures and a distinct mesophase behaviour.192 
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5.5.2 Variations of the direction of the ester linking groups E and the type of the group X 
linking the spacer to the bent-core mesogenic unit of dimers 20 - 24 
 
This section combines the study on the variation of the direction of the ester linking group E on 
the bent unit (see chapter 5.5.1) with the study of the variation of the connecting group X (see 
chapter 5.4). Therefore we compare the dimers 20 - 24 (n = 12; m = 5, 6, 11; p = 6, 12) which 
possess a reversed second ester linking group in the bent moiety, E2 and different directions of 
the connecting group X (-COO-/-OOC-) with the analogues compounds 7 – 11 (with the 
reference structure of the bent-core unit, E0, see chapter 5.5.1). The mesophase behaviour, 
transition temperatures together with the associated transition enthalpies, lattice parameters and 
PS values for the new dimers and the comparison dimers are given in Table 5.7 and Figure 5.77. 

 
Table 5.7: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], layer spacing 
d [nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the 
normal to a in Col phases, lattice parameters (a, b, γ) and PS values of the compounds 20 – 24 and their 
analogues compounds 7a - 11a.[a] 

 
 
 
 

Lattice parameters 

Comp n m p 
E[d

] 
X 

Transitions temperatures [°C] 
ΔH [kJ·mol-1] 

Phase 
type 

d 
[nm
] 

τ  
[°] 

a 
[nm] 

b 
[nm] 

γ 
[°] 

PS 
nC/cm2 

7a 12 6 6 E0 COO 
Cr 135 (ColxPFE 128) I 
    67.3               26.6 

ColxPFE  -[c] -[c] -[c] -[c] 240 

20 12 6 6 E2 COO 
Cr 138 (Colx 117) I 
     37.8         -[b]  

Colx  -[c] -[c] -[c] -[c] -[c] 

8a 12 6 12 E0 COO 
Cr 129 ColrPFE 137 I 
    32.3              27.6 

ColrPFE  7 11.62 6.29 90 330 

21 12 6 12 E2 COO 
Cr 130 ColxPFE 146 I 
     39.2             32.9   

ColxPFE  -[c] -[c] -[c] -[c] 250 

9a 12 11 6 E0 COO 
Cr 109 (ColxPFE 103 N 105) I 

     67.1               -[b]      -[b] 
N 
ColxPFE 

  
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
380 

22 12 11 6 E2 COO 
Cr 135 (N 123) I 

     83.5      -[b] 
N 
 

      

10a 12 5 6 E0 OOC 
Cr 137 Cr*PFE 169 I  
    14.0             68.2 

Cr*PFE - - - - - 340 

23 12 5 6 E2 OOC 
Cr 176 (N 173) I 
    79.5       3.4 

N       

11a 12 5 12 E0 OOC 
Cr 117 SmC’aPAF 128 SmCaPAF 139 N 148 I 
    42.8                 18.8                 0.4       2.3 

N 
SmCaPAF 

SmC’aPAF 

 
5.78 
5.71 

 
37 
37 

    
570 
870 

24 12 5 12 E2 OOC 
Cr 142 (SmC’’sPAF 118 SmC’sPAF 125) SmCsPAF 175 I 
    71.4                   1.8                   3.8                   12.0 

SmCsPAF 
SmC’sPAF 

SmC’’sPAF 

6.24 
6.10 
6.01 

25 
29 
32 

   230 
340 
580 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of the compounds 20 – 24 and their analogues 
compounds 7a - 11a, were taken from the second DSC heating scans (10 Kmin-1); values in parentheses 
indicate monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from 
the first DSC cooling scans and the transition temperatures were checked by polarising microscopy; [b] the 
transition is not detectable on DSC and the transition temperature value is determined by polarising 
microscopy; [c] could not be determined due to rapid crystallization of the sample; [d] ester linking group, the 
direction of which is opposite to the corresponding one in the reference structure (see Figure 5.64 in 
subchapter 5.5.1). 

H25C12O X(CH2)mO O

O
OCpH2p+1

E1

E2 E3

E4
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Figure 5.77: Mesophase behaviour and transition temperatures (°C) of compounds 20 – 24 and their 
analogues compounds 7a - 11a, taken from the first DSC cooling scans (10 Kmin-1). 
 
 
5.5.2.1 The mesophase behaviour of dimers 20 - 22 
 
The dimers 20 - 22 (n = 12; m = 6, 11; p = 6, 12, E2, X = -COO-) are studied in comparison 
with the corresponding dimers 7a - 9a with the reference structure E0 of the bent-core unit. 
The transition temperatures and the mesophase behaviour of dimers 20-22 and 7a-9a are 
presented in Figure 5.77 and Table 5.7. Only columnar phases were found for the dimers 20 
and 21 (n = 12; p = 6, 12; E2) with an odd-numbered spacer, but with an even number of 
methylene groups (m = 6). This is in accordance with the results previously presented in 
chapters 5.1-5.3 for dimers 1 - 6. For the Colx phase of compound 20 (E2) no electro-optical 
response can be observed up to a voltage of about 400 Vpp for a 5 µm thick cell, the maximum 
voltage attainable from our experimental set-up (one possibility is that there is a FE structure 
and the field is not strong enough to suppress the effect of modulation in this FE structure). The 
columnar phase of the analogue compound 7a (E0) was assigned as a ColxPFE phase. 

The compound 21 (E2) presents an enantiotropic columnar phase, but fast crystallization 
prevent X-ray diffraction measurements for a structural characterization (Colx phase). For the 
Colx phase of compound 21 a FE electro-optical response could be observed (PS = 250 nC cm-2, 
ColxPFE phase). The analogue compound 8a (E0) exhibits an enantiotropic ColrPFE phase. 

The compounds 22 (n = 12; p = 6; E2) with an odd methylene spacer (m = 11), but an even 
number of all units in the spacer display mesomorphism in accordance with their overall linear 
shape, i.e. they possess nematic phases. The dimer 22 (E2) shows only a monotropic nematic 
phase. The analogue isomer 9a (E0) exhibits two monotropic phases: a nematic and a columnar 
phase with a high tendency to crystallize (ColxPFE phase). 

On increasing the length of the terminal chain p attached to the calamitic mesogenic unit a 
stabilizing effect of the mesophase could be observed (dimers 20 and 21, 7a, 8a). On increasing 
the spacer m length for the E2-dimers 20 and 22 the mesophase stability is increasing, which is 
in contrast with the tendency of mesophase destabilization found for the analogues E0-dimers 
7a and 9a. The value of the spontaneous polarisation PS is increasing with decreasing the 
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temperature and increasing the length of the spacer m and of the terminal chain p attached to 
the calamitic moieties, in analogy with the previously studied dimers series 1-19. 

 
 

5.5.2.2 The mesophase behaviour of dimers 23 and 24: Smectic polymorphism of dimer 24 
 
The mesomorphic behaviour of dimers 23 and 24 (n = 12; m = 5; p = 6, 12, E2, X = -OOC- and 
Y = –O-) is studied in comparison with the corresponding dimers 10a and 11a with a reference 
structure E0 of the bent-core unit. The transition temperatures and the mesophase behaviour of 
dimers 23 and 24 are presented in Table 5.7. All the dimers under discussion present an overall 
even numbered spacer (m = 5, but the sum of all units in the flexible spacer is even). 

The dimer 23 (E2) forms a monotropic nematic phase. The analogue isomer 10a (E0) 
exhibits a crystalline phase with polar switching, a Cr*PFE phase. 

The dimer 24 (E2) forms one high-temperature enantiotropic smectic phase and two 
monotropic smectic phases, whereas the analogues isomer 11a (E0) exhibits three enantiotropic 
mesophases (nematic, SmCaPAF and SmC’aPAF phases). On cooling from the isotropic liquid 
state, at 174 °C the high-temperature smectic phase of dimer 24 (E2) appears as a low 
birefringent schlieren texture with multiple disclinations (Fig. 5.78a) and/or as a birefringent 
smooth fan-shaped texture that points to an anticlinic SmC phase. Over the whole temperature 
range chiral domains of opposite handedness could be observed. The transition to the low-
temperature smectic phase at 125 °C is accompanied by the appearance of additionally fine 
stripes and defects on the schlieren texture (Fig. 5.78b). If the smooth fan-shaped texture is 
cooled down a broken texture appeared with a lower birefringence. The textural features of the 
above mentioned smectic phases are very similar to the features of the high-temperature SmCs 
phase of compound 5a described in section 5.1.2.4. On further cooling at 118 °C at the 
transition to the following low-temperature smectic phase, the schlieren texture transforms into 
a focal-conic texture which possesses lots of circular domains with the extinction crosses 
aligned with respect to the crossed polarisers (a first indication of an anticlinic organization of 
the molecules between adjacent layers, see Fig. 5.78c). 

 

(a)  (b)  (c)  (d)  (e)  
 
Figure 5.78: (a-c) Textures of the mesophases of compound 24 observed between two untreated glass slides 
on cooling: (a) high-temperature smectic phase at 150 °C; (b) second smectic phase at 123 °C; (c) low-
temperature smectic phase at 116 °C (same region, but enlarged); (d-e) XRD patterns of a surface-aligned 
sample of compound 24; the insets show the small angle regions; (d) high-temperature smectic phase at 145 
°C; (e) low-temperature smectic phase at 116 °C. 

 
X-ray measurements performed on the mesophases of compound 24 confirmed the presence 

of three SmC phases with molecules tilted with respect to the layer normal. They all showed 
very similar patterns indicating a synclinic tilt of the molecules in adjacent layers by the 
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strongly different intensities of the outer diffuse scattering to the left and the right of the 
meridian, respectively (see X-ray diffraction patterns for the SmCs phase at 145 °C, Fig. 5.78d 
and for the SmC’’s phase at 116 °C, Fig. 5.78e). The layer spacing derived from the X-ray 
measurements on cooling are almost independent of the temperature (see Table 5.9), including 
the transition from the high-temperature SmCs (d = 6.24 nm, τ = 25°, Leff = d/cosτ = 6.89 nm) to 
the lower-temperature SmC’s phase (d’ = 6.10 nm, τ’ = 29°, Leff’ = 6.97 nm) to the lowest-
temperature SmC’’s phase (d’’ = 6.01 nm, τ’’ = 32°, Leff’’ = 7.08 nm) and indeed until the 
sample crystallizes. On the basis of these X-ray experimental evidences these three synclinic 
SmC phases were assigned as SmCs, SmCs’ and SmCs’’ phases (in contradiction with the 
textural investigations which point to anticlinic mesophases). Electro-optical measurements 
give evidence for an AF ground state in all SmCs phases. The switching polarisation increases 
with decreasing temperatures (see Table 5.9, PS = 230 nC cm-2 for SmCsPAF phase; PS’ = 340 
nC cm-2 for SmCs’PAF phase and PS’’ = 580 nC cm-2 for SmCs’’PAF phase). These three 
SmCsPAF phases of compound 24 are very similar to the high-temperature SmCsPAF phase of 
compound 5a described in section 5.1.2.4. It was found for the selected dimers 23 and 24 and 
their analogues dimers 10a and 11a that the increase of the terminal chain length of the 
calamitic mesogenic unit for the E2-dimers results in a mesophase stabilization, which is in 
contrast with the tendency of mesophase destabilization found for the analogue E0-dimers. The 
value of the spontaneous polarisation PS is increasing on decreasing the temperature. The 
inversion of the second ester linking group E2 results in an increasing of the clearing 
temperatures (4- 27 K). 

It was found for the dimers 23 and 24 that in spite of the minor differences in the chemical 
structure a variety of mesophases occur (N, SmCaPAF, SmC’aPAF, SmCsPAF, SmC’sPAF, 
SmC’’sPAF phases) whereby the clearing temperatures vary from 105 °C to 175 °C. The two 
different types of dimers which possess different directions of the connecting group X (-COO-
/-OOC-) cannot be directly compared, because of the different spacer length. But generally a 
tendency could be observed that the dimers with a X = -COO- group form columnar and/or 
nematic phases, while for the dimers with a X = -OOC- group nematic, a FE crystalline phase 
and several smectic phases were found. Similar studies on the influence of the direction of 
different connecting groups for some series of bent-core compounds were reported already in 
the literature.64,192 

 
 
5.5.3 Effect of a cyano- group terminally attached to the bent-core mesogenic unit on the 
mesophase behaviour: Occurrence of a N - NX phase transition for dimer 25c197 
 
In order to study the influence of the polarity of the terminal group attached to the bent unit, we 
synthesized dimer series 25 with five-ring bent-core moiety (n = 12; m = 3, 6, 11; p = 6; E2) 
which possess as a terminal group R a small compact highly polar cyano- unit. All dimers 25 
exhibit two or three mesophases. We have found that a variety of mesophases occurs (N and 
SmCx phases, an optically isotropic phase M5, a transition N - Nx and a probable smectic M6 
phase), whereby the clearing temperatures vary from 129 to 184 °C. All compound 25 form 
nematic phases which exhibit similar properties as already described in the previous chapters 
(marbled or schlieren texture or/with homeotropic regions, with chiral domains of opposite 
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handedness observed by slightly rotating the polarisers from the crossed position). The 
mesophase behaviour, transition temperatures together with the associated transition enthalpies 
of these compounds are given in Table 5.8 and Figure 5.79. The synthesis and mesophase 
behaviour of dimers 25 were already published.197 
 
Table 5.8: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol] of the 
compounds 25a - c.[a] 

                                         

Comp m 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 

25a 3 
Cr 166 (SmCx 127 N 132) I 
     71.0                       0.7  

25b 6 
Cr 162 (M5 131) N 184 I 
      64.1     16.4       3.9                    

25c 11 
Cr 136 (M6 109 Nx 115) N 145 I 

     71.6        3.2       0.8        2.3 
[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of compounds 25a - c were taken from the 
second DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case 
the transition temperatures and enthalpy values were taken from the first DSC cooling scans and the transition 
temperatures were checked by polarising microscopy. 
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Figure 5.79: Transition temperatures (°C) of compounds 25a - c, taken from the first DSC cooling scans (10 
Kmin-1). 

 
The CN-substituted dimer 25a with an odd-methylene spacer length (m = 3) exhibits two 
monotropic phases: a nematic and a smectic SmCx phase. a SmCx phase. The compound 25b 
with an even methylene spacer length (m = 6) exhibits an enantiotropic nematic phase and an 
unknown monotropic phase. The low-temperature phase is characterized by the dominance of 
an optically isotropic texture in which regions of different chirality sense can be distinguished 
by rotating one polariser out of the crossed position. The light transmission changes when the 
sample is rotated, indicating that the M5 phase of compound 25b is not a dark conglomerate 
phase. This mesophase has a significantly higher viscosity in comparison to the high-
temperature conventional smectic phases and does not show a polar electro-optical response. 
Owing to the metastable nature of this phase it was not possible to characterize it by X-ray 
diffraction study. Hence, it has been presently designated as an unknown phase, M5 phase. 

For the CN-substituted dimer 25c (m = 11) three mesophases could be clearly 
distinguished by their textures and by differential scanning calorimetry. According to the 
characteristic textures, the high-temperature phases can be assigned to a nematic and a nematic 
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Nx phase, similar to the one described already in the section 5.5.1.1 for compound 13b. The 
high-temperature nematic phase showed typical marbled, homeotropic and/or planar textures 
(Fig. 5.80a). The long-range director fluctuations characteristic of a nematic phase disappear 
upon cooling of the sample at 115 °C and a transition to another mesophase (Nx phase) occurs 
showing a very tiny fan-like texture, as illustrated in Figure 5.80b (the corresponding transition 
enthalpy is rather low, 0.8 kJ mol-1). The absence of well-defined focal conics ruled out the 
possibility that this phase is a smectic A or C phase. On further cooling of the sample a 
transition to another mesophase (M6) takes place at 109 °C, with a texture consisting of very 
small focal-conic fans with higher birefringence. In some regions of the slide, well-defined 
focal conics were seen and, therefore, the possibility that the M6 phase is a SmA phase cannot 
be ruled out (Fig. 5.80c). However, when the M6 phase was subjected to homeotropic boundary 
conditions (in a 5µm non-coated ITO cell, previously threaded with HTAB), it failed to produce 
the pseudo-isotropic texture, a characteristic feature of the SmA phase. Hence, it has been 
presently designated as an unknown phase, M6 phase. The corresponding transition enthalpy is 
3.2 kJ mol-1. X-ray diffraction measurements have been performed on aligned samples of 
compound 25c by applying a magnetic field of about 1T. The results confirm that the high-
temperature phases are two nematic phases and the X-ray diffraction patterns are very similar. 
In the X-ray pattern of the Nx phase no evidence of a layer structure could be found, although 
the fan-like texture indicates the existence of a smectic-like phase. Due to the metastable nature 
of the M6 phase it was not possible to characterize it by X-ray diffraction, electro-optical and/or 
mechanical shearing studies.  
 

(a)  (b) (c) (d) (e)  
 
Figure 5.80: (a-e) Textures of the mesophases of compound 25c observed between crossed polarisers in the 
same region of the sample, on cooling at U = 0 V in a 5µm non-coated ITO cell, which previously was 
threaded with HTAB: (a) schlieren texture of the nematic phase at 141 °C; (b) growing of the fan-like texture 
of the Nx phase from the schlieren texture of the high-temperature nematic phase at 115.5 °C; (c) fan-like 
texture of the Nx phase at 114 °C; (d) growing of the fan-shaped texture of the M6 phase from the fan-like 
texture of the Nx phase at 109.5 °C; (e) fan-shaped texture of the M6 phase at 108 °C. 
 

It was found for the dimers 25 that the introduction of a polar cyano- unit as a terminal 
group at the bent segment increases the mesophase stability. All these CN-substituted dimers 
exhibit nematic phase over broader temperature regions than the corresponding dimers 14 – 16 
with terminal alkyloxy substituents. The results of this work on dimers 25 were already 
published in a slightly modified form.197 
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5.5.4 Effect of the lateral substituents chlorine- and methyl- at the bent-core mesogenic 
unit on the mesophase behaviour of dimer series 26 and 27197 
 
In order to study the role of the lateral substitution at the outer ring of the bent unit, we 
synthesized the dimer series 26 and 27 (n = 12; m = 3, 6, 11; p = 6; E0). Two types of lateral 
substitution were considered: the lateral substitution by chlorine in 3-position at the outer ring 
of the bent-core (position A, see Table 5.9, dimer series 26) and the lateral substitution in 2-
position at the central ring of the bent-core by a methyl- group (position B, see Table 5.10, 
dimer series 27). An appropriate comparison with the non-substituted corresponding 
homologues of series 1 followed. Parallel the role of the variation of the spacer length will be 
investigated. The mesophase behaviour, transition temperatures together with the associated 
transition enthalpies, lattice parameters and PS values for the dimers 26 and 27 and the 
comparison compounds 1 are given in Table 5.9 and Table 5.10. The synthesis and mesophase 
behaviour of dimers 26 and 27 were already published.197 

 
Table 5.9: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], tilt angle τ of 
the molecules [°] with respect to the normal to a in Col phases, lattice parameters (a, b, γ) and PS values of the 
compounds 26a - c and their analogues compounds 1b, 1d, 1i.[a] 
 

 
 
 

Lattice parameters 
Comp. m A [b] Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type τ  

[°] 
a 
[nm] 

b 
[nm] 

γ 
[°] 

PS 
nC/cm2 

1b 
3 H 

Cr 150 (ColrPAF 127) I 
     65.7              24.0              

ColrPAF 11 7.57 5.51 90.0 350 

26a 
3 Cl 

Cr 149 (ColrPAF 139) I 
     72.3              27.5  

ColrPAF -[c] 12.01 5.62 90.0 300 

1d 
6 H 

Cr 148.5 (Colx 125.5 N 145.5) I 
      61.2           13.1        1.3            

N 
Colx 

[c] 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

26b 
6 Cl 

Cr 145 (N 133) I 
    63.2      1.7 

N 
 

     

1i 
11 H 

Cr 121 ColobPFE 132.5 I 
     58.8               25.3 

ColobPFE 44 3.20 5.00 110.0 380 

26c 
11 Cl 

Cr 118 ColrPFE 123 I 
    40.7              24.9 

ColrPFE 20 13.82 6.42 90.0 250 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of the compounds 26a - c and their analogues 
compounds 1b, 1d, 1i were taken from the second DSC heating scans (10 Kmin-1); values in parentheses indicate 
monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC 
cooling scans and the transition temperatures were checked by polarising microscopy; [b] position A on the terminal 
ring of the bent-core unit; A = Cl, H; [c] could not be determined due to rapid crystallization of the sample. 

 
All compounds 26 with the chlorine atom in 3-position at the outer ring of the bent-core exhibit 
liquid crystalline behaviour. The systematic study revealed that this lateral substitution with the 
chlorine atom does not change significantly the mesophase behaviour of the dimers. Different 
tendencies could be observed in the clearing temperatures of the substituted dimers 26. That 
means for dimer 26a (m = 3) a mesophase stabilization effect was observed (an increase of the 
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clearing temperature of 12 K), while for dimer 26b and 26c (m = 6, 11) a decrease of the 
clearing temperature of 12.5 K and 9.5 K, respectively was found. The dimer 26a (m = 3) 
exhibits a monotropic ColrPAF phase, similar to the corresponding halogen-free dimer 1b. The 
dimer 26b (m = 6) possesses a monotropic nematic phase in accordance with its overall linear 
shape. Its analogue compound 1d forms a N and a Colx phase. 

The dimer with the longest spacer, dimer 26c (m = 11) exhibits an enantitropic ColrPFE 
phase, while the analogue dimer 1i forms a ColobPFE phase. Another interesting finding on the 
introduction of a chlorine atom at the terminal ring of the bent unit is the enlargement of the 
lattice parameters for the two columnar phases of the odd-methylene spacers. It was found that 
for the member with the shortest spacer 26a (m = 3), the lateral substitution by a chlorine atom 
in the 3-position at the outer ring of the bent-core unit results in a stabilization of nematic 
phase, whereas for the compounds with longer spacer it leads to a destabilization of the N or 
Col phase, respectively. 

 
 The effect of the lateral substitution with a methyl- group in 2-position at the central 
phenylene ring on the mesophase behaviour will be studied by means of compounds 27a-c (n = 
12, m = 3, 6, 11, p = 6; E0, see Table 5.10). The 2-methylresorcinol derivatives of five-ring 
bent-core mesogens are of special interest for us since DIELE et al.92 gave the first report about 
B5 phases for substituted five-ring bent mesogens.  
 
Table 5.10: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], tilt angle τ of 
the molecules [°] with respect to the normal to a in Col phases, lattice parameters (a, b, γ) and PS values of the 
compounds 27a - c and their analogues compounds 1b, 1d, 1i.[a] 

 
 
 
 

Lattice parameters 
Comp. m B [b] 

Transitions temperatures [°C] 
ΔH [kJ·mol-1] 

Phase 
type τ  

[°] 
a 
[nm] 

b  
[nm] 

γ 
[°] 

PS 
nC/cm2 

1b 
3 H 

Cr 150 (ColrPAF 127) I 
     65.7              24.0              

ColrPAF 11 7.57 5.51 90.0 350 

27a 
3 CH3 

Cr 159 I 
     71.9 

- - - - - - 

1d 
6 H 

Cr 148.5 (Colx 125.5 N 145.5) I 
      61.2          13.1        1.3            

N 
Colx 

[c] 

 

           
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

27b 
6 CH3 

Cr 164 I 
     85.3 

- - - - - - 

1i 
11 H 

Cr 121 ColobPFE 132.5 I 
     58.8               25.3 

ColobPFE 44 3.20 5.00 110.0 380 

27c 
11 CH3 

Cr 125 ColobPFE 132 I 
     44.5              29.4 

ColobPFE 42 3.20 4.93 110 420 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of compounds 27a - c and their analogues 
compounds 1b, 1d, 1i were taken from the second DSC heating scans (10 Kmin-1); values in parentheses 
indicate monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from 
the first DSC cooling scans and the transition temperatures were checked by polarising microscopy; [b] 
position B at the central ring of the bent-core unit; B = CH3, H); [c] could not be determined due to rapid 
crystallization of the sample. 
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This study revealed that for this type of lateral substitution at central ring of the bent unit 

liquid crystalline properties were found only for compound 27c. The dimer with the longest 
spacer, dimer 27c (m = 11) exhibits an enantiotropic ColobPFE phase, similar to the analogue 
non-substituted dimer 1i. These findings are different than those reported for monomeric bent-
shaped molecules in which the introduction of small substituents like methyl- groups into the 
obtuse angle of the molecules results in higher mesophase stabilities (e.g. ref.258). 
 
 
5.5.5 Effect of the number of aromatic rings in the bent-core unit of dimer series 28197 
 
In this section the influence of the number of aromatic rings (q) in the bent-core mesogenic unit 
will be discussed. Therefore, we synthesized the dimer series 28 with a six-ring bent-core 
moiety (n = 12; m = 6, 11; p = 6; q = 1; E0). Their mesomorphic behaviour is compared with 
that of the corresponding dimers 1d and 1i, see Table 5.11) which possess a five-ring bent-core 
moiety. The synthesis and mesophase behaviour of dimers 28 were already published.197 

Monomeric bent-core compounds with six or seven aromatic rings have also been reported 
in the literature.41,59,259 The general tendency is that with an increasing number of rings the 
transition temperatures increase. 

All dimers 28 exhibit liquid crystalline behaviour. Simultaneously, a clear enhancement of 
the mesophase stability could be observed for these two dimers. The clearing temperatures 
increase by 51 K for dimer 28a (m = 6) and by 10 K for dimer 28b (m = 11) with respect to the 
corresponding value of the analogues dimers 1. 
 
Table 5.11: Transition temperatures [°C], mesophase types, transition enthalpy values [kJ/mol], tilt angle τ of 
the molecules [°] with respect to the normal to a in Col phases, lattice parameters (a, b, γ) and PS values of the 
compounds 28a - c and their analogues compounds 1d, 1i.[a] 
 
 
 

 

Lattice parameters 
Comp. m q[d] 

Transitions temperatures [°C] 
ΔH [kJ·mol-1] 

Phase 
type τ  

[°] 
a 
[nm] 

b 
[nm] 

γ 
[°] 

PS 
nC/cm2 

1d 
6 0 

Cr 148.5 (Colx 125.5 N 145.5) I 
      61.2            13.1       1.3 

N 
Colx 

[c] 
 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

28a 
6 1 

Cr 159 ColrPAF 186 N 197 I 
     66.9             14.7    1.6 

N 
ColrPAF 

 
0 

 
4.33 

 
6.75 

 
90 

 
400 

1i 
11 0 

Cr 121 ColobPFE 132.5 I 
    58.8                25.3 

ColobPFE 44 3.20 5.00 110.0 380 

28b 
11 1 

Cr 127 ColxPAF 132 N 143 I 
     53.8              8.2     1.2 

N 
ColxPAF 

 
-[c] 

 
-[c] 

 
-[c] 

 
-[c] 

 
570 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of the compounds 28a - c and their analogues 
compounds 1d, 1i were taken from the second DSC heating scans (10 Kmin-1); values in parentheses indicate 
monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC 
cooling scans and the transition temperatures were checked by polarising microscopy; [b] the transition is not 
detectable on DSC and the transition temperature value is determined by polarising microscopy; [c] could not be 
determined due to rapid crystallization of the sample; [d] q is the number of the additional benzoyloxy-fragments in 
the bent–core unit. 
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The dimer 28a (m = 6) exhibits two enantiotropic mesophases: a nematic and a columnar 
phase, in accordance with the analogue dimer 1d and with its overall linear shape (even-
methylene spacer). X-ray diffraction measurements on a surface-aligned sample give evidence 
for a Colr phase. On applying a triangular-wave electric field above a threshold voltage of 20 V 
μm-1, the Colr phase is switchable, i.e., two polarisation current peaks per half period were 
recorded, which indicates an AF ground state (PS = 380 nC cm-2). A field-induced phase 
transition to a SmCPAF phase accompanied by a drastic change to a non-specific smectic-
reminiscent texture occurs on applying a threshold voltage above 35 V μm-1 (PS = 600 nC cm-

2). Upon removal of the field, the virgin texture of the Colr phase is not recovered, and the 
texture relaxed to a non-specific smectic-reminiscent one. A similar field-induced phase 
transition was reported for the dimer 6b in the section 5.1.2.5. 

The dimer 28b (m = 11) exhibits two enantiotropic mesophases: a nematic and a columnar 
ColxPAF phase (PS = 570 nC cm-2), while the analogue five-ring dimer 1i possesses a ColobPFE 
phase. The occurrence of a nematic phase for this spacer parity (m = 11) is in discordance with 
its overall zig-zag shape (odd-methylene spacer) and with the previously reported results for 
dimers type I. The increase of the number of rings in the bent unit leads to an increased 
mesophase stability and transition temperatures of the compounds 28. A nematic phase is 
induced on increasing the number of rings in compound 28b with an odd-methylene spacer. An 
increased PS value was measured for the dimers 28. 
 
 
5.6 Variation of the molecular structure of the calamitic unit of dimer series 29 and 30 
 
In this chapter, the mesophase properties of new dimers with calamitic mesogenic units 
incorporating biphenylene fragments (dimer series 29) and bis-azobenzene segments (dimer 
series 30) will be discussed. These new dimers are the only compounds presented in this work 
which contain three-ring calamitic mesogenic units. 

The rigid biphenyl unit is of special interest since in literature there are reports that its 
introduction in the calamitic moieties leads to a stabilisation of the mesophases.260 Numerous 
rod-like molecules containing biphenyl fragments are known to form stable smectic phases due 
to the parallel alignment of the rod-like moieties.260 However, the rod-like molecules consisting 
of cyanobiphenyl units exhibit nematic phases. 

Furthermore, it is well known that the introduction of photosensitive azobenzene groups 
into the polymeric matrix provides a broad range of approaches for the design of materials with 
applications in optical data recording and storage ( see for example references 261,262). Also, the 
first bent-core molecules, synthesised by VORLÄNDER et al., represent azobenzene and 
azoxybenzene derivatives forming intercalated smectic phases (B6 phases).47 Azobenzene-
containing main-chain and side-chain types of polymers263,264 are of particular interest for 
holographic recording because of their large capacity for the storage of information and other 
advantages. 
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5.6.1 Introduction of a biphenylene unit in the calamitic moiety of dimer series 29195 
 
The dimers 29 (n = 12; m = 6, 11; p = 6, 8; E0; X = -O-/-COO-) posses a five-ring bent-core 
moiety and a weakly polar calamitic unit of different size incorporating a biphenylene unit 
(Table 5.12). The dimer 29a contains a hexyloxybiphenyl unit, while the dimer 29b contains an 
octyloxybenzoyloxybiphenyl moiety, i.e. a three-ring calamitic mesogenic unit. These new 
dimers will be compared with the analogues dimers 7a and 1i containing the calamitic 
hexyloxybenzoyloxyphenyl unit. All compounds exhibit liquid crystalline behaviour. The 
synthesis and mesophase behaviour of dimers 29 were already published.195 

Dimer 29a (n = 12; m = 6; p = 6; E0; X = -COO-) which contains a calamitic 
hexyloxybiphenyl- unit forms a columnar mesophase, only. The columnar structure is indicated 
by the mosaic texture and proved by X-ray diffraction measurements. X-ray measurements 
performed on this mesophase at 140 °C show the typical scattering pattern of a centred, 
rectangular lattice (a = 17.6 nm, b = 5.84 nm, see Table 5.12). The diffuse scattering in the 
wide angle region points to a tilted arrangement of the mesogenic units in the cell. These are 
inclined with respect to the normal to a-axis of the real lattice by a tilt angle of about 28°. In 
contradiction to the analogue dimer 7a which exhibits a ferroelectric columnar phase, no polar 
switching could be observed for the Colr phase of dimer 29a. Dimer 29b (n = 12; m = 11; p = 8; 
E0; X = -O-) forms two enantiotropic mesophases, i.e. a N and a Colob phase (a = 4.23 nm, b = 
5.67 nm, γ = 91°). In contradiction to the analogue dimer 1i which exhibits a ferroelectric 
columnar oblique phase, no polar switching could be observed for the Colr phase of dimer 29b. 
 
Table 5.12: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], tilt angle τ of 
the molecules [°] with respect to the normal to a in Colob phases, lattice parameters (a, b, γ) and PS values of 
the dimers 29 and their analogues compounds 7a and 1i.[a] 

 

 

 

 

 
Lattice parameters 

Comp m p X[c] c[d] d[e] 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type τ 

[°] 
a 

[nm] 
b 

[nm] 
γ 

[°] 

PS 
nC/cm2

7a 6 6 COO 0 1 
Cr 135 (ColxPFE 128) I 
    67.3               26.6 

ColxPFE -[b] -[b] -[b] -[b] 240 

29a 6 6 COO 1 0 
Cr 150 (Colr 144) I 
    62.7          29.5 

Colr 28 17.6 5.84 90 - 

1i 11 6 O 0 1 
Cr 121 ColobPFE 132.5 I 
     58.8               25.3 

ColobPFE 44 3.20 5.00 110 380 

29b 11 8 O 1 1 
Cr 144 Colob 159 N 160 I 
     47.3         27.9    1.0 

Colob 40 4.23 5.67 91 - 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimers 29 and their analogues compounds 7a 
and 1i were taken from the second DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic 
mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC 
cooling scans and the transition temperatures were checked by polarising microscopy; [b] could not be 
determined due to rapid crystallization of the sample; [c] group X is connecting the spacer with the bent-core 
unit; [d] c is the number of the additional phenyl rings in the corresponding unit; [e] d is the number of the 
benzoyloxy- units in the calamitic unit. 
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The introduction of a rigid biphenylene segment in the calamitic moiety and the 

replacement of the benzoyloxy- unit results in a mesophase stabilization (the clearing 
temperature increases by about 16 K). The enlargement of the calamitic unit by the replacement 
of the phenyl unit by a biphenyl segment results in the case of dimers 29b in a mesophase 
stabilization (the clearing temperatures is higher with 27.5 K in comparison with those of the 
analogue dimer 1i) and in occurrence of an additional N phase. For both dimers 29 containing a 
biphenyl unit in the calamitic moieties a loss of the ferroelectric properties could be observed. 
 
 
5.6.2 Introduction of a bis-azobenzene unit in the calamitic moiety of dimer series 30198 
 
The non-symmetrical dimers 30 (n = 12; m = 2, 4, 6; E0; X = -COO-; Y = -O-) posses a five-
ring bent-core moiety which is connected through a flexible spacer to a three-ring calamitic 
mesogenic unit containing a bis-azobenzene unit. All dimers 30 possess an odd-numbered 
spacer (with an even methylene spacer (m = 2, 4, 6), but an odd number of all units in the 
spacer) and exhibit smectic phases (see Table 5.13). The dimer 30a with the shortest spacer (m 
= 2) exhibits one monotropic smectic SmCaPAF phase, while dimers 30b and 30c (m = 4, 6) 
form an additional enantiotropic high-temperature smectic phase. The mesomorphic properties 
of these two dimers are very similar. The stability of the mesophases decreases with the 
elongation of the spacer unit. The synthesis and mesophase behaviour of dimers 30 were 
already published.198 
 
Table 5.13: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing 
d [nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and PS values of the 
dimer series 30.[a] 

 

 

 

 

 
Lattice parameters 

Comp. m 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type d [nm] τ [°] 

PS 
nC/cm2 

30a 2 
Cr 192 (SmCaPAF 184) I 
     86.1                 -[b] 

SmCaPAF -[c] -[c] 270 

30b 4 
Cr 176 (SmCsPFE 161) SmCaPAF 184 I 
     45.1                 -[b]                    27.1 

SmCaPAF 

SmCsPFE 
6.01 
6.10 

22.5 
20 

350 
470 

30c 6 
Cr 160 (SmCsPFE 151) SmCaPAF 175 I 
     66.4                 0.1                    29.0 

SmCaPAF 

SmCsPFE 
6.30 
6.30 

20 
20 

590 
770 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimer series 30 were taken from the second 
DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the 
transition temperatures and enthalpy values were taken from the first DSC cooling scans and the transition 
temperatures were checked by polarising microscopy; [b] the transition is not detectable on DSC and the 
transition temperature value is determined by polarising microscopy; [c] could not be determined due to rapid 
crystallization of the sample. 
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For dimers 30b and 30c on cooling from the isotropic liquid state fascinating textures with 
spiral nuclei arise which coalesce to a variety of optical textures including ribbon-like and 
spherulitic texture, focal conics and circular domains (Figure 5.81a-c) similar to the textures of 
B7 phase,24,32,36,61,70,101,102 or B7’ phase.60,72,102,106 

 

    (a)      (b)      (c)  
 
Figure 5.81: Textures between crossed polarisers of the high-temperature phase of compound 30c at 171 °C 
at U = 0 V in (a,c) a 5 µm non-coated ITO cell and (b) a 6 µm polyimide-coated ITO cell. 
 

The observation of a schlieren texture with multiple disclinations (Fig. 5.82a) or of a 
smooth fan-shaped texture is a strong indication that the high temperature phase could be an 
anticlinic SmC phase. Another argument for the anticlinic organization of the molecules 
between adjacent layers is the presence of well defined circular domains with the extinction 
directions parallel to the position of the crossed polarisers (Fig. 5.81a,b and 5.84). The 
transition into the low temperature phase is accompanied by a clear change of the optical 
textures. The smooth fan-shaped is transformed on cooling into a broken fan-shaped texture 
with irregular stripes across the fans and with circular domains where the extinction crosses are 
inclined with respect to the directions of the crossed polarisers. Meanwhile, the schlieren 
texture with multiple disclinations becomes strongly fluctuating near the transition to the low-
temperature smectic phase (Fig. 5.82b) and the disclinations partially disappear (Fig. 5.82c). 
These are indications of a transition to a synclinic organization of the molecules between 
adjacent layers.  

This exciting behaviour of a SmCa–SmCs phase transition for the compounds 30b and 30c 
(m = 4, 6) is characterised by a small transition enthalpy (about 0.1 kJ·mol-1). The phase 
transition can be easily observed by POM due to typical turbulences between the two smectic 
states (Fig. 5.82), also reported for a comparable transition between two SmC phases of 
hockey-stick shaped mesogens.265 However, for the hockey-stick shaped mesogens an opposite 
transition, i.e. a SmCs–SmCa phase transition was found on cooling. 

 

    (a)        (b)        (c)  
 
Figure 5.82: Schlieren textures of compound 30c at U = 0 V in a 5 µm non-coated ITO cell, observed 
between crossed polarisers in the same region of the sample: (a) multiple disclinations texture of the high-
temperature smectic phase at 168 °C; (b) turbulences between the two smectic states at 151 °C; (c) disturbed 
schlieren texture of the low-temperature smectic phase at 145 °C. 
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As a representative example, the X-ray investigations on the mesophases of dimer 30c on 
cooling will be presented in more detail. X-ray measurements at 165 °C and at 145 °C 
confirmed the presence of two SmC phases. They showed very similar patterns for both phases 
(Fig. 5.83a-d). The layer spacing derived from the X-ray measurements on cooling is 
independent of the temperature, including the transition from the high-temperature SmC (6.30 
nm) to the lower-temperature SmC phase (6.30 nm) and indeed until the sample crystallizes. An 
average tilt angle of the molecular long axis with respect to the layer normal can be calculated 
from the position of the maxima for the outer diffuse scattering in both SmC phases (τ = 20°). 
An effective molecular length Leff may be calculated from these experimental results for both 
SmC phases to Leff = d/cosτ = 6.70 nm.  

 

(a)   (b)   (c)   (d)  
 
Figure 5.83: XRD patterns of an aligned sample of compound 30c: (a-b) high-temperature SmC phase at 165 
°C: (a) original pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; (c-d) 
low-temperature SmC phase at 145 °C: (c) original pattern; (d) the same XRD pattern, but the intensity of the 
isotropic liquid is subtracted; (a,c) the insets show the small angle scattering. 
 

The X-ray investigations on dimer 30b evidence a similar organization of the molecules 
between adjacent layers. Interestingly, the layer spacing increases on cooling, from the high-
temperature SmC (6.01 nm) to the lower-temperature SmC phase (6.10 nm), accompanied by a 
tilt angle τ decreasing from 23° in the high-temperature SmC phase to 20° in the low-
temperature SmC phase as derived from the outer diffuse scattering. Because of the fibre-like 
disorientation of the samples, no clear evidence for a transition from an anticlinic to a synclinic 
organization of the molecules between adjacent layers could be found by the X-ray 
investigations. 

Electro-optical investigations on the high-temperature SmC phases of dimers 30b and 30c 
evidenced the occurrence of two separate repolarisation peaks in each half period of the applied 
triangular voltage field, which is characteristic for an antiferroelectric switching (Fig. 5.84d). 
The calculated values of the spontaneous polarisation vary between 350 (30b) and 590 nC cm-2 
(30c). The application of an electric field (10 Vµm-1) on the high-temperature SmC phase leads 
to formation of a smoother fan-like texture. In the circular domains the extinction crosses are 
aligned along the directions of the crossed polarisers and do not change on applying, on 
reversal (Fig. 5.84a,c) or on terminating the applied field (Fig. 5.84b). These findings suggest 
that the AF ground state as well as the switched FE states have an anticlinic tilt. This switching 
corresponds to the transition from a SmCaPAF state to a SmCaPFE state. The chirality of the 
layers switches by a collective rotation of the molecules around their long axes on reversing the 
applied field. 
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Figure 5.84: Electro-optical investigations on the SmCaPAF phase of dimer 30c at 165 °C, observed between 
crossed polarisers in the same region of the sample in a 5 µm non-coated ITO cell: (a,c) U = ± 180 V; (b) U = 
0 V; (d) AF switching current response obtained by applying a triangular-wave voltage (U = 373 Vpp, f = 4 
Hz, R = 5 kΩ, PS = 590 nC cm-2). 
 

The monotropic low-temperature SmC phase presents one well defined repolarisation peak 
per half period of the applied triangular voltage field (SmCsPFE, see Fig. 5.85d). The calculated 
PS values amounts to 470 (30b) and to 770 nC cm-2 (30c). The extinction directions of the 
circular domains make an angle of ~ 20° with the directions of the crossed polarisers indicating 
that this SmC phase has a tilted organization (Fig. 5.85a-c). If the first FE ground state is 
switched to the second FE state or vice versa, the extinction directions do not change and only 
the birefringence slightly varies (Fig. 5.85c). Furthermore, this effect is independent of the 
polarity of the applied field. Hence, the FE ground state as well as the switched FE states has a 
synclinic tilt and the switching corresponds to the transition from a SmCsPFE state to a SmCsPFE 
state. As previously found for the SmCaPAF phase of dimers 1-6, the chirality of the layers 
switches by a collective rotation of molecules around their long axes on reversing the applied 
field. On the basis of these experimental findings the high-temperature SmCa phases of 
compounds 30b and 30c are AF with an anticlinic organization, i.e. SmCaPAF phases, while the 
low-temperature phases are FE with a synclinic organization, i.e. SmCsPFE phases. 
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Figure 5.85: Electro-optical investigations on the SmCsPFE phase of dimer 30c at 145 °C, observed between 
crossed polarisers in the same region of the sample in a 5 µm non-coated ITO cell: (a,c) U = ± 120 V; (b) U = 
0 V (e) FE switching current response obtained by applying a triangular-wave voltage (U = 372 Vpp, f = 4 Hz, 
R = 5 kΩ, PS = 770 nC cm-2). 

 
Photochemical properties of dimer 30c were studied in collaboration with Professor Dr. V. 

SHIBAEV and Dr. A. BOBROVSKY (MOSKOW University, Russia) in the COST european 
project.198 The introduction of photosensitive azobenzene groups into the dimers of type I 
matrix is of special interest due to the potential different applications, e.g., in optical data 
recording and storage of information. It was found that irradiation by polarised light induces 
photoorientation in thin amorphous films obtained by spin-coating. Kinetics and mechanism of 
the photoorientation process were studied and it was shown that photoinduced order is quite 
stable at temperatures below the melting point.198 The value of the photoinduced dichroism D 
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for dimer 30c amounts to ~0.3. Such dichroism value is more than two times lower than the 
maximal value obtained for azobenzene-containing side-chain polymers (~0.7),266 but, 
nevertheless, much higher than reported before for glassy amorphous low-molar-mass 
compounds.267 This relatively low dichroism value can be explained by the presence of bent-
shaped fragments decreasing the uniaxial orientation and anisotropy.  
To summarize the chapter 5.6.2, the dimers 30 exhibit smectic mesophases for all values of the 
spacer length m. The increase of the spacer length m results in a mesophase destabilization. The 
general tendency of increasing PS values on increasing the spacer length and on decreasing the 
temperature is confirmed. Another observed tendency is the increase of the layer spacing with 
increasing the spacer length m.   
 
 
5.7 Electro-optical characterization of the nematic phase of dimer 15b251,252,253,254,255 
 
This section is focused on the electro-optical investigations on the enantiotropic nematic phase 
of compound 15b (n = 12; m = 6; p = 6; E2; chapter 5.5.1.2). These studies gave evidence of 
quantitatively and qualitatively significant differences in their electro-optical characteristics 
from that of conventional nematic phases of calamitic mesogens. The results presented in this 
chapter were already published.251,252,253,254,255 

Nematic phases are characterized by additional degrees of freedom of the director n, due to 
the absence of long range positional order. The nematic phases of banana-shaped mesogens 
behave quantitatively and qualitatively very different from ordinary nematic phases of rod-like 
mesogens in their electro-optical characteristics due to the prominent influences of the bent-
core molecular geometry on physical properties. Some examples are the discovery of a giant 
bend flexoelectric coefficient e33 in a bent-core nematic268 and unconventional types of 
electrically driven convection structures.254,269 Consequently, their sterical shapes qualify the 
nematic phases of bent-core molecules as potential candidates for biaxial order. Although there 
has been significant theoretical work270 and several initial experimental reports,271,272 the biaxial 
nematic phases of LCs derived from calamitic mesogens have been long sought with little 
success.273 Since the existence of the biaxial nematic phase has been established in complex 
three-component lyotropic mixtures,161 there have been numerous efforts to find biaxiality in 
thermotropic nematic phases, using a variety of experimental techniques. Finally, biaxial 
nematics of bent-core mesogens have been identified by NMR and X-ray methods.274,275,276 
Since its theoretically prediction by FREISER in 1970,160 the biaxial nematic (Nb) phase of LCs 
which possesses two orthogonal optical axes has attracted much attention. In addition to their 
intrinsic scientific interest, biaxial nematic phases are of potential importance to the display 
technology. It is to be expected that rotation of the transverse ‘biaxial’ optical axes might be 
relatively rapid and possibly faster than for the primary director n (which corresponds to the 
axis along which the molecular long axes tend to be parallel). This could produce a display 
based on in-plane switching with a fast response. The speed advantage of biaxial nematics has 
been proven, both experimentally277 and from computer simulations,278 but a number of 
anticipated unusual properties of the biaxial nematic phase resulting from its lower symmetry 
are to be successfully addressed.  
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5.7.1 Studies on the elastic properties251 
 
The investigations of the elastic properties of the nematic phase formed by compound 15b were 
realized by the analysis of one-dimensional director deformations in thin sandwich cells with 
defined anchoring conditions, the so-called FRÉEDERICKSZ transition (FT). The results 
presented in this chapter were already published.251 The two parallel glass plates were coated 
with transparent indium tin-oxide (ITO) electrodes and with a rubbed polyimide layer for a 
planar director alignment in the x direction (Fig. 5.86a). Thus the initial director orientation n0 
was along x (see Fig. 5.86). The cell gap is d = 25 µm. A sinusoidal electric field was applied 
along the z direction. Experiments were performed with monochromatic light (λ = 532 nm), 
between crossed polarisers (vertical and horizontal in the images), if not otherwise stated. The 
a.c. voltages applied to the cell were sine waves at 1 kHz, if not otherwise stated. Additional 
experiments were performed in a 5 µm sandwich cell with homeotropic alignment conditions in 
order to exclude other possible mechanisms that could lead to a change of the birefringence in 
the ground state (chapter 5.7.3.2). In such a cell, the director n was initially in field direction; 
the sample is completely black between crossed polarisers.  

The analysis of the FT allowed the separate study of splay, twist or bend deformations in a 
pure form at the onset of the transition.279 The initially uniform director field in the sample was 
deflected, e.g. by an external electric field exceeding a threshold voltage Uc which depends 
upon the elastic properties of the substance. The director response was retrieved from a 
measurement of the optical birefringence of the cell as a function of the applied external field 
(electric or magnetic).280 The splay constant K11 determined the threshold in a planar cell when 
the external field was applied normal to the cell plates. With the field in the cell plane, normal 
to the easy axis of the planarly anchored director, the twist constant K22 from the threshold was 
obtained. In a cell with homeotropic anchoring, application of a magnetic field in the cell plane 
determines the threshold. A single geometry was used, i.e. a planarly oriented cell with an 
electric field applied normal to the cell plates. The elastic properties from the analysis of 
BROCHARD-LEGER (BL) walls that are formed during the splay FRÉEDERICKSZ transition in 
sandwich cells were investigated. 
 
 
5.7.1.1 Uniform FRÉEDERICKSZ transition 
 
The mathematical model for the uniform splay FRÉEDERICKSZ transition (FT) in the electric 
field has been described in great detail in literature280 and the corresponding experiment has 
been extensively used for the determination of elastic coefficients of N phasess. For dimer 15b, 
the optical birefringence of the material was determined in a wedge cell (commercial cell from 
E.H.C. with a wedge angle of 0.0135 rad) under crossed polarisers, diagonal to the rubbing 
direction. Two domains of opposite tilt above the transition were observed when the dynamic 
FT took place. Generally the domains appeared with arbitrary shapes, and they were separated 
by walls. Figure 5.86b shows a 25 µm cell in an electric field above the FRÉEDERICKSZ 
threshold (≈1.15 Uc). In each of the homogeneous regions, the director is deflected in one of the 
two opposite tilt directions. The domain on the concave side of the wall vanishes gradually in 
the electric field, on a time scale of approximately half an hour. The transmission intensity in 
the wall centre remains the same as in the undeformed state. Towards the two domains, several 
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intensity minima and maxima are passed, manifesting themselves as dark and bright parallel 
lines. The director field in the wall was nearly planar and the director remained in good 
approximation in the x, y-plane. Figure 5.86c shows the wall under parallel polarisers, the 
contrast in the texture is reversed. Figure 5.86d shows the same region without polarisers (there 
was only a very weak shadow remaining of the wall, caused by a very small focussing effect in 
the inhomogeneous director field). For practical purposes, this focussing was neglected, and the 
light propagating through the wall locally was treated as a plane wave. All observed texture 
effects have to be attributed to interference of ordinary and extraordinary waves in the cell. This 
is also evident from Figure 5.86e, which has been recorded after the cell was rotated counter-
clockwise by an angle of π / 4 (when one polariser is in the tilt plane, the texture becomes 
nearly black). Only a faint image of the wall remained. There was evidence for a slight director 
twist in the uniform domains even at very low tilt deformations above the FT, which is unusual 
for the splay FT. This twist is not detectable with the common diagonally crossed polariser 
arrangement. However, when the polariser is set parallel to the surface director, slight rotations 
of the analyzer out of the perpendicular direction did not produce a symmetrical response. The 
darkest state in a given domain was obtained when the analyzer is decrossed by about 3° either 
clockwise or counter-clockwise. This observed rotation was uniform inside a tilt domain. If two 
different domains are separated by a BL wall, the sense of rotation was opposite in the two 
domains. In the field-off state, the extinction was maximum at crossed polarisers, and rotation 
of the analyzer produces a symmetric response. In conclusion, above the FT the director has a 
small out-of-plane twist component. In the uniform FT, after a sufficiently long time, the walls 
have disappeared and the sample was a monodomain. In this monodomain state the uniform 
director deflection could be reversibly controlled by varying the electric field amplitude. 
          

 
 
Figure 5.86: (a) Sketch of the setup with analyzer A and polariser P. The cell gap is d. (b-e) Textures of the 
nematic phase of compound 15b in transmission, 532 nm monochromatic light; the director easy axis is 
marked by arrows, the electric voltage is slightly above Uc; polarisers are crossed horizontally and vertically 
(except images (c) and (d)). (b) two domains separated by a wall; the bottom right segment is a twist wall, the 
other parts contain bend; (c) same between parallel polarisers, dark and bright regions are exchanged; (d) no 
polarisers, the texture practically disappears; (e) sample rotated by 45° counter clockwise; the texture is nearly 
black since the director is in the plane of polarisation; (f) optical retardation of the 25 µm cell at TNI − 7.5 K 
during the FT; the maximum Фmax /(2π) = 6.4 is related to a birefringence of ne −no = 0.136and (g) 
transmission intensity It under crossed polarisers (the dashed line in the image only guides the eye). 
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Only after the cell was set to the ground state again, and the field was subsequently 
switched above the FRÉEDERICKSZ field, multiple domains reappeared at random positions. 
Inside a uniform region, the measured transmission intensity It(U) shown in Figure 5.86g 
yielded the retardation Ф(U) curve in Figure 5.86f. At subcritical fields, the retardation was 
Фmax = (12.8 ± 0.1) π at T = TNI − 7.5 K. The ratio K11/∆ε ≈ (27.5±1.0) pN was calculated from 
the FRÉEDERICKSZ threshold of 5.54 V. This result is unaffected by possible flexoelectric terms. 
Compared to standard calamitic materials (e.g. 5CB), which have thresholds of the order of 1 
V, the material has either a relatively large splay constant or a relatively small dielectric 
anisotropy (∆ε < 1). The decay of the experimental Ф(U) curve in Figure 5.86f at U > Uc is 
much steeper than expected with the assumption K33/K11 ≈ 1 and Δε║ << ε┴. An assumption of a 
larger dielectric ratio would flatten the slope even more and an assumed larger K33/K11 ratio as 
well. In order to interpret the measured characteristics, it could be assumed that K33 is much 
smaller than K11, but this will be in conflict with the following description of the BROCHARD-
LEGER wall profiles.  

Measurements on the flexoelectric coefficients in nematic phases of bent-core mesogens268 
showed that the bend flexocoefficient e33 can be three orders of magnitude larger than in 
calamitic nematics (i.e. a huge value of the order of e33 ≈ 30 nC/m has been reported). If we 
take into account that our material might also have a large bend flexoelectric coefficient, then 
the effects on the FT as well as on the wall structures could be tremendous, than we should 
include flexoelectric terms in the interpretation of the Ф(U) characteristics in Figure 5.86g. It is, 
however, not clear how the additional terms could explain the observed large drop of Ф(U) 
above Uc. A calculation of the effects of flexoelectric polarisations on the electric FT made by 
BROWN and MOTTRAM 281 reported on the contrary a flattening of the director deflection 
characteristics curve with an assumed increasing flexoelectric coefficient. 
 
 
5.7.1.2 BROCHARD-LEGER walls 
 
In this section the multidomain textures with walls that exhibit well separated twist and bend 
regions are discussed (see description in ref.251and Fig. 5.87a,b). This type of walls has been 
described first by LEGER282 and BROCHARD283 (in the magnetic FT). A domain surrounded by a 
closed wall within another uniform domain of opposite tilt is unstable. Such a region shrinks 
and will finally be extinguished. The final state of the LC compound in the sample is a 
monodomain. It has been shown that both the elliptical shape of a shrinking domain enclosed 
by such a BROCHARD-LEGER (BL) wall and the geometry of the wall itself carry information on 
the ratio of twist and bend elastic constants, k2 = K22/K33.282,283 In common nematic phases, e.g. 
5CB, the monodomain state is reached within seconds. The domain and wall structures of the 
nematic phase of dimer 15b may persist for several minutes up to about half an hour. During 
that time, wall segments may move, but they retain their profiles, which are determined by the 
equilibrium of electric and elastic forces. Sometimes walls are pinned locally by dust particles 
or defects in the sample, in such cases they may remain stationary. In a segment that is aligned 
perpendicular to the director easy axis, the BL wall contains only splay and bend deformations 
(Fig. 5.87f), while a straight wall segment aligned parallel to the director easy axis contains also 
twist deformations, and practically no bend near the FRÉEDERICKSZ threshold. 
Consequently, the comparison of wall profiles in different sections, served for a quantitative 
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comparison of the related elastic constants, i.e. the ratio of wall widths in both regions provided 
the elastic ratio k2.251 

In Figure 5.87c-e some examples of digitally processed texture details are presented. The 
appropriately stretched and rotated images of twist sections of walls have been superimposed 
onto bend sections of the same walls. The director was described by the tilt angle θ(x, y, z), and 
it was assumed that there is no twist out of the tilt plane, n = (cosθ, 0, sin θ). The justification to 
exclude the out-of-plane twist in our description of the BL walls is derived from the optical 
appearance of the walls when the polariser is parallel to the director easy axis. Inside the walls, 
such out-of plane twist is not relevant, even at voltages U > 2Uc. The scaling procedure 
provided access to the ratio k2 in a single experiment, despite the bend wall containing also 
splay contributions and the twist wall containing contributions of all three deformation types, 
and even though we had no explicit expressions for the wall profiles. 
 

 
 
Figure 5.87: (a,b) Wall structures with clearly separated bend and twist regions; the director easy axis is 
along x; (a) T = TNI − 3 K, maximum birefringence Фmax = (12.1 ± 0.1)π (in the dark central line of the wall); 

(b) TNI −1 K, Фmax = (11.0 ± 0.1) π ; (c-e) comparison of optical wall profiles in a 25 µm cell (T = TNI − 7.5 
K); (c) U = 1.07 Uc; (d) U = 1.14 Uc; (e) U = 1.20 Uc; the images each show a bend section of the wall in 
original size and a twist section of the same wall rotated and uniformly stretched so that the inner features of 
both bend and twist walls coincide; the stretching factors are 3.15 (c), 3.03 (d) and 2.90 (e), respectively; the 
rubbing direction in the bend and twist parts is indicated by arrows in the image in the middle; (f) sketch of 
the director field in the cross sections of the bend and twist walls; (g) stretching factor obtained from the 
comparison of the widths of the core regions of the walls at T = TNI −7.5 K; (h) ratio of elastic constants at 
TNI−3 K (open symbols) and TNI − 7.5 K (solid symbols), determined from the squares of the stretching 
factors (while the data for a given temperature should approach the actual K33/K22 ratio near the 
FRÉEDERICKSZ threshold Uc, the increasing influence of lateral splay at larger voltages changes this ratio to 
lower values; different symbols mark sets of data obtained in different runs of the experiment). 
 
A simple procedure to extract this ratio from the textures was derived: if the optical image of a 
twist wall segment was stretched with a factor of           so that it matched a bend region of the 
same wall. The elastic ratio was directly obtained from the stretching factor. In the classical 
experiment with the calamitic material MBBA,282,283 the ratio        has been only 1.7. Close to 
the FRÉEDERICKSZ transition, the wall shapes were quite similar to the analytical 
functions.284 The uniformly stretched twist wall matched the profile of the bend segment quite 
well. With increasing electric fields, corrections due to lateral splay took effect. Estimation for 
the bend to twist ratio could be obtained on comparing the inner parts of the walls. In the outer 
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parts, bend was gradually replaced by splay, and the scaled profiles did not match. The outer 
part of the bend walls was narrower than the digitally scaled twist wall profile when the central 
parts fitted satisfactorily for our material. The regions where bend was partially substituted by 
splay were narrower than expected from the two-constant model, i.e. K11 should be noticeably 
smaller than K33. This was consistent with the observation that the apparent Keff

33 /K22 ratio 
determined from the scaling (Fig. 5.87g) decreases with increasing voltage (larger director 
deflection). Figure 5.87h shows an electric field strength dependence of the apparent ratio Keff

33 
/K22, which has been obtained from the square of the wall width ratio. To compare walls which 
cannot be brought to a complete match by linear scaling, the distances between the first 
interference minima next to the centre as the criterion of comparison were arbitrarily chosen. 
There, the tilt angle θ(d/2) in the cell midplane was roughly 25°. The correct k2 is found from 
the extrapolation to Uc. A numerical solution of the EULER-LAGRANGE equation in two 
dimensions could in principle help to calculate exact wall profiles for arbitrary sets of K11, K22, 
K33 and to fit all three constants. These results presented for the elastic ratio k2 depended upon 
the model assumptions that neglect flexoelectric contributions. Flexoelectric polarisation would 
affect the interpretation of the BL wall shapes, i.e. the bend walls may be broadened by 
flexoelectric polarisation terms, which tend to suppress bend. Any relevant interaction of the 
induced polarisation in a bend wall with the external a.c. field could be excluded since the field 
alternated with 1 kHz, while the wall profiles were quasi-static. The argument that the free ions 
in the LC cell will at least partially screen the lateral internal fields created by the stationary 
flexoelectric polarisation of a bend wall was considered against the necessity to consider 
flexoelectric field terms. Additionally, the results for the bend flexocoefficient e33 reported by 
HARDEN,268 cannot be directly transfered to the dimer 15b. The reasons are the much smaller 
lateral dipole moment, due to the missing chlorine from the chemical structure of our 
compound 15b and the positive value of Δε for all frequencies. Nevertheless, this question 
needs further clarification. 

The measurements on the elastic properties of the nematic phase of dimer 15b revealed an 
extremely large anisotropy of BROCHARD-LEGER walls in the splay FT,as compared to similar 
structures in the N phases of calamitic mesogens. A reasonable explanation is an extremely 
small twist elastic constant K22 of the material as compared to the bend elastic constant K33, i.e. 
being more than one order of magnitude smaller than K33. 
 
 
5.7.2 Longitudinal and normal electroconvection rolls above the splay FRÉEDERICKSZ 
transition251,254,255 

 
In the following section, an experimental characterization of different pattern types developed 
above the splay FRÉEDERICKSZ transition in planar alignment in the nematic phase of dimer 15b 
is presented. The results presented in this chapter were already published.251,254,255 
The basic features of this type of instability have been described by STANNARIUS.254 It is known 
that the electrohydrodynamic convection (EHC) of nematic LCs is a well suited system to study 
pattern formation in anisotropic fluids. It is driven electrically and yields a large variety of 
spatially extended patterns with different dynamics. EHC in calamitic nematic LCs has been 
studied experimentally for a long time.285 
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5.7.2.1 Model for an instability leading to a novel type of electroconvection patterns 
 
The nematic phase of 15b develops unconventional electroconvection patterns above the splay 
FRÉEDERICKSZ transition in planar alignment, e.g. longitudinal rolls that are oriented parallel or 
nearly parallel to the initial director n0 (for a description of the FRÉEDERICKSZ transition, see, 
e.g. 286). This is in contrast to the classical normal rolls with an orientation perpendicular to n0 
in the negative dielectric and positive conductivity anisotropy case (in accordance with the 
standard model, see287). A mechanism leading to the formation of longitudinal rolls at electric 
fields above the FRÉEDERICKSZ transition has been introduced and explained within a basic 
model.254 Therein, a periodic twist modulation is constitutive for the longitudinal patterns that 
are described as standard EHC. The parallel non-standard patterns investigated here do not 
produce shadowgraph patterns near the convection threshold. Note that in the type of material 
investigated in this study with positive dielectric and negative conductivity anisotropy there are 
EHC in homeotropic cells without preceding FRÉEDERICKSZ transition.253 The basic features of 
this type of instability have been described in ref.254 by STANNARIUS et al. A small initial 
fluctuation is considered a periodic modulation of the director, with a wave vector 
perpendicular to n0 (see Fig. 5.88). This twist mode does not grow from the undistorted ground 
state n ≡ n0 but from a uniformly distorted state, i.e. a homogeneous tilt out of the x-y plane that 
is realized in experiments by the splay FRÉEDERICKSZ transition. 

 
 

 
 

 
 
 
 
 
Figure 5.88: Top view left (xy) and side view right (yz) of the director configuration assumed in ref.:254 (a) 
homogeneously tilted ground state; (b) periodic modulation. The cylinders symbolize the locally preferred 
director configuration. The director alignment at the plates is n0. x-y is the cell plane, z is normal to the cell. 
 
The periodic deflections of the director out of the tilt plane cause a spatially modulated charge 
transport and a charge segregation in the y direction, in the same way as periodic tilt deflections 
in the classical CARR-HELFRICH structures lead to a charge segregation along x. This modulated 
charge couples via COULOMB forces to the external electric field and leads to a shear flow of the 
nematic sample in convection rolls that are oriented along the initial director. A simpler ansatz 
has been used to demonstrate the principal instability mechanism.254 The stability of the tilted, 
in-plane homogeneous ground state has been tested within a one-dimensional model, i.e. the 
particular director profile in the z direction is not considered. This model yields some specific 
conditions for the conductivity and viscous parameters of the material which are necessary for 
the instability to occur. The combination of negative conductivity anisotropy with a positive 
viscosity coefficient α3 seems to be fulfilled in particular in materials which are close to a 
nematic-smectic transition. A pattern with a wave vector perpendicular to the x direction and to 
n0 was produced. 
 

(a) (b) 
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5.7.2.2 Measurements of the anisotropies 
 

In order to determine the character of the electrohydrodynamic instability was necessary to 
know the combination of the signs of dielectric anisotropy, Δε, and conductivity anisotropy, Δσ. 
The nematic phase of dimer 15b develops in planar alignment unconventional 
electroconvection patterns above the splay FRÉEDERICKSZ transition. The existence of this splay 
type transition evidences that the dielectric constant is necessarily positive286 (indices ┴ and ║ 
refer to the director n). The sign of the conductivity anisotropy                       was determined by 
using electric field dependent current measurements and recording the voltages Ucell and UR0 of 
the nematic sandwich cell and of a serial reference resistance R0 = 100 kΩ, respectively, at an 
excitation frequency f0 = 1 kHz. The E.H.C. cell represents a parallel circuit of Ohmic and 
capacitive elements, but the capacitive contributions can be neglected due to the rather high 
Ohmic conductivity in our material.  

The measured effective conductivity                                           as a function of the voltage 
Ucell, with the electrode area A = 1 cm-1 cm and the cell gap d =25 µm at T − Tiso= −0.5 K is 
shown in Figure 5.89. The director remains in the untilted ground state below the 
FRÉEDERICKSZ transition (FT, dash-dotted line). This means that the relevant component of the 
conductivity tensor is σ┴ and the effective conductivity is practically constant (Fig. 5.89). On 
the other hand, above the FRÉEDERICKSZ transition σeff decreases, while the director changes 
gradually from a perpendicular to a more parallel alignment with respect to the applied electric 
field (see inset in Fig. 5.89). The kink of σeff (Fig. 5.89) represents the optical visibility of the 
FRÉEDERICKSZ transition in the polarising microscope.251 From the measured values a negative 
value of the conductivity anisotropy could be concluded (                     < 0 ). 

 
Figure 5.89: Dependence of the effective conductivity σeff on 
the voltage Ucell. Below the FRÉEDERICKSZ transition (FT, dash-
dotted line) the measured conductivity corresponds to the 
conductivity perpendicular to the director n (inset sketch on the 
left). Above the FT, the effective conductivity contains 
contributions of both, σ║ and σ┴ (inset sketch on the right). 

 
 
The anisotropy of the electric conductivity is determined to be Δσ = −0.17 µS m−1 and Δσ/ 

σ┴ = −0.14. The director deflection Φ(z) can be calculated as the inversion of the elliptic 
integral for Ucell, with the voltage UF at the FRÉEDERICKSZ transition.286 Following 
approximations for the model of this fit were made: (a) the constant electric field E = Ucell /d 
was used as an approximation for the actual z-dependent electric field; (b) the elastic 
approximation: K11 = K33 = K was applied for the elastic splay and bend constants K11, K33, and 
assumption                  was used. The model curve in Figure 5.89 is correct only for the limits U 
< UF and U >> UF, but the qualitative characteristics could be reproduced also for intermediate 
fields. Another interesting finding is that the absolute value of Δσ is highest near the transition 
to the SmC phase at lower temperatures and decreases for higher temperatures. At the transition 
temperature Tiso to the isotropic phase, │Δσ│ is minimal. Note that there is no sign inversion of 
Δσ in the interesting temperature range. 
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5.7.2.3 Longitudinal electroconvection rolls above the splay FRÉEDERICKSZ transition 
 
The parallel non-standard patterns investigated here do not produce shadowgraph patterns near 
the convection threshold voltage Uc (Fig. 5.90a), i.e. at pattern onset the rolls are only visible 
with two polarisers. Thus the longitudinal rolls at onset are interference patterns. In contrast to 
the shadowgraph patterns that appear at a few percent above the threshold voltage (Fig. 5.90c), 
the image is generated only by the modulation of the optical phase profile of ordinary and 
extraordinary waves. The model derived in ref.254 by STANNARIUS et al. (see Fig. 5.90) yields 
patterns that will not produce shadowgraph patterns at onset, because the z component of n is 
not modulated in the cell plane. Hence the features predicted by the model agree with our 
experimental observations: the longitudinal orientation as well as the optical appearance as 
interference patterns. The model also explains the pattern onset above the FRÉEDERICKSZ 
threshold. 

 
 
 
 
 

 
Figure 5.90: Polarising microscopy images of longitudinal rolls (a) without polarisers at U ≈ Uc; (b,c) crossed 
polarisers, at (b) U ≈ Uc; (c) U = 1.04 Uc. The initial director orientation n0 is marked, f0 = 1 kHz, Uc = 6.5 V. 
 

Additionally, the pattern dynamics and dynamic regimes under a.c. electric fields i.e. 
conduction rolls, dielectric rolls and subharmonic structures.288 were studied in the nematic 
phase of dimer 15b.254,255 Qualitative structural changes as a consequence of the variation of 
excitation parameters (frequency and voltage) and sample temperature could be observed on the 
electro-optical experiments in the nematic phase of dimer 15b (i.e. a transition between 
longitudinal and normal rolls).254,255  

Another interesting finding is the presence of convection structures that develop from the 
metastable ground state (Nb, see for further details chapter 5.7.3 and ref.251,253) of the planar cell 
and their voltage dependent reorientation in the metastable domains. In this new ground state 
Nb, one can reversibly generate a splay FRÉEDERICKSZ transition, and one observes EHC 
patterns above that transition. The optical characteristics of these EHC patterns are equivalent 
to those of the patterns in the original domains described in chapter 5.7.2 and ref.253. The 
obvious qualitative difference is that twist normal (TN) rolls in the Nb domains travel at onset, 
whereas rolls in the original domains are stationary. 

Novel types of electroconvection patterns could be found in the dimer 15b. These patterns 
show previously unobserved optical and structural properties. However, the nature of the 
observed structural changes is not clear so far. It is to be expected that similar patterns play a 
role and have to be considered in the electro-optical application of similar types of materials, in 
particular in N phases of bent-core mesogens (strong tendency to form layered structures). 
These experiments show that this type of molecules appears to be promising candidates for 
display and sensor materials, due to their unique material properties. They combine easy 
alignment and switchability of nematic phases of calamitic mesogens with biaxial optical 

 

P
A

P
A

35 μm no 

(b) (c)(a) 



 5 Mesophase behaviour of ‘banana-calamit’ dimers of type I  140

properties, potential polar effects and the existence of spontaneous electric polarisations, and 
consequently new types of electro-optic switching mechanisms. 
 
 
5.7.3 Field-induced texture transitions by means of an electric field252,253 
 
This section is focused on the study of the formation of a second, metastable ground state in the 
nematic phase of compound 15b which occurs when the cell has been exposed to electric fields 
of the order of 1 MV/m. The results presented in this chapter were already published.252,253 This 
ground state in absence of electric fields was optically different from the planar original ground 
state, and the effective birefringence was reduced by about 15%. In this way evidence was 
found that in a sufficiently strong external electric field, one can transform the uniaxial nematic 
phase (denoted Nu) of compound 15b into a metastable biaxial state (denoted Nb), either in the 
complete cell or in domains coexisting with domains in the original uniaxial state. The field-
induced metastable state is identified by its optical and electric properties. After the field is 
switched off, the original and induced states can coexist in domains for about one hour in 
planar sandwich cells. During this time, the induced domains gradually shrinked but they could 
be stabilized in moderate electric fields. The occurrence of similar domains in homeotropic 
cells suggested that the transition into a metastable biaxial state was observed and the biaxial 
state was not imposed by boundary conditions of the cell but represented a thermodynamically 
metastable biaxial phase. In the field-free planar ground state, the formation of inversion walls 
was observed inside the metastable domains.  

 
 

5.7.3.1 Electro-optical experiments in planar cells 
 

Commercial sandwich cell (E.H.C.) with a cell gap of d = 25 µm and rubbed polyimide coating 
of the glass plates for planar surface alignment were used for this experiment. The splay 
FRÉEDERICKSZ transition (FT) evidenced that the dielectric anisotropy Δε = ε║ - ε┴ is 
positive.251 A study of the splay FT in an electric field applied normal to the glass substrate289 
revealed that when the applied field is sufficiently strong (a few hundred kV/m to 1 MV/m), a 
transition into a certain new state of order takes place, which leads to an altered ground state 
after the removal of the field. This second ground state differed optically from the planar 
ground state of the original uniaxial nematic phase. The so far unidentified new state was 
designated here as Nb. The direction of the largest refractive index of Nb in the cell plane was 
unchanged with respect to the optical axis of Nu in the planar cell (rubbing direction). With 
polarisers crossed parallel and perpendicular to the rubbing direction of the cell, both Nu and Nb 
states appear almost black. Between crossed polarisers diagonal to the director easy axis, the 
two states were easily distinguished by the change of birefringence. The effective birefringence 
in the off state was reduced by about 15%. With a compensator we measure a drop of Δn = ne - 
no = 0.136 in Nu to Δn’ = Δn - δn = n1 - n2 = 0.115 in Nb. Here, ne and no are extraordinary and 
ordinary refractive indices of Nu, while n1; n2 are the corresponding effective refractive indices 
in Nb, for normally incident light polarised parallel  and perpendicular to the alignment axis, 
respectively. 
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Figure 5.91: (a,b) Two coexisting domains in the Nb (top left) and Nu (bottom right) planar ground states after 
a voltage of 7.35 V has been switched off. The Nb domain contains a closed inversion wall loop. The director 
easy axis n is in the direction of the arrow; (c) texture simulation of a wall of the second director n2 in the Nb 
state. The images are taken in 1.2 s intervals. In the Nu domain, the BL walls disappear and the sample relaxes 
to the all-planar state while in the Nb domain a new type of walls appears in the off state; (d) sketch of the Nu 
orientational states in a 25 µm cell in the voltage-frequency space. The transition to Nb is indicated. 
 

On applying an electric field it was possible to transform the complete region under the cell 
electrodes into the new state, but also textures where Nu and Nb domains coexisted (Fig. 
5.91a,b). These domains were separated by sharp borders which had not the appearance of 
walls but of either defect lines or phase boundaries. After the field was switched off, the 
original and induced states could coexist in domains for about one hour. The Nb domains shrink 
slowly when the electric field was off. After approximately one hour, the uniform Nu ground 
state was re-established in the whole cell. During this time, it was possible to stabilize the 
induced domains Nb by applying a moderate electric field. At a few hundred MV/m, there was a 
clear progression of existing Nb domains. It could be observed that Nb domains often contained 
walls in the off state, in contrast to Nu domains which always relaxed to a uniform planar 
texture even if BL walls282 had formed during the FT (Fig. 5.91). The walls in the Nb field-off 
state had widths that were nearly independent of their orientations. This distinguishes them 
from the BL walls251 in Nu above the FRÉEDERICKSZ threshold. Moreover, they appeared when 
the cell was switched off, irrespective of whether the tilted state above the FT was uniform or 
not, and they disappeared again above the FRÉEDERICKSZ threshold. The walls often form 
closed loops that shrink in minutes. Optical textures on both sides of the wall are 
indistinguishable between crossed diagonal polarisers.  

The state diagram of Nu in the 25 µm cell in the field strength and frequency parameter 
space is sketched schematically in the Figure 5.91d. It can be observed that the FT has the 
lowest threshold, nearly frequency independent. Above, there is a transition into a periodically 
distorted state, formed by electrically driven convection254 and, after further instabilities, into a 
dynamic scattering (DS) regime. The electro-optic characteristics of Nu are previously 
described in the sections 5.7.2 and 5.7.3 and in the ref.251,254 A similar behaviour is found in Nb 
domains, but the thresholds in both states differ from each other. If one chooses path (1), the 
transition Nu→Nb appears in the turbulent DS pattern and the transformation itself is difficult to 
identify. Varying the field along path (2), one can observe the nucleation of Nb domains, 
preferentially inside BL walls.  
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5.7.3.2 Electro-optical experiments in homeotropic cells 
 

Additional experiments were performed in a 5 µm sandwich cell with homeotropic alignment in 
order to exclude other possible mechanisms that could lead to a change of the birefringence in 
the ground state. The two states Nu and Nb were observed there as well. In a homeotropic cell, 
the director n is initially in field direction and the sample is completely black between crossed 
polarisers in the Nu phase. In this geometry the electric field applied normal to the glass plates 
cannot align the second director and a mechanism that tilts the director out of the normal 
orientation first was necessary. At high electric fields, electrically driven convection patterns 
were formed in the homeotropic cells (Fig. 5.92a the onset of an electroconvection pattern; Fig. 
5.92b the fully developed convection pattern in the cell). This situation is typical for a material 
with negative conductivity anisotropy and positive dielectric anisotropy.287,290 

 

(a)    (b)    (c)    (d)  
 
Figure 5.92: Textures in a 5 µm thick homeotropic cell: (a) onset of electroconvection; (b) fully developed 
electroconvection pattern at 1 kHz a.c. excitation; (c) texture at zero electric field, after application of a strong 
ac field (10 MV/m, 1 kHz), white light illumination. The region in the right-hand part has undergone a N-
isotropic transition. The region Nb is characterized by a bright schlieren texture. Dark spots inside this area 
represent small domains of the Nu phase. (d) biaxial nematic phase Nb with enclosed circular domains of the 
Nu phase. Outside the electrode area (left in the image), the sample is still Nu. The temperature is between TNI 
and TNI −7.5 K. 
 

The pattern undergoes a transition to a dynamic scattering state at higher voltages, as well 
as in the planar cells. When electric fields above 10 MV/m are applied, a similar transition to Nb 
as in the planar case is observed. A disadvantage of this experiment is that it cannot be 
performed under isothermal conditions. The electroconvection pattern is highly dissipative and 
the cell heats up during the high-field application. When the field was suddenly switched off 
after a few seconds, the sample temperature was already close to the clearing point and the 
electroconvection pattern breaked down immediately after the field was off (see Fig. 5.92c; the 
isotropic phase (right), the homeotropic biaxial nematic state (left), and domains of the 
homeotropic uniaxial nematic state, near the NI phase boundary and in the small circular spots). 
The Nu domains are black in the field off state, while the Nb domains are characterized by a 
bright schlieren texture of the second director (Fig. 5.92c,d). Apparently, the second director in 
Nb was hardly aligned by the lateral phase boundaries, but it varies slightly across the cell 
plane. Inversion walls of the second director appeared as schlieren in the top central part and at 
the bottom of Figure 5.92c. On removal of the electric field, the cell cooled rapidly to the 
original temperature 7.5 K below the clearing point, and the isotropic phase retreated. At the 
same time, the Nu domains growed inside the Nb domain (Fig. 5.92d). After approximately 1 
minute, they covered the whole cell. In the Figure 5.92d can be observed that the biaxial 
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domain was only formed in the region of the electrodes. Outside the electrode area, no 
transition has taken place. 

The observation of metastable, optically biaxial domains in the homeotropic cell and of 
domains with reduced birefringence in planar cells can be explained by a field-induced 
transition from a uniaxial into a biaxial nematic state for the dimer 15b. This field-induced 
domains are stabilized in moderate (<1 MV/m) fields. The combined results in planar and 
homeotropic cells revealed that Nb is not merely a biaxial state in a thin planar cell but 
represents a biaxial nematic phase, induced by an electric field. The interpretation of anchoring 
transitions leading to Nu-Nb phase transition291 failed. Our a.c. electric field experiments could 
not test whether the second director axis is polar or not. The molecular shape would suggest a 
polar ordering. This problem could be solved on d.c. field experiments, but so far the onset of 
strong convective flow at d.c. excitation prevented a reliable evaluation of the experimental 
data.  

Another possible explanation is the assumption that there exist cybotactic clusters of 
mesogens with short range biaxial order. Owing to a random orientation of the second axis of 
these clusters, biaxiality averages out in the uniaxial phase and only after application of the 
electric field these collective clusters of mesogens are aligned to form a state with 
macroscopical biaxial order. This property to form clusters with biaxial order in the uniaxial 
nematic phase is a prerequisite for the observed effect. This is a unique property of bent-core 
mesogens like the dimer 15b. The biaxially ordered phase persisted after the field was removed, 
but it was metastable; the uniaxial phase was energetically preferred in the field-free state. A 
transition back into the uniaxial state occured via nucleation of small uniaxial domains and 
growth of the uniaxial domains by the propagation of phase boundaries. It was pointed out that 
for the appearance of the Nb state the mesogens have to be sufficiently flat, but smectic order 
has to be absent. The bent-core unit of the dimer 15b is sufficiently anisotropic to match the 
first condition, and the twin structure with a rod-like subunit reduces the tendency to form 
smectic layers. The positive dielectric anisotropy Δε caused by the absence of large lateral 
dipole moments is a special feature of the nematic phase of dimer 15b, and is a prerequisite for 
the splay FT in a planar cell, and it is essential for the electro-optic effects described here. 
Negative Δε (lateral molecular dipoles) may provide even better conditions to induce Nb since 
such nematics favor n perpendicular to E.274 In our samples, this effect was hidden by the 
reorientation of n1 in the electric field. Independent switching of the first and second directors 
in a biaxial nematic phase has been recently reported by LEE et al.277 VAN LE et al. 292 argued 
that for materials having positive dielectric anisotropy, the biaxiality can be clearly verified or 
excluded by measuring the transmitted light intensity as a function of the electric field, but the 
proposed method failed to prove biaxiality of the studied bent-core mesogens. 



144 

6 Mesophase behaviour of dimers of type II 

 
The next point is the study on the influence of the position to connect the calamitic moiety to 
the bent-core mesogenic unit via a flexible hydrocarbon spacer on the mesophase behaviour of 
‘banana – calamit’ dimers.  

The linking of the bent-core unit to the calamitic moiety via a flexible spacer can be 
realized in different ways (see Fig. 6.1). In this chapter we focused on the structure-properties 
relationship of laterally - terminally linked dimers of type II (see Fig. 6.1b,d) and the 
comparison with the previously presented terminally - terminally connected dimers of type I 
(dimers 1 – 30, Fig 6.1a). It is to expect that the polymorphism and the mesophase stability 
depend strongly on the position of the attachment as this should alter the segregation of the 
different dimer parts. 
 

 
 
(a)                                                (b)                                        (c)                             (d) 
 
 
 
(e)                                                 (f)                                       (g)                              (h)    
 
 
Figure 6.1: General sketch of different possibilities to design ‘banana – calamit’ dimers. 
 

For this reason two new series of ‘banana - calamit‘ dimers, each containing two 
homologues members were synthesized (see Table 6.1). In dimers 31 the calamitic moieties are 
connected laterally - terminally in the 5 – position (here assigned as L – 5 - T) of the central 
resorcinol fragment of the bent-core moiety, whereas in the dimers 32 the connection is at the 4 
– position (L – 4 - T). The spacer is a hydrocarbon chain (m = 6, 11) which is connected 
through ester and ether groups to the mesogenic units. These new compounds 31 and 32 have a 
constant length of the alkyloxy chain attached to the bent-core unit (n = 12) and to the calamitic 
part (p = 6). 
 
 
6.1 The mesophase behaviour of dimers 31 and 32 
 
In the following a description on the influence of the linking position of the spacer-calamit unit 
on the bent-core moiety on the mesophase behaviour of dimers 31 and 32 (n = 12; m = 6, 11; p 
= 6; E0; laterally – terminally connected) is given (see Table 6.1). To allow an appropriate 
comparison, the mesophase behaviour of the analogues dimers of type I, the compounds 7a and 
9a (see section 5.4) is listed. 
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Table 6.1: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and with respect to the 
normal to a in Col phases, lattice parameters (a, b, γ) and PS values of dimers 31, 32 and their analogues 
dimers 7a and 9a.[a] 
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    50.7               22.3 

ColrPFE  - 3.90 5.15 90 230 

31b 11 L-5-T 
Cr 76 ColrPFE 89 I 
    47.5               26.1 

ColrPFE  - 4.00 4.51 90 300 

32a 6 L-4-T 
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7a 6 T-T 
Cr 135 (ColxPFE 128) I 
    67.3               26.6 

ColxPFE  -[c] -[c] -[c] -[c] 240 

9a 11 T-T 
Cr 109 (ColxPFE 103 N 105) I 

     67.1               -[b]      -[b] 
N 
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-[c] 

 
-[c] 

 
-[c] 
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380 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of dimers 31, 32 and their analogues dimers 7a 
and 9a were taken from the second DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic 
mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC 
cooling scans and the transition temperatures were checked by polarising microscopy; [b] the transition is not 
detectable on DSC and the transition temperature value is determined by polarising microscopy; [c] could not 
be determined due to rapid crystallization of the sample. 
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Figure 6.2: Transition temperatures (°C) of dimers 31, 32 and their analogues dimers 7a and 9a, taken from 
the first DSC cooling scans (10 Kmin-1). 
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6.1.1 Dimers 31 bearing the spacer-calamit unit in the 5-position on the central resorcinol 
fragment of the bent-core moiety   

 
The compounds 31 (n = 12; m = 6, 11; p = 6; E0) connected laterally - terminally in the 5-
position on the central resorcinol fragment of the bent-core moiety (here assigned as L – 5 - T) 
form columnar phases. The dimer 31a with an odd-numbered spacer (summarizing the single 
units of the flexible spacer that corresponds to an even number of methylene units, m = 6) 
possesses a monotropic columnar phase. Meanwhile, dimer 31b with an even-numbered spacer 
(but with an odd methylene spacer, m = 11) exhibits an enantiotropic columnar phase. The 
transition temperatures and the mesophase behaviour are given in Table 6.1 and in Figure 6.2.  

On cooling from the isotropic liquid state a dendritic growth of the texture could be 
observed (Fig. 6.3a). The small-angle reflections found in the X-ray diffraction pattern of the 
mesophase of dimer 31a can be indexed to a centred two-dimensional rectangular lattice, with 
the lattice parameters a = 3.90 nm and b = 5.15 nm (see Table 6.1 and Fig. 6.3b,c). 

 

(a)        (b)        (c)  
 

Figure 6.3: Columnar phase of dimer 31a: (a) dendritic growing on cooling from the isotropic liquid at 84 °C; 
(b, c) XRD patterns of a surface-aligned sample in the Col phase at 83 °C: (b) original pattern; the inset shows 
the small angle region; (c) position of the maximum of the diffuse scattering (black arrow) with respect to the 
reciprocal 2D lattice and orientation of the molecules in the corresponding real lattice (red, arbitrary size). 
 

The Colr phase of dimer 31a shows an electro-optical switching on application of a 
relatively high threshold electric field of about 30 Vµm-1. The switching is accompanied by a 
current response with only one sharp current peak in the half period of a triangular wave 
voltage, also at low frequencies (down to 0.1 Hz) indicating a FE ground state (PS = 230 
nCcm-2). Additionally, using a modified triangular wave field, where a delay is introduced at 
zero voltage, independent of the temperature and the thickness of the non-coated ITO cells (5, 
10 µm) only one peak is observed. This indicates that a bistable switching takes place, and that 
switching always occurs after zero-voltage crossing of the applied field. The Colr phase of 
dimer 31b (m = 11, Ps = 300 nC cm-2) behaves very similar in a.c. and d.c. experiments. All 
these compounds form Col phases which show a similar bistable polar switching by rotation 
around the long molecular axis. 
 
 
6.1.2 Dimers 32 bearing the spacer-calamit unit in the 4-position on the central resorcinol 
fragment of the bent-core moiety 

 
The compounds 32 (n = 12; m = 6, 11; p = 6; E0) are dimers connected laterally - terminally in 
the 4-position on the central resorcinol fragment of the bent-core moiety (here assigned as L –
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 4 - T, see Table 6.1). On changing the connecting position of the spacer-calamit unit to the 
position 4 on the bent-core moiety, an increase of the mesophase stability was observed for the 
dimers 32. The transition temperatures and the mesophase behaviour of compounds 32 are 
given in Table 6.1 and in Figure 6.2. The dimer 32a (m = 6) presents three enantiotropic 
mesophases: a nematic and two smectic phases. The compound 32b (m = 11) forms two 
enantiotropic mesophases: a nematic and a smectic phase. A significant increase of the 
mesophase stability could be observed for this dimer. 

The mesomorphic properties of the compound 32b (with an even-numbered spacer, but an 
odd number of methylene units, m = 11) will be discussed in more detail. The high-temperature 
phase of compound 32b can be assigned as a nematic phase. This phase shows typical schlieren 
(Fig. 6.4a), marbled, homeotropic and/or planar textures. Over the whole existence range of the 
nematic phase, chiral domains of opposite handedness can be observed. Furthermore, the N 
phase shows a similar unusual electro-optical response, similar to the one described for the 
nematic phase of dimer 1h (type I) in subchapter 5.1.1.2. On application of a relatively low a.c. 
field (1.0 V µm-1, 20 Hz) to the planar oriented N phase of compound 32b in a 6 µm polyimide-
coated cell, fluctuating domains of the WILLIAMS–KAPUSTIN type appeared (their period, ddom, 
corresponds to the cell thickness). Applying higher fields and higher frequencies (3.0 V µm-1, 
150 Hz) to the planar oriented N phase, domains with equidistant stripes parallel to the original 
orientation of the director no appear (longitudinal patterns, with a period of these domains 
clearly greater than the sample thickness). Further increase of the voltage results in a decrease 
of the domain period, i.e. 6 µm at 5 Vµm-1, 4 µm at 10 Vµm-1. Unusual effects are observed 
like a transition between longitudinal, zigzag and normal rolls (5 V µm-1, 3 kHz; Fig. 6.4b), 
controlled by the excitation frequency. Details on such rare electro-optical behaviour have been 
reported already in chapter 5.7 254,255 for the N phase of the ‘banana-calamit’ dimer of type I, 
compound 15b. With increasing voltage (above 12 Vµm-1) a myelin - like texture with fine 
equidistant stripes appears (Fig. 6.4c). At higher a.c. field (above 30 V µm-1) the stripes 
disappear and an optical texture results which is reminiscent of a smectic fan-shaped texture 
(Fig. 6.4d). This field-induced fan-shaped texture is observed in the whole existence region of 
the N phase. However, during the electro-optical experiments no polar switching was detected. 
If the electric field is removed, the smectic-like texture disappears and the texture of the planar 
oriented N phase reappears. This means that the nematic phases of the two different type of 
dimers laterally – terminally connected (dimers 32, of type II) and terminally - terminally 
connected (dimer 9a, of type I) exhibit very similar optical and electro-optical properties. 

 

  (a)    (b)    (c)    (d)    (e)  
 
Figure 6.4: (a-d) Textures of the nematic phase of compound 32b at 147 °C observed between crossed 
polarisers in the same region of the sample in a 6 µm polyimide-coated ITO cell: (a) at U = 0 V; (b-d) field-
induced texture changes of the nematic phase by application of an a.c. field; the electric field strength E is 
increasing: (b) 5 Vµm−1, 3 kHz; (c) 17 Vµm−1; (d) 32 Vµm−1; the orientation of the initial director no is 
marked; (e) XRD pattern of an aligned sample of the nematic phase of compound 32b at 147 °C. 
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X-ray measurements performed on a sample of the compound 32b at 147 °C by applying a 
magnetic field of about 1T confirm the presence of a nematic phase, i.e. a diffuse scattering in 
the small angle region located on the meridian, and a diffuse wide angle scattering located 
around the equator (Fig. 6.4e). The diffuse, small-angle scattering in the nematic phase can be 
attributed to cybotactic groups representing fluctuating arrays of molecules with a short-range 
order of the same type as the long-range order in the low-temperature smectic phase. 

On cooling the nematic phase of compound 32b, a smectic phase separates in the form of 
batônnets which then coalesce and form a fan-shaped texture (Fig. 6.5a). The X-ray pattern of 
the smectic phase at 140 °C obtained from an aligned sample shows a diffuse outer scattering 
with the maxima located on the equator and BRAGG-reflections on the meridian, from which a 
layer spacing of d = 3.24 nm is calculated (Table 6.1 and Fig. 6.5d). This finding indicates a 
SmA phase. 
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  (d)   (e)  

 
Figure 6.5: (a-c) Electro-optical investigations of the SmAPAF phase of 32b at 140 °C in a 6 µm polyimide-
coated ITO cell; textures observed between polarisers in the same region of the sample: (a,b) under a d.c. 
electric field at (a) U = 0 V and (b) U = ± 150 V; (c) AF switching current response obtained by applying a 
triangular-wave voltage (U = 315 Vpp, f = 10 Hz, R = 5 kΩ, PS = 370 nC cm-2); (d) XRD patterns of a surface-
aligned sample in the SmAPAF phase of 32b at 140 °C; the inset shows the small angle region; (e) packing of 
the molecules in the CPA phase described by EREMIN et al. in ref.82 

 
Interestingly, an electro-optical response could be observed on applying an a.c. or a d.c. 

field on the low-temperature phase of compound 32b, i.e. an orthogonal polar smectic phase 
was observed. On applying an electric field to the fan-shaped texture of the SmA phase the 
birefringence is slightly changing and the stripes within the fans disappear (Fig. 6.5b). 
Furthermore, it was found that the texture of the switched state is independent of the polarity of 
the applied field (Fig. 6.5b). The switching in this polar SmA mesophase takes place by rotation 
around the long molecular axis. Furthermore, this switching process is rather slow due to steric 
hindrance of the rotation by the lateral attached spacer-calamit unit. As a consequence the 
current response peaks could only hardly be recorded. However, during detailed a.c. 
experiments, two current peaks per half period of a triangular voltage could be recorded (Fig. 
6.5c) indicating the switching from an AF ground state into FE states. The field-induced 
SmAPFE phase is metastable and relaxes back to the SmAPAF ground state after removal of the 
field (Fig. 6.5a). We can conclude from these experimental findings that the low-temperature 
phase of compound 32b is an antiferroelectric variant of a polar biaxial SmA phase which was 
theoretically predicted by BRAND et al.,79,159 i.e. a SmAPAF phase (there designated as CPA). In 
this phase the smectic layers have C2v symmetry whereas in the SmCPAF phase a C2 symmetry 
exists. A CPA phase was experimentally proved in a pure banana-shaped 4-cyanoresorcinol 
derivative for the first time by EREMIN et al.82 There, the banana-shaped molecules are packed 
in the bent direction, which is identical with the polar axis. The smectic layers have C2v 
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symmetry, i.e. a twofold symmetry axis (which coincides with the polar axis) and a vertical 
mirror plane including the two-fold axis and the layer normal. In addition, the polar direction 
alternates from layer to layer giving rise to the antiferroelectric structure of the SmAPAF phase. 
EREMIN et al.82 proposed a packing of the so-called CPA phase (Fig.6.5e) which can still serve 
us only as a rough approximation of the structural model.  

The homologous compound 32a (m = 6) forms three enantiotropic mesophases: a nematic 
and two smectic phases. Detailed POM, DSC and electro-optical experiments proved that the 
two high-temperature phases of dimer 32a are a nematic and a SmAPAF phase (PS = 240 nC cm-

2). This SmAPAF phase presents a similar electro-optical behaviour as the one observed for 
compound 32b (m = 6). However, on further cooling of the SmAPAF phase some additional 
irregular stripes parallel to the smectic layers arises. Applying an electric field to the fan-shaped 
texture of the low-temperature phase, optically equivalent textures of the switched and ground 
states can be seen under a polarising microscope, as a consequence of the switching which 
takes place by rotation around the long molecular axis. They differ from each other only by a 
small change in the birefringence. It was found that the low-temperature smectic phase of dimer 
32a is also AF, i.e. a SmCxPAF phase (U = 340 Vpp, f = 10 Hz, R = 5 kΩ, T = 95 °C, PS = 330 
nC cm-2). No X-ray investigations were possible due to a fast crystallization of the sample.  

Summarizing chapter 6.1, it was found that on increasing the spacer length for the dimers 
type II the mesophases are stabilized, contrarily to the tendency found for the analogues dimers 
of type I (see Table 6.1 and Figure 6.2). Another interesting point is the structure-property 
relationship on varying the length of the spacer m resulting in columnar phases for dimers L – 5 
- T (compounds 31). The lattice parameters of the Colr phases of compounds 31 depend on the 
length of the flexible spacer m (see Table 6.1). On increasing the spacer length the parameter a 
of the Colr phases is slightly increasing, while parameter b is slightly decreasing. The number 
of the molecules in the unit cell in the Colr phases of compounds 31 is decreasing with 
increasing spacer length. This means that the size of the ribbons of the Colr phases is decreasing 
on increasing the spacer length. The number of molecules in a unit cell of the Colr phase of 
dimers 31, ncell,LC (calculated using ref. 03,204 see also chapter 5.1.2 for a detailed description) 
was found to be 5 for dimer 31a and 4 for dimer 31b. The values of the spontaneous 
polarisation, PS, found for the polar phases of dimers 31 and 32 are increasing on elongating the 
spacer m and on decreasing the temperature, as observed for the analogues dimers 7a and 9a 
(T – T). 

The connection of the mesogenic units in a laterally - terminally way in the 4-position (L –
 4 - T) on the central resorcinol fragment of the bent-core moiety, results for the dimers 32, in 
appearance of new mesophases with new mesomorphic properties, i.e. SmAPAF phases (see 
Table 6.1 and Fig. 6.5). A phase sequence N -> SmAPAF -> SmCxPAF has been observed for 
compound 32a. The transition SmAPAF -> SmCxPAF was found to be first order (with a 
transition enthalpy value of 0.8 kJ mol-1). This means that on changing the connecting position 
resulted in the appearance of AF smectic phases. 
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6.2 The effect of the linking position of the mesogenic units on the mesophase behaviour of 
the analogues dimers of types I and II 

 
The investigation of the effect of the connecting position of the spacer - calamit unit on the 
bent-core moiety on the mesophase behaviour showed that for the analogues dimers with spacer 
length m = 6, the linking of the mesogenic units in a laterally - terminally way results in 
compounds with lower mesophase stabilities than that found for the corresponding dimers of 
type I linked terminally - terminally (see Table 6.1 and Fig. 6.6). Thus, the compound 7a (T - 
T) has the highest mesophase stability and is followed by the dimer 32a (L – 4 - T). The dimer 
31a (L – 5 - T) exhibits the lowest mesophase stability.  
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Figure 6.6: Transition temperatures (°C) of dimers 31a, 32a and their analogue dimer 7a taken from the first 
DSC cooling scans (10 Kmin-1). 
 

A different situation could be observed for the dimers with eleven methylene units in the 
spacer. Surprisingly, it was observed that for the dimers type II, the highest mesophase stability 
is obtained for the laterally - terminally connected dimer 32b (L – 4 - T dimer, see Table 6.1 
and Fig. 6.7). Similar to the dimers with 6 methylene units in the spacer, the dimer 31b with the 
spacer-calamit unit attached at the top of the bent-core unit (L – 5 - T dimer) exhibits the 
lowest mesophase stability. 
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Figure 6.7: Transition temperatures (°C) of dimers 31b, 32b and their analogue dimer 9a taken from the first 
DSC cooling scans (10 Kmin-1). 
 

On connecting the spacer-calamit unit in a laterally - terminally modality in the 5-position 
(L – 5 - T) on the central resorcinol fragment of the bent-core moiety, only ColrPFE mesophases 
were found for dimers 31. Interestingly, the analogue connection in the 4-position (L – 4 - T) 
on the central resorcinol fragment of the bent-core moiety results for dimers 32 in appearance 
of new mesophases with interesting mesomorphic properties, i.e. SmAPAF phases. 
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7 Mesophase behaviour of ‘calamit–banana-calamit’ trimers 

 
This chapter is focused on ‘calamit – banana - calamit’ trimers of type I containing two 
identical calamitic mesogenic moieties connected via two equal flexible spacers to a bent-core 
unit in a linear fashion (terminally – terminally connection). The trimers type II, ‘banana - 
calamit – banana’ trimers, containing two identical bent-core mesogenic units connected to a 
calamitic mesogenic moiety in a linear fashion will be presented in the next chapter 8. The 
combination in the trimers under discussion should clarify if also such componds can exhibit 
‘banana phases’ (SmCP, Col) as well as mesophases typical for calamitic compounds (N, 
SmA, SmC) which were found for dimeric mesogens (see ref.138,139,195,251 and chapters 5 and 6) 
and in the binary mixtures of bent-core and calamitic compounds.183 

Several molecular architectures are possible for the design of such liquid crystal trimers, 
e.g. terminally – terminally connection (see a general example in Fig. 7.1a), laterally – 
terminally linking (Fig. 7.1b,c). 

 
 

 
(a)                                                               (b)                                             (c) 
 
Figure 7.1: General sketch of ‘calamit – banana - calamit’ trimers terminally – terminally connected (a) and 
laterally – terminally linked (b,c). 
 

We used five- or seven-ring bent-core moieties (q = 0, 1, see Table 7.1) with different 
direction of the ester groups Z, W, i.e. a resorcinol fragment for trimers 33, 35a and 36 or an 
isophthalic acid unit for trimers 34 and 35b. The bent-core moieties are tied to two identical 
calamitic alkyloxybenzoyloxyphenyl units (p = 6, 16) via flexible spacers in a linear fashion 
(terminally – terminally connection). The three mesogenic units are linked using aliphatic 
spacers of equal size. The linkages between the two spacers and the mesogenic moieties are 
ether groups. The compounds 33, 34 and 35 possess a five-ring bent-core moiety (q = 0), while 
the trimer 36 contains a seven-ring bent-core moiety (q = 1).  

All compounds exhibit liquid crystalline behaviour. The mesophase types, transition 
temperatures together with the associated transition enthalpies, lattice parameters and PS values 
of the trimers 33 - 36 are given in Table 7.1. To give more information, the mesophase 
behaviour on cooling is sketched in the bar charts (Fig. 7.2). Nearly all compounds exhibit 
smectic mesophases (several in combination with a nematic phase). Trimer 34a exhibits only a 
monotropic nematic phase. The influence of this new constellation on the mesophase behaviour 
is discussed based on electro-optical and X-ray measurements. 
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Figure 7.2: Transition temperatures (°C) of trimers 33 - 36, taken from the first DSC cooling scans (10 Kmin-1). 
 
 
Table 7.1: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and PS values of trimers 
33 - 36.[a] 

 

 

 

 
 

Lattice 
parameters 

Comp m p Z W q 
Transitions temperatures [°C] 

ΔH [kJ·mol-1] 
Phase 
type d 

[nm] 
τ 

[°] 

PS 
nC/cm2 

33a 3 6 COO OOC 0 
Cr 156 (SmCxPAF 144) I 
    67.6                  21.4 

SmCxPAF -[c] -[c] 270 

33b 6 6 COO OOC 0 
Cr 176 SmCxPAF 185 N 193 I 
     58.9                21.1    7.7 

N 
SmCxPAF 

 
-[c] 

 
-[c] 

 
300 

33c 11 6 COO OOC 0 
Cr 130 SmCcPAF 161 I 
     77.6               33.7 

SmCcPAF 2.12 24 340 

34a 3 6 OOC COO 0 
Cr 186 (N 174) I 
     88.4      2.4 

N    

34b 6 6 OOC COO 0 
Cr 186 (SmCx 166) N 220 I 
     71.2            -[b]       11.9 

N 
SmCx 

 
-[c] 

 
-[c] 

 
-[c] 

34c 11 6 OOC COO 0 
Cr 143 (SmCxPAF 131) N 171 I 
    114.3                6.1        7.5 

N 
SmCxPAF 

 
-[c] 

 
-[c] 

 
270 

35a 11 16 COO OOC 0 
Cr 126 (SmC’aPAF 125) SmCaPAF 130 I 
     44.5                22.2                  34.7 

SmCaPAF 
SmC’aPAF 

6.90 

-[c] 
- 

-[c] 
330 
370 

35b 11 16 OOC COO 0 
Cr 142 SmC’x 146 SmCx 149 I 
    121.9           0.3           21.2 

SmCx 

SmC’x 

-[d] 

7.54 
-[d] 

- 
-[d] 

- 

36 6 6 COO OOC 1 
Cr 165 SmCxPAF 200 N 267 I 
     43.2                15.0    7.1 

N 
SmCxPAF 

 
-[c] 

 
-[c] 

 
430 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of trimers 33 - 36 were taken from the second 
DSC heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the 
transition temperatures and enthalpy values were taken from the first DSC cooling scans and the transition 
temperatures were checked by polarising microscopy; [b] the transition is not detectable on DSC and the 
transition temperature value is determined by polarising microscopy; [c] not determined due to rapid 
crystallization of the sample; [d] not determined due to fast transition to the low-temperature smectic phase. 

O

Z W

O

O(CH2)mO
O

O

O

O
H2p+1CpO

O

q O
O

O(CH2)mO O

O
OCpH2p+1

O

q



 7 Mesophase behaviour of ‘calamit–banana-calamit’ trimers  153

7.1 Trimers 33 containing a resorcinol fragment in central position of the bent-core moiety 
 
The symmetric trimers 33 have a five-ring bent-core unit possessing a central resorcinol 
fragment (Z = -COO-, W = -OOC-, E0) and two calamitic hexyloxybenzoyloxyphenyl units (p 
= 6). The three mesogenic units are connected by two equal methylene spacer (m = 3, 6, 11). It 
is important to note that the varied spacer contains odd as well as even number of atoms linking 
the three mesogenic units. The mesophase behaviour, transition temperatures together with the 
associated transition enthalpies, lattice parameters and PS values of the trimers 33 are collected 
in the Table 7.1.  

The homologue with even-numbered spacer length 33b (m = 6) give rise to both nematic 
and smectic phases. The odd-numbered trimers exhibit exclusively smectic phases, however of 
different types. For trimer 33a with m = 3 a monotropic smectic phase, here assigned as 
SmCxPAF phase could be found, while trimer 33c (m = 11) forms an intercalated smectic 
SmCcPAF phase. 

The nematic phase of the trimer 33b shows typical schlieren (Fig. 7.3a), marbled, 
homeotropic and / or planar textures and chiral domains of opposite handedness. Moreover, the 
nematic phase shows a similar unusual electro-optical response, as the one described for the 
nematic phases of dimers of type I and II by application of an a.c. field (see for an example the 
compound 1h, subchapter 5.1.1.2). Unusual effects are observed like a transition between 
longitudinal, zigzag and normal rolls (5 V µm-1, 3 kHz; Fig. 7.3b), controlled by the excitation 
frequency. Above 12 Vµm-1, on increasing the voltage, a myelin-like texture with fine 
equidistant stripes appears (Fig. 7.3c). At higher a.c. field (above 30 V µm-1) the stripes 
disappear and an optical texture results which is reminiscent of a smectic fan-shaped texture 
(Fig. 7.3d). This field-induced fan-shaped texture is observed in the whole existence region of 
the nematic phase. It is important to note that during these electro-optical experiments no polar 
switching was detected. If the electric field is removed, the smectic-like texture disappears and 
the texture of the original planar oriented nematic phase reappears. This means that the nematic 
phases of the two different type of dimers ‘banana - calamit’ type I and II (terminally - 
terminally and laterally – terminally connected) exhibit very similar optical and electro-optical 
properties to those of the nematic phases of trimers of ‘calamit – banana - calamit’ trimers. The 
low-temperature phases of trimers 33a and 33b were assigned as SmCxPAF phases. 
 

(a) (b) (c)   (d)  
 
Figure 7.3: (a-d) Textures of the N phase of trimer 33b at 187 °C observed between crossed polarisers in a 6 
µm polyimide-coated ITO cell in the same region of the sample: (a) at U = 0 V, schlieren texture; (b-d) field-
induced texture changes of the nematic phase by application of an a.c. field; the electric field strength E is 
increasing: (b) 6 Vµm−1, f0=4 kHz, longitudinal, zigzag and normal rolls; (c) 18 Vµm−1, myelin-like texture; 
(d) 30 Vµm−1, smectic fan-shaped reminiscent texture; the orientation of the initial director no is marked. 
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The trimer 33c (m = 11) exhibits an enantiotropic smectic phase. It follows from the X-ray 
investigations and the electro-optical measurements that this phase is a SmCcPAF phase with 
only one layer reflection corresponding to a periodicity smaller than half the molecular length 
in the small-angle region (d = 2.12 nm). An electro-optical switching with a current response 
indicating an AF ground state could be obtained, i.e. two polarisation current peaks per half 
period were recorded (PS = 340 nC cm-2), with a switching mechanism by rotation around the 
long axis, which changes the polar direction without changing the tilt direction of the 
molecules. 

 
 

7.2 Trimers 34 containing an isophthalic acid unit in central position of bent-core moiety 
 
The trimer series 34 (m = 3, 6, 11; p = 6) differs from the series 33 only by the direction of the 
connecting ester linking groups of the central aromatic ring (Z = -OOC-, W =-COO-), i.e. they 
posses a five-ring bent part with a central isophthalic acid unit. The mesophase behaviour, 
transition temperatures together with the associated transition enthalpies, lattice parameters and 
PS values of the trimers 34 are collected in the Table 7.1. 

All trimers of the series 34 form nematic phases, contrarily to the previously presented 
homologous series 33 (only the even-membered trimer 33b forms a nematic phase). The trimer 
34b (m = 6) exhibits a nematic and a monotropic non-polar SmC phase (assigned here as SmCx 
phase). The trimer 34c (m = 11) forms a nematic and a polar SmCx phase. The SmCx phase 
possesses a polar switching very similar to that of the SmCxPAF phase of compound 33b, i.e. a 
switching mechanism by rotation around the long axis, which changes the polar direction 
without changing the tilt direction of the molecules (SmCxPAF phase, PS = 270 nC cm-2).  

The inversion of the two ester linking groups of the central aromatic ring Z and W results 
in a mesophase stabilization in comparison with the analogues trimers 33. On increasing the 
spacer length for the trimers with m = 3 (34a) to the trimer with m = 6 (34b), the mesophases 
are stabilized. However, on further increasing the spacer length to m = 11 (34c), a mesophase 
destabilization could be detected, associated with the appearance of a polar smectic phase. 
 
 
7.3 Trimers 35 bearing long terminal chains p 
 
The trimer series 35 (m = 11; p = 16; see Table 7.1) incorporate bent-core units derived from 
resorcinol (trimer 35a, Z = -COO-, W = -OOC-; E0 orientation) and from isophthalic acid 
(trimer 35b, Z = -OOC-, W =-COO-). The elongation of the spacer and of the terminal chain 
leads to drastic consequences. The mesophase behaviour, transition temperatures together with 
the associated transition enthalpies, lattice parameters and PS values of the trimers 35 are 
collected in the Table 7.1.  

The trimer 35a exhibits two smectic phases. On cooling from isotropic state a schlieren 
texture arises with singularities of s = ±1, s = ±1/2 and s = ±3/2 (Fig. 7.4a, indication of a tilted 
smectic mesophase) and / or a birefringent smooth fan-shaped texture which points to an 
anticlinic SmC phase (Fig. 7.4a,b). Over the whole temperature range complementary domains 
of opposite handedness could be observed on rotating the polariser from the crossed position. 
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 (a)   (b)     (c)     (d)     (e)  
 
Figure 7.4: Textures of the mesophases of trimer 35a as observed between two untreated glass slides on 
cooling at U = 0 V (same region is presented in all cases): (a) at the transition from the high-temperature SmC 
phase (schlieren texture, top-right) to the low-temperature smectic phase (non-specific grainy texture, bottom-
left) at 125 °C; (b) the non-specific grainy texture of the low-temperature smectic phase at 124 °C; (c) 
optically isotropic texture of the low-temperature smectic phase at 122 °C (after 5 minutes); (a-c) textures 
observed between crossed polarisers, and (d,e) by rotating one polariser by +15° (d) and by -15° (e) from the 
crossed position (chiral (+) and (–) domains). 
 
The X-ray diffraction pattern of the high-temperature phase of compound 35a confirmed the 
presence of a SmC phase. Electro-optical investigations evidenced the occurrence of two 
separate repolarisation peaks in each half period of the applied triangular voltage field, which is 
characteristic for an AF switching (SmCaPAF phase). In the circular domains the extinction 
crosses are aligned along the directions of the crossed polarisers and do not change on applying, 
on reversal or on terminating the applied field. These findings suggest that the AF ground state 
as well as the switched FE states have an anticlinic tilt. This switching corresponds to the 
transition from a SmCaPAF state to a SmCaPFE state. The chirality of the layers switches by a 
collective rotation of the molecules around their long axes on reversing the applied field. 

The texture of the low-temperature smectic phase of compound 35a depended strongly on 
the texture of the preceding smectic phase and on the boundary conditions. This phase appeared 
either as a non-specific low-birefringent texture with small islands of birefringent broken fan-
shaped texture or as a low birefringent non-specific grainy texture (Fig. 7.4b), which transforms 
into an optically isotropic texture (it appears dark between crossed polarisers on cooling and / 
or after several minutes, Fig. 7.4c). Rotating one polariser out of the crossed position chiral 
domains of opposite handedness could be observed (Fig. 7.4d,e). The features of this phase are 
similar to those found for the SmCPAF

[*] phase of compound 5b. These findings would point out 
to a strongly distorted and hence optically isotropic layer structure similar to that proposed for 
the dark conglomerate phases (the mesophase has a chiral superstructure though the molecules 
themselves are achiral). The dark conglomerate phase exhibits little birefringence but is 
optically active and exhibits large homochiral domains in cells.88,195,212 

However, there are strong arguments against the theory of a dark conglomerate phase, i.e. 
no fractal growing of the grainy non-specific texture of the mesophase, and no significantly 
higher viscosity of this mesophase in comparison to the high-temperature conventional polar 
smectic SmCaPAF phase (on shearing experiments) could be observed. Also the appearance of a 
non-specific low-birefringent texture with small islands of birefringent broken fan-shaped 
texture on cooling to the low-temperature phase of compound 35a in a 5 µm non-coated ITO 
cell speaks for a non-typical dark conglomerate phase. It is assumed that in this mesophase 
microscopically sized domains with distinct tilt direction and polar directions are organized in 
layers. The X-ray measurements are indicating that this is not a conventional dark 
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conglomerate phase as our sample was partially aligned and second- and third-order layer 
reflections in the lower temperature phase appeared. X-Ray investigations on the typical dark 
conglomerate phase indicate a simple layer structure; the layer reflections are not resolution 
limited and indicate a relatively short correlation length of the smectic layers.  

There is a second different type of mesophases showing this type of dark conglomerate 
textures. In contrast to the typical dark conglomerate phase, which are simple layer structures 
without in-plane order, this second type has additional order and is assumed to be a soft 
crystalline phase, assigned as B4

[*] phases.23 This means that several properties of the low-
temperature phase of compound 35a present similarities to those observed for related phases 
described above, however there are some significant differences. Therefore a sponge-like 
distorted structure or a soft crystalline B4

[*] phase structure cannot be assumed and hence their 
structure could be different. 

The electro-optical response of the low-temperature phase of compound 35a is different 
from the one observed for the high-temperature SmCaPAF phase. By applying electric fields 
greater than about 18 Vµm-1, this texture can be switched into a birefringent fan-shaped texture 
which presents circular domains with the extinction crosses inclined with respect to the 
directions of polariser and analyzer evidencing a synclinic organization of the molecules 
between adjacent layers in the field-induced state (Fig. 7.5a). The tilt angle of the extinction 
crosses with respect to the crossed position of the polarisers in the field-induced states is about 
45° which indicates a tilt angle of the molecules of 45°, respectively (Fig. 7.5a,b,d). If the field 
is switched off, the texture shows nearly extinction between crossed polarisers and in the 
circular domains the extinction crosses rotate into positions parallel to polariser and analyzer. 
This indicates relaxation into an anticlinic structure at 0 V (Fig. 7.5c; SmCaPAF-like state). In 
this non-birefringent texture, over the whole temperature range chiral domains of opposite 
handedness could be observed. By applying the electric field again, the extinction crosses rotate 
back to the position where the tilt angle of the extinction crosses with respect to the crossed 
position of the polarisers in the field-induced states is about 45° (Fig. 7.5d). This indicates the 
existence of a SmCsPFE-like structure with opposite polar direction. The current response shows 
two current peaks per half period of the applied triangular voltage (PS = 370 nC cm-2, Fig. 7.5e). 
Hence, optical investigation clearly indicates a tristable switching by a collective rotation 
around a cone, which is an additional confirmation of the AF switching process.  
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Figure 7.5: Electro-optical investigations of the SmC’aPAF phase of trimer 35a at 120 °C in a 5 µm non-coated ITO 
cell (same region is presented in all cases): (a,c) U = 0 V; (b,d) U = ± 200 V; (e) AF switching current response 
obtained by applying a triangular-wave voltage (U = 380 Vpp, f = 30 Hz, R = 5 kΩ, PS = 370 nC cm-2); in images (a) 
and (c) the intensity of the light was strongly increased for a better observation of the extinction crosses). 

 
Based on these experimental findings the ground state structure of the low-temperature 

smectic phase of trimer 35a should be AF with an anticlinic organization, a SmC’aPAF phase. 
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The low birefringence could be explained with a SmCaPAF phase structure with a 45° tilted 
organization of the molecules and a bending angle of the aromatic cores of about 109° 
(orthoconic anticlinic director structure221), as already mentioned for the low-temperature 
smectic phase of compound 5b, a dark conglomerate SmCPAF

[*] phase (see chapter 5.1.2.4). 
Also for the low-temperature smectic phase of trimer 35a the optically measured tilt angles in 
the field-induced textures of the SmCsPFE-like structure are in the range of 40–45°. Another 
explanation of the low birefringent mesophase can be a layer distortion which leads to a 
mesoscopically disordered structure, either composed of randomly ordered fragments of these 
layers,235 or due to a random (sponge-like) deformation of the layers250 and it is possible if the 
size of the domains with uniform director orientation is smaller than the wave length of light. 
 The structure of the trimer 35b (m = 11; p = 16; Z = -OOC-, W =-COO-) differs from 
the trimer 35a only by the direction of the connecting ester linking groups of the central 
aromatic ring. The inversion of these two ester linking groups of the central aromatic ring 
results in a mesophase stabilization (about 19 K), conform to the previously described tendency 
discovered for the trimers series 33 and 34. The trimer 35b exhibits two enantiotropic smectic 
mesophases. Based on the textural observations and of the X-ray diffraction pattern the 
mesophases of compound 35b were assigned as SmCx and SmC’x phases. The comparison with 
the analogues trimers 33 and 34 revealed that the elongation of the spacer and of the terminal 
chain resulted in a mesophase destabilization for compounds 35. 
 
 
7.4 Trimer 36 containing a seven-ring bent-core unit 
 
The trimer 36 possesses a seven-ring bent-core unit (q = 1) derived from resorcinol (Z = -
COO-, W = -OOC-; E0 orientation) and two calamitic hexyloxy-benzoyloxyphenyl units (p = 
6). The three mesogenic units are connected to the methylene spacer (m = 6) through the ether 
groups. The influence of varying the number of aromatic rings of the bent-core unit on the 
mesomorphic properties will be investigated in comparison with the analogue trimer 33b (m = 
6; p = 6; Z = -COO-, W = -OOC-), which contains a five-ring bent-core unit (q = 0). The 
mesophase behaviour, transition temperatures together with the associated transition enthalpies, 
lattice parameters and PS values of the trimer 36 are presented in the Table 7.1. 
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Figure 7.6: Transition temperatures (°C) of trimers 33b and 36, taken from the first DSC cooling scans (10 
Kmin-1). 
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The trimer 36 exhibits two enantiotropic phases: a nematic and a smectic phase, in 
accordance with the analogue trimer 33b (N-SmCx phase sequence) and with its overall linear 
shape (even-methylene spacer). The application of an electric field of 20 Vµm-1 on the smectic 
phase leads to an electro-optical switching with a current response indicating an AF ground 
state, i.e. two polarisation current peaks per half period were recorded (PS = 430 nC cm-2). Over 
the whole temperature range complementary domains of opposite handedness could be 
observed (in the 0 V state and in the field-induced states). Based on these experimental 
findings, the low-temperature phase of trimer 36 was assigned as a SmCxPAF phase. We can 
conclude that the enhancement of the number of rings in the bent unit (actually of the number 
of the benzoyloxy- units) results in an increased mesophase stability (Fig. 7.6), along with an 
increased PS value. 

Summarizing chapter 7, it was found that similar to the dimers ‘banana - calamit’ of type 
I, for the trimers type I (‘calamit – banana - calamit’ trimers) the combination of two identical 
calamitic mesogenic units connected via two equal flexible spacers to a bent-core unit in a 
linear fashion terminally – terminally leads to compounds exhibiting polymorphism variants 
with phases typical for bent-core molecules (SmCPAF) as well as mesophases characteristic for 
calamitic compounds (N). These nematic phases exhibit special properties similar to the 
nematic phases of dimers type I and II presented in previous chapters 5 and 6, e.g. special 
electro-convection pattern, as well as possible field induced transitions into smectic phases. 
New polar smectic phases, i.e. SmCcPAF phases, as well as new phase sequences with non-polar 
and polar phases of special interest (nematic – smectic, nematic – polar smectic phases) 
appeared, similar to the combination ‘banana - calamit’ of dimers of type I. It was found that 
the inversion of the two ester linking groups of the central aromatic ring Z and W results in a 
mesophase stabilization. The even - numbered spacer compounds (m = 6) presents the higher 
mesophase stability (see Table 7.1), similar to the dimers type I. The enhancement of the 
number of rings in the bent unit results in an increase of the mesophase stability, similar to the 
dimers type I.  

All the polar SmC phases are AF and the values of the spontaneous polarisation, PS, 
increase on increasing the length of the spacer m and of the terminal alkyloxy chain p attached 
to the calamitic mesogens and on decreasing the temperature, similar to the dimers type I. 
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8 Mesophase behaviour of ‘banana–calamit-banana’ trimers 

 
In this chapter, the mesophase behaviour of the symmetric trimers ‘banana-calamit-banana’ of 
type II containing two identical bent-core mesogenic segments connected through two equal 
flexible spacer units in a linear end-to–end manner to a calamitic moiety incorporating different 
segments will be discussed. This combination in the trimers of type II should permit us a 
clearer understanding of the correlation between the overall molecular structure and thermal 
properties of these trimeric molecules. Furthermore, the trimers facilitate our understanding of 
the origin of the thermal behavior from dimers to the polymers. 

The linking of the two bent-core units to the calamitic moiety via two flexible spacers can 
be realized in different ways: terminally - terminally (the trimers type IIa which will be in the 
following described, Fig. 8.1a), laterally - terminally (trimers type IIb, see Fig. 8.1b,c) and 
laterally - laterally (trimers type IId, see Fig. 8.1d). 
 

 
(a)      (b)                                             

 
 

(c)      (d)   
 
Figure 8.1: Different possibilities to design ‘banana – calamit - banana’ trimers. 
 

Phenylene and biphenylene fragments (dimer series 37) and azobenzene segments (dimer 
series 38) were used as the calamitic moieties. We used the five-ring bent-core moiety 
possessing a central resorcinol ring with its reference structure E0. 
 
 
8.1 Trimers 37 containing phenylene and biphenylene units 
 
The symmetric trimers 37 possess two five-ring bent-core mesogenic units (n = 12; E0) and a 
calamitic structural unit containing a 1,4-disubstituted benzene ring or a 4,4’-disubstituted 
biphenylene unit. The three mesogenic units are connected to the methylene spacer (m = 4, 11) 
through ester and ether groups. The mesophase behaviour, transition temperatures together 
with the associated transition enthalpies, lattice parameters and PS values of the trimers 37 are 
collected in the Table 8.1 and Figure 8.2. All compounds 37 exhibit liquid crystalline 
behaviour. 
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Table 8.1: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and PS values of trimers 
37.[a] 
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O(CH2)mO
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O

O
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Lattice parameters 
Comp m r[d] 

Transitions temperatures 
[°C] 

ΔH [kJ·mol-1] 

Phase 
type d 

[nm]
τ 

[°] 
a 

[nm] 
b 

[nm] 
γ 

[°] 

PS 
nC/cm2

37a 4 0 
Cr 162 SmCaPAF 189 I 
    54.3                14.7 

SmCaPAF 5.66 44    270 

37b 4 1 
Cr 153 SmCaPAF 191 I 
    59.1                15.9 

SmCaPAF 6.09 -[e]    140 

37c 11 1 
Cr 158 (M7 153) I 
   107.7       -[b] 

M7 -[c] -[c] -[c] -[c] -[c] -[c] 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of trimers 37 were taken from the second DSC 
heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the transition 
temperatures and enthalpy values were taken from the first DSC cooling scans and the transition temperatures 
were checked by polarising microscopy; [b] the transition is not detectable on DSC and the transition 
temperature value is determined by polarising microscopy; [c] not determined due to rapid crystallization of the 
sample; [d] r is the number of additional phenyl rings in the corresponding calamitic unit; [e] the tilt angle could 
not be determined because only a powder-like pattern was obtained during the X-ray investigations. 
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Figure 8.2: Transition temperatures (°C) of compounds 37, taken from the first DSC cooling scans (10 Kmin-1). 

 
Only smectic phases were found for the trimers 37a and 37b with an odd-numbered of 

single units per spacer. The two compounds differ only by the calamitic rigid unit, i.e. the 
trimer 37a possesses a 1,4-disubstituted benzene ring (r = 0), while the trimer 37b contains a 
4,4’-disubstituted biphenylene moiety (r = 1) as calamitic unit. Surprisingly, the stability of the 
mesophase of compound 37b is only slightly higher. 

The mesophases of the trimers 37a and 37b have similar physical properties. On slow 
cooling, the mesophase of trimer 37a shows banana leaf-like and ribbon-like textures and 
numerous circular domains. The direction of the extinction crosses in the circular domains is 
parallel to the position of the crossed polarisers, indicating an anticlinic organization of the 
molecules between adjacent layers (Fig. 8.3a). The X-ray diffraction pattern of a surface-
aligned sample of the mesophase of trimer 37a is characterized by a diffuse scattering in the 
wide angle region and layer reflections of the first and second order with d = 5.66 nm (Table 
8.1 and Fig. 8.3b). The well-defined layer structure confirms a smectic phase. Based on the 
cumulated experimental findings of the POM and X-ray investigations this phase is designed as 
a SmCa phase. 
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Electro-optical investigations on the enantiotropic SmCa phases of trimers 37a and 37b 
evidenced the occurrence of two separate repolarisation peaks in each half period of the applied 
triangular voltage field, which is characteristic for an antiferroelectric switching (U = 300 Vpp, f 
= 10 Hz, R = 5 kΩ, T = 170 °C, SmCaPAF phase, see Fig. 8.3d; PS = 270 nC cm-2 for 37a and PS 
= 140 nC cm-2 for 37b). Upon applying a sufficiently strong electric field (25 Vµm-1) the 
texture becomes non-specific and the birefringence increases. The field-induced texture is 
independent of the polarity of the applied field (Fig. 8.3c) and does not relax on removal of the 
electric field. This confirms that the switching process takes place by a collective rotation 
around the long molecular axis, which changes the polar direction without changing the tilt 
direction of the molecules.  
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Figure 8.3: The SmCaPAF phase of trimer 37a: (a) Texture on cooling from the isotropic liquid at 180 °C at U 
= 0 V (dark areas are residues of isotropic liquid); (b) XRD patterns of a surface-aligned sample at 174.5 °C 
(the intensity of the isotropic liquid is subtracted); inset shows the small angle region; (c) d.c. field 
experiments at 170 °C in a 5µm non-coated ITO cell (U = ± 150 V); (d) AF switching current response by 
applying a triangular-wave voltage (U = 300 Vpp, f = 10 Hz, R = 5 kΩ, T = 170 °C; PS = 270 nC cm-2). 

 
Compound 37c having an odd number of methylene units per spacer (m = 11) and with a 

calamitic unit consisting of a 4,4’-disubstituted biphenylene unit (r = 1) forms a mesophase 
which appears completely dark between crossed polarisers. This texture exhibits domains of 
opposite handedness which can be visualized by a small decrossing of the polarisers (Fig. 
8.4a,b). This mesophase shows a high viscosity, similar to dark conglomerate phases or cubic 
phases. The significantly higher viscosity of this mesophase in comparison to the conventional 
polar smectic phase obtained for the homologous trimer 37b (m = 4) was tested by shearing 
experiments (Fig. 8.4c). Further characterization by X-ray diffraction and electro-optical 
studies was not possible due to the metastable nature of this phase. The unidentified mesophase 
of compound 37c was assigned as a M7 phase. 

 

   (a)    (b)    (c)  
 
Figure 8.4: Textures of the M7 phase of compound 37c at 152.5 °C in a 5 µm non-coated ITO cell at U = 0 V 
observed by rotating one polariser by +10° (a) and by -10° (b) from the crossed position (chiral (+) and (–) 
domains); (c) same section observed between crossed polarisers, after shearing the sample. 
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Despite the smaller size of the 1,4-disubstituted benzene unit (trimer 37a; r = 0) in 
comparison to the 4,4’-biphenylene unit (trimer 37b; r = 1) these compounds have a relatively 
similar mesophase stability. This is surprising since the calamitic biphenylene unit is much 
more rigid and has a larger size, which should disturb the packing of the bent-core mesogenic 
units. On the other hand, a significant stabilization of the mesophase would be expected 
because of the stronger π-stacking interactions in the aromatic sublayers containing the 
biphenyl fragment (in comparison to the benzene ring sublayers). Obviously, the two effects 
compensate each other for these compounds. Other interesting findings are the higher melting 
point and the smaller mesophase range observed for the benzene derived trimer 37a due to the 
smaller disturbing effect of the smaller size of the phenylene unit (see Table 8.1). The 
mesophase range for trimer 37a is 27 K, while for trimer 37b a mesophase interval of 38 K was 
found. It is also interesting to note that the trimers 37a and 37b require very high voltages for 
electro-optical switching (U = 300 - 400 Vpp). Hence, this might also be caused by the relatively 
strong π-stacking interactions which provide a more dense packing of the molecules. On 
increasing the spacer length (trimer 37c, m = 11), the polar phases are replaced by the 
unidentified M7 phase. Additionally, a strong mesophase destabilization could be observed for 
the even-numbered spacer, i.e. the clearing temperature of trimer 37c (m = 11) is 38 K lower 
than the one corresponding to the homologous trimer 37b (m = 4).  

 
 

8.2 Trimers 38 containing an azobenzene unit198 
 
In this chapter, the mesophase behaviour of the symmetric trimers 38 which possess two five-
ring bent-core mesogenic moieties (n = 12; E0) and a calamitic structural unit containing an 
azobenzene fragment will be discussed. The three mesogenic units are connected to the 
methylene spacer (m = 2, 4, 5, 6) through ester and ether groups. The mesophase behaviour, 
transition temperatures together with the associated transition enthalpies, lattice parameters and 
PS values of the trimers 38 are collected in the Table 8.2 and Figure 8.5. All compounds 38 
exhibit monotropic mesophases. The synthesis and mesophase behaviour of trimers 38 were 
already published by us.198 

The trimers 38a and 38b with odd-numbered spacers (with an even number of methylene 
groups (m = 2, 4)) exhibit monotropic optical isotropic mesophases. No chiral domains of 
opposite handedness could be detected by slightly uncrossing the polarisers. Further 
characterization by X-ray diffraction and electro-optical studies was not possible due to the 
metastable nature of these phases. The unidentified mesophases of compounds 38a and 38b 
were assigned as M8 and M9 phases. 

The trimer 38c (m = 5) forms two phases which could be identified as tilted smectic phases 
by their characteristic textures, i.e. schlieren textures, high- and low-birefringence fan-shaped 
textures and regions with circular domains, where the extinction crosses are aligned or inclined 
with respect to the position of the crossed polarisers. It was impossible to obtain homeotropic 
textures either by shearing or by surface treatment, which implies phases with tilted molecules. 
The corresponding phase transition is characterised by a small transition enthalpy (about 0.3 
kJ·mol-1). Fast crystallization prevented X-ray diffraction measurements and electro-optical 
studies. The unidentified mesophases of compound 38c were assigned as SmCx and SmC’x 
phases. 
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Table 8.2: Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d 
[nm], tilt angle τ of the molecules [°] with respect to the layer normal in SmC phases and PS values of trimer 
series 38.[a]
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ΔH [kJ·mol-1] 
Phase 
type d 
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38a 2 
Cr 216 (M8 203) I 
   111.7       -[b] 

M8 -[c] -[c] -[c] 

38b 4 
Cr 185 (M9 181) I 
   135.9      44.1 

M9 -[c] -[c] -[c] 

38c 5 
Cr 187 (SmC’x 162 SmCx 176) I 
   132.4             0.3            33.4 

SmCx 

SmC’x 
-[c] 
-[c] 

-[c] 
-[c] 

-[c] 

-[c] 

38d 6 
Cr 162 (SmCaPAF 157) I 
    113.1               43.1 

SmCaPAF 6.21 -[d] 270 

 

[a] Transition temperatures (°C) and enthalpy values [kJ/mol] of trimers 38 were taken from the second DSC 
heating scans (10 Kmin-1); values in parentheses indicate monotropic mesophases, in this case the transition 
temperatures and enthalpy values were taken from the first DSC cooling scans and the transition temperatures 
were checked by polarising microscopy; [b] the transition is not detectable on DSC and the transition 
temperature value is determined by polarising microscopy; [c] not determined due to rapid crystallization of the 
sample; [d] the tilt angle could not be determined because only a powder-like pattern was obtained during the 
X-ray investigations. 
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Figure 8.5: Transition temperatures (°C) of trimer series 38, taken from the first DSC cooling scans (10 Kmin-1). 

 
The trimer 38d with the longest spacers (m = 6) exhibits one monotropic smectic phase. 

The growth of this phase suggests a columnar or an undulated smectic phase, i.e. a dendritic 
growing, banana leaf-like texture and numerous circular domains with the direction of the 
extinction crosses parallel to the crossed polarisers position (suggestion of an anticlinic 
organization of the molecules between adjacent layers, see Fig. 8.6a,b) could be observed. 
However, in the XRD pattern only layer reflections can be found with d = 6.21 nm, confirming 
a smectic phase (see Table 8.2 and Fig. 8.6c). In electro-optical investigations an AF polar 
switching could be observed, and therefore, the mesophase is assigned as a SmCaPAF phase. 
Two current peaks per half-period of a triangular voltage could be recorded during the 
switching process indicating an AF ground state (PS = 270 nC cm-2). If an electric field of 25 V 
μm-1 is applied to the phase of trimer 38d the texture becomes non-specific and the 
birefringence slightly increases. The texture of the switched states is independent of the polarity 



 8 Mesophase behaviour of ‘banana–calamit-banana’ trimers  164

of the field and nearly the same as in the field-off state (Fig. 8.6d). This confirms that the 
switching between the AF ground state and the switched FE states preferably takes place by the 
collective rotation of the molecules around their long axes.  
 

(a)     (b)     (c)     (d)  
 
Figure 8.6: The SmCaPAF phase of trimer 38d: (a,b) Textures on cooling from the isotropic liquid at U = 0 V 
(a) at 157 °C and (b) at 150 °C; (c) XRD patterns of a surface-aligned sample at 148 °C; the inset shows the 
small angle region; (d) d.c. field experiments at 150 °C in a 5µm non-coated ITO cell (U = ± 160 V). 
 

Similar to the dimer 30a containing a bis-azobenzene calamitic mesogen (chapter 5.6.2), 
photochemical properties of trimer 38d were studied by Professor Dr. V. SHIBAEV and Dr. A. 
BOBROVSKY (MOSKOW University, Russia) in collaboration within the COST european 
project.198 The introduction of photosensitive azobenzene groups into the trimers of type II 
matrix is of special interest due to the potential different applications, e.g. in optical data 
recording and storage of information. On analyzing the photochemical properties of trimer 38d 
it was found that the irradiation by polarised light induces photoorientation in thin amorphous 
films obtained by spin-coating. On studying the kinetics and the mechanism of the 
photoorientation process it was shown that the photoinduced order is quite stable at 
temperatures below the melting point. 

The increase of the length of the spacer m resulted in a destabilization of the mesophases 
and a reduction of the transition temperatures for the compounds with two odd-numbered 
spacer (with an even number of methylene groups, m = 2, 4, 6). 
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9 Summary 

 
Liquid crystals are complex and challenging systems for theoretical and experimental research, 
and especially for their technological applications. Bent-core liquid crystals represent one of the 
major topics of the actual condensed matter research due to their ability to form new 
mesophases with unusual properties. Despite their achiral molecular structure, bent-core 
molecules show polar order and chiral superstructures in their LC mesophases. The 
relationships between the chemical structure of bent-core molecules and the type and physical 
properties of the exhibited mesophases are the subject of many studies and yet relatively 
unknown in detail. Attempted calculation and modelling of such systems can be made with 
numerous limitations and simplifications. In order to obtain reliable predictions concerning the 
impact of variation of the structure of the molecules and the properties of the resulting 
mesophases our factual knowledge need to be broadened. 

In this work a comprehensive investigation of the impact of molecular design on the 
mesomorphic behaviour of new oligomeric liquid crystal systems, i.e. dimers and trimers 
containing bent-shaped and calamitic mesogens connected covalently via flexible spacers was 
conducted. It is well known that members of the different mesogenic groups form different 
types of mesophases. If mesogens belonging to different groups are covalently connected to 
each other, the existence and the type of mesophases of the new materials cannot be foreseen. 
The general formula of the novel non-symmetrical ‘banana – calamit’ dimers (type I and type 
II), symmetrical ‘calamit – banana – calamit’ trimers (type I) and ‘banana – calamit – 
banana’ trimers (type II) are given in Figure 9.1. Numerous variations on the structure of the 
bent-core moiety and calamitic mesogenic units, the length and parity of the flexible spacer 
connecting the different mesogenic units, the nature of linking groups between the mesogenic 
units, as well as the fashion of linking the units were conducted. 

 
 

 
 

 
 
 
      

 
 
 
Figure 9.1: General formula of the synthesized compounds. 

 
These variations were introduced for two reasons: to investigate the direct influence of 

these structural variations on the mesomorphic properties and hence, to make possible a 
detailed analyse of the potential ‘competition’ of the contribution of the calamitic and bent-core 
moieties on the mesomorphic behaviour of the oligomeric systems. The question was whether 

dimers of type I 
(compounds 1 - 30; chapter 5) 

dimers of type II 
(compounds 31, 32; chapter 6) 

trimers of type I 
(compounds 33 - 36; chapter 7) 

trimers of type II 
(compounds 37, 38; chapter 8) 
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this combination would result into polymorphism variants with ‘banana phases’ (columnar and 
polar smectic phases) and/or mesophases typical for calamitic compounds (N, SmA, SmC 
phases). A further point of interest was the question as to whether the nematic, SmA or SmC 
phases formed by these oligomeric systems could exhibit the properties of calamitic mesogens, 
or perhaps the features of the phases formed by corresponding monomeric bent-core mesogens. 
The main target when designing these LCs systems was to identify novel chemically stable 
compounds with switchable enantiotropic mesophases that exhibit a wide range of temperature 
(as near to room temperature as possible) with potential use in display devices. 

In the oligomeric molecules under discussion it was found that there is a ‘competition’ 
between these two moieties. Almost all these compounds have interesting liquid crystalline 
properties. A large variety of new mesophases could be induced by covalently linking bent-core 
and calamitic moieties of different size and nature, by means of varied structure of the 
connecting groups, length and parity of the different chains, introduction of polar groups and 
lateral substituents, etc. Several novelties concerning the phase behaviour of these substances 
were found: 

• the combinations lead to compounds exhibiting polymorphism variants with phases 
typical for bent-core molecules (SmCPA, Col) as well as mesophases characteristic for 
calamitic compounds (N, SmA), 

• appearance of new phase sequences with non-polar and polar phases of special interest: 
nematic-columnar and nematic-smectic, 

• an unusual odd-even effect: the appearance of the nematic phase only for the even-
membered dimers, 

• the nematic phases exhibit special properties, e.g. special electro-convection pattern, 
biaxiality, high flexoelectricity, and possible field induced transitions into smectic-like 
phases, 

• the occurrence of N – NX phase transition characterised by a low transition enthalpy; 
the NX phase probably possesses a conical twist-bend helical arrangement of the 
molecules (called nematic twist-bend NTB phase in literature39,196,206,245-249). 

• the existence of a SmCs – SmCa phase transition with a small transition enthalpy, 
• rich polymorphism of polar switchable phases typical for bent-core mesogens, 
• the appearance of new intercalated smectic phases for some longer spacer length. 
Chiral domains could be observed in the nematic phases of all dimers and trimers under 

study, although the molecules themselves are not chiral. Remarkably, in contrast to 
conventional calamitic nematics, it was found that these nematic phases exhibit a positive 
dielectric and negative conductivity anisotropy (e.g. 15b). The SmA phases of these dimers 
exhibit also unusual properties (dimers 13 – 19). 

On the basis of these studies, it was found that the transition temperatures and phase 
behaviour of dimers and trimers under study depend on a series of factors as follows: the length 
and parity of the flexible spacer, molecular structure of the constituent mesogenic groups, the 
nature of connecting groups between the corresponding units, the nature of terminal groups. 

 
A good insight on the role of the length of the flexible spacer m on the mesophase 

behaviour of these new dimeric systems is given on the analysis of the dimers series 1 (see Fig. 
9.2). All compounds 1 exhibit liquid crystalline behaviour. A dependence of transition 
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temperatures on the number of methylene units, m, in the flexible spacer was found, i.e. a clear 
alternation of the clearing temperatures, where the even members exhibit the higher values. 
Nearly all compounds 1 exhibit columnar mesophases (several in combination with a nematic 
phase). Interestingly, we could observe the N phase only for the even-membered dimers 1. This 
means that also for ‘banana-calamit’ dimers the molecules with an even number of single units 
in the spacer should have a more stretched shape. The odd-numbered dimers 1 exhibit 
exclusively columnar phases, however of different types. The homologue with the shortest 
spacer length (m = 2) exhibit nematic behaviour, while the compound with m = 3 presents only 
columnar behaviour. The next homologues with even-numbered spacer lengths (m = 6, 8, 10) 
give rise to both nematic and columnar phases, while for the longer member with m = 12, 
nematic and smectic (SmCcPAF) phases are observed. Thus, increasing spacer length (m = 12) 
appears to promote smectic over columnar behaviour. At the N-I transition temperatures, one 
can observe a monotone decrease on increasing the spacer length from 163 °C (m = 2) to 125 
°C (m = 12). The alternation of the phase type in dependence of spacer length is highly unusual, 
especially in the combination type N-Col phases. 

 
 

Figure 9.2: Compounds 1 - 6 with variations of the length of the spacer and of the terminal chains attached to 
the bent-core and calamitic mesogenic units. 
 

Different columnar phases occurred on varying the length of the spacer of dimers 1 
(ColrPAF phase (m = 3), ColobPAF phases (m = 5, 7, 9, 10) and non-identified Colx phases (m = 6, 
8). A dependence of the lattice parameters of the columnar phases on the length of the flexible 
spacer was observed, i.e. on increasing the spacer length the parameter a of the Colob phases is 
slightly decreasing, while parameter b and the oblique angle (γ) are slightly increasing. The 
number of the molecules in the unit cell in the Colob phases is also slightly decreasing with 
increasing spacer length. The correlation of a and ncell speaks for the molecules being packed 
along a in ribbons (b is associated to the molecular length). Remarkably, a dependence of the 
values of the spontaneous polarisation PS with the length of the hydrocarbon spacer was 
observed for the first time, i.e. for the homologues of series 1 with ColobPAF phases an increase 
of the value of PS could be detected on elongating spacer length m. 

Further investigations on the impact of the length of the spacer m and of the terminal 
alkyloxy- chains n and p attached to the two mesogenic units on the mesomorphic behaviour of 
dimer series 2 – 30 (see Fig. 9.2-9.8) revealed that the tendencies found for the mesophase 
behaviour and transitional temperatures of the series 1 can be generalized for the ‘banana-
calamit’ dimers of type I (dimer series 1-30). For the dimers 1 – 6 all these variations bring 
some alterations, but also some similarities to the general tendencies as follows: 

• A general tendency of decreasing of the mesophase stability on increasing n, m and p; 
an exception is dimer 6b bearing the longest hydrocarbon chains (n = 16, m = 11, p = 
12). 
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• In spite of the minor differences in the lengths of the flexible chains, a variety of new 
mesophases occur: N, non-polar and polar Colob, Colr, Colx, SmCs, SmCa, SmCc, 
SmCPAF

[*], non fully identified SmX and resp. Mx phases. 
• Elongation of the length of terminal chain p attached to the calamitic mesogenic unit 

resulted for even dimers 5 (n = 12, m = 2, 6; p = 16) in appearance of additional polar 
smectic phases (5b: N-SmCsPAF-SmCPAF

[*]). 
• Increasing of terminal chain n attached to the bent-core mesogenic unit (from n = 8 to 

12 to 16) resulted in the appearance of polar columnar phases for some dimers with an 
odd –numbered spacer (comparing dimers 2 with n = 8, which exhibit smectic phases, 
and resp. analogues dimers 1 and 3, with n = 12, 16, which form columnar phases). 

• A nearly symmetric substitution (n = 8; m = 6, p = 6) resulted in a phase sequence N–
SmCsPFE–M1 (2b) on cooling. The analogues dimers 1d, 3b, 4a (n = 6, 12, 16; p = 6, 
12) with m = 6 and longer terminal chains (n + p < 24) exhibit a sequence N-Colx phase. 
For longest terminal chains (n + p > 24) the dimers 5b and 6a (n = 12, 16; p = 12, 16) 
showed three mesophases: N-SmCsPAF-SmCPAF

[*] (5b) and resp. N-SmCsPAF-SmXPAF 
phase sequence (6a). 

 
 
 
 
 

 
 
Figure 9.3: Dimers 7-12 (X = -COO-, -OOC-, -O-; Y = -COO-, -O-) with variation of connecting groups X 
and Y, the length of the spacer and the terminal chains attached to bent-core and calamitic mesogenic units. 
 

Introduction of different groups X and Y connecting the spacer with the two different 
mesogenic moieties resulted in the appearance of new mesophases for dimers 7 - 9 (X = –COO-
, Y = –O-), 10 - 11 (X = –OOC-, Y = –O-) and dimer 12 (X = –O-, Y = –COO-, Fig. 9.3). These 
variations results in changes in the general behaviour found for dimers 1 -6 as follow: 

• A highlight of this thesis is the occurrence of crystalline polar phases with FE and AF 
ground states. Dimers 10 (X = -OOC-, Y = –O-) exhibit crystalline FE polar phases, 
whereas its analogues, dimers 1d and 3b (X, Y = -O-) show a N-Colx phase sequence. 
Compound 12 (m = 15, X = –O-, Y = –COO-) presents a novel polymorphism, i.e. a 
nematic and a crystalline polar AF phase. 

• Similar to the results found for the dimers 1–6, a nematic phase as a high-temperature 
phase was found for most of dimers 9–12 with an even number of the single units in the 
connecting bridge between the two mesogenic fragments.  

• Introduction of group X = -COO- resulted in a decreasing of the mesophase stability for 
dimers 7–9 (comparing 7a and 1e, and resp. 9a and 1j). Moreover, in the case of dimer 
9a different phase sequence was found, i.e. a N-Col sequence on cooling, whereas the 
analogue dimer 1j with ether group connection exhibits a N–Sm sequence. 

• Contrarily, for the dimers 11 the introduction of the invers X = -OOC- group resulted 
into a mesophase stabilization, as well in a variation of the mesophase behaviour 

7: n = 12, 16; m = 6; p = 6; X = COO; Y = O 
8: n = 12, 16; m = 6; p = 12; X = COO; Y = O 
9: n = 12, 16; m = 11; p = 6; X = COO; Y = O 
10: n = 12, 16; m = 5; p = 6; X = OOC; Y = O 
11: n = 12, 16; m = 5; p = 12; X = OOC; Y = O 
12: n = 12; m = 15; p = 16; X = O; Y = COO 
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(comparing dimers 11a and 4a, and resp. 11b and 6a). The dimer 11a (m = 5) form N 
and two polar smectic phases, whereas its analogue 4a exhibits a N – Col sequence. 

• Only columnar phases were found for dimers 7 and 8 (m = 6) with an odd number of 
the single units in the connecting bridge between mesogenic units, similar to behaviour 
found for dimers 1. 

• The melting points of dimers 7-11 do not change remarkably on increasing the length of 
the terminal alkyloxy- chains attached to the two mesogenic units. 

 
 

 
Figure 9.4: Dimers 13 - 19 with variation of direction of ester linking groups Ex (-COO- or –OOC-) in the 
bent-core unit. 

 
The variation of direction of ester linking groups Ex (-COO- or –OOC-) in the bent-core 

unit radically effects the phase behaviour and the clearing points of the non-symmetrical dimer 
series 13 – 19 (Fig. 9.4). These variations bring about changes as follows: 

• A variety of mesophases and new phase sequences occur on reversal of the ester linking 
groups of the reference compounds E0 (used before in dimers 1–12), i.e. interesting 
sequences of two nematic phases N – Nx (13b), a N – SmA (15a) or N – SmA – SmCx 
(17a), and a SmCsPAF – SmCs´PAF phase sequence (18) on cooling, and an USmCaPAF 
phase (16a). 

• Compounds with an even – numbered spacer exhibit a N phase with the exception of 
the compound 18 (n, p = 12, m = 6) which forms a SmCsPAF – SmCs´PAF sequence on 
cooling. 

• Nearly all compounds having an odd - numbered spacer prefer the formation of Col and 
undulated USmCaPAF phases (excepting 16b which forms a N phase).  

• The mesophase stability of all the isomers E1-E3 with an even-numbered spacer is 
increased after reversing one of the carboxylic groups in the reference compounds E0. 
Hence, this concept of designing new molecules allows the preparation of compounds 
with thermodynamically stable mesophases. The strongest stabilisation has been 
observed for the isomers E2 and amounts up to 32 K (compare 4a with 18). It is worth 
mentioning that the directly comparable inversion of the carboxylic group E2 in the 
corresponding monomeric five-ring bent-core mesogens has a relatively low influence 
on the mesophase stability. 

• Contrarily, for odd-spacered isomers E1-E2 14, 16 and 19 the mesophase stability is 
slightly decreasing after reversing one of the carboxylic groups in the reference 
compounds E0 (excepting 19). 

• Similar to the E0 isomers, with growing length of the terminally attached alkyloxy- 
chains n and p there is the tendency for the clearing temperatures to be reduced. 

H2n+1CnO O(CH2)mO O
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13: n = 8; m = 6; p = 6; E2 (a); E3 (b) 
14: n = 12; m = 3; p = 6; E2 
15: n = 12; m = 6; p = 6; E1 (a); E2 (b); E3 (c); E4 (d) 
16: n = 12; m = 11; p = 6; E1 (a); E2 (b) 
17: n = 16; m = 6; p = 6; E2 (a); E3 (b) 
18: n = 12; m = 6; p = 12; E2 
19: n = 12; m = 11; p = 12; E2 
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• Remarkably, a nearly symmetric substitution at terminal chains (n = 8; p = 6) yielded 
for the series with the spacer m = 6 to an interesting phase sequence of two nematic 
phases, i.e. a N – Nx transition (13b). The results of our investigations point to a Nx 
phase as found for instance for liquid crystalline bent dimers of cyanobiphenyl 
fragments connected by flexible spacers which has recently been characterized as a 
nematic phase with a conical twist-bend helical arrangement of the molecules and 
which has been called nematic twist-bend NTB phase.39,196,206,245-249 

• Exceptionally, in contrast to conventional calamitic nematics, it was found that the N 
phases of these new ‘banana-calamit’ dimers exhibit a positive dielectric and negative 
conductivity anisotropy (e.g. dimer 15b). Different types of electrically driven patterns 
formation in nematics have been found. These patterns are distinguished by their 
respective orientation of the convection roles which can be influenced by frequency, 
voltage amplitude, and temperature.251,254,255 A field-induced transition from a uniaxial 
to an optically biaxial N state was found. The biaxially ordered phase persists after the 
field is removed, but is metastable. The original and the field-induced state can coexist 
in domains for about 1 h.253 The measurements on the elastic properties of N phase of 
15b revealed an extremely large anisotropy of BROCHARD-LEGER walls in the splay 
FRÉEDERICKSZ transition (as compared to similar structures in calamitic N phases). A 
reasonable explanation is an extremely small twist elastic constant K22 of the material as 
compared to bend elastic constant K33, i.e. being more than one order of magnitude 
smaller than K33. 

• Compound 17a with long terminal chains (n + p > 20; n = 16; p = 6: N, SmA, SmCx) 
behave very different to the symmetrically substituted dimer 18 (n = 12; p = 12: 
SmCs´PAF–SmCsPAF). 

• The SmA phases of these dimers exhibit also unusual properties. Interestingly, the 
transition temperature SmCx - SmA phase of compound 17a can be increased on 
applying an electric field, i.e., up to 4 K using 40 V µm-1. For a comparable 
‘monomeric’ bent-core compound an enhancement of 2 K using 35 V µm-1 was 
observed.257 

 
 
 
 
 
 
 
Figure 9.5: Dimers 20 - 24 with variation of direction of ester linking groups E2 in the bent-core unit in 
combination with the variation of connecting group X (-COO- or -OOC-). 
 

Inversion of direction of second ester linking groups E2 in the bent-core unit, combined 
with the introduction of different connecting groups X (-COO-/-OOC-) resulted in the 
appearance of new mesophases for dimers 23 and 24 (X = -OOC-) and increase of melting 
points for all the dimers 20 – 24 (Fig. 9.5). These variations bring about changes as follow: 

• In spite of the minor differences in the chemical structure a variety of mesophases occur 
(N, SmCsPAF, SmC’sPAF, SmC’’sPAF and polar and non-polar Colx phases). 

20: m = 6; p = 6; E2; X = COO 
21: m = 6; p = 12; E2; X = COO
22: m = 11; p = 6; E2; X = COO
23: m = 5; p = 6; E2; X = OOC 
24: m = 5; p = 12; E2; X = OOCH25C12O
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• Inversion of E2 group yielded an increase of clearing points (amounts 9 K comparing 8a 
and 21 (X = -COO-), and up to 30 K comparing 11a with 24 (X = -OOC-).  

• Inversion of E2 yielded the occurrence of a N phase for dimer 23 (X = -OOC-), whereas 
its E0 analogue 10a possess a Cr*PFE phase. Elongation of terminal chain attached to the 
calamitic moiety resulted in a unique phase sequence SmCsPAF-SmC’sPAF-SmC’’sPAF 
on cooling (24, X = -OOC-). 

 
Introduction of a terminal cyano group attached to the bent unit in position R (dimers 25, 

Fig. 9.6) results in formation of N and SmCx phases, an optically isotropic phase M5, a 
transition N - Nx - M6 and also in an increase of mesophase stability. The clearing temperatures 
vary from 145 to 184 °C. Remarkably, independent of the parity of spacer all dimers 25 form N 
phases with broader temperature regions than the N phases found for analogues dimers 14–16 
with terminal alkyloxy- substituents. 

 
 

 
 
 

 
 
 

 
Figure 9.6: Further variations on the bent-core unit of dimers 25 (E2, R = CN), 26 (A = Cl), 27 (B = CH3), 28 (q = 1).  
 

Lateral substitution by chlorine- in 3-position at the outer ring of the bent-core unit 
(position A in Fig. 9.6) reduces the stability of the mesophases for dimers 26. The chlorinated 
derivatives with an odd-numbered spacer (m = 3, 11) (26a and 26c) exhibit columnar 
mesophase as well as the non-chlorinated ones (1b and 1i). The even- spacered dimer 26b (m = 
6) exhibits a N phase, whereas his non-chlorinated analogue compound 1d forms a N and a 
columnar phase. At the introduction of a methyl- group in the 2-position at the central ring 
(position B in Fig. 9.6) in dimers 27 liquid crystalline behaviour could be found only for dimer 
27c (m = 11) which exhibits a ColobPFE phase, similar to the non-substituted analogue 1i. 

Enlargement of the number of aromatic rings q in the bent-core mesogenic unit (dimers 28, 
Fig. 9.6) dramatically increases the mesophase stability (50 K for dimer 28a with a six-ring 
bent-core moiety, comparing to analogue dimer 1d with five-ring bent-core segment).  
 
 
 
 
 
   29   
 
Figure 9.7: Variations on the calamitic mesogenic unit, compounds 29. 
 

Linking of a bent-core mesogen to calamitic mesogenic units incorporating biphenylene 
units (dimers 29, Fig. 9.7) results in dimers that exhibit phase sequences N-Col and a 
stabilization of the mesophase (16 K and resp. 27.5 K comparing to analogues phenyl benzoates 

25: R = -CN; m = 3, 6, 11; E2; A = H; B = H; q = 0 
26: R = -OC12H25; m = 3, 6, 11; E0; A = Cl; B = H; q = 0 
27: R = -OC12H25; m = 3, 6, 11; E0; A = H; B = CH3; q = 0 
28: R = -OC12H25; m = 6, 11; E0; A = H; B = H; q = 1 
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compounds 7a and 1i). Contrarily to the findings for dimers 1–6, the odd-numbered spacer 
dimer 29b (m = 11, X, Y = - O -) exhibits a N-Colob phase sequence. Its analogue, dimer 1i 
forms a ColobPFE phase. 

 
 
 
 
 
   30 
 

Figure 9.8: Variations on the calamitic mesogenic unit, compounds 30. 
 

Linking of a bent-core mesogen with bis-azobenzene segments results in dimers 30 (Fig. 
9.8) which exhibit polar smectic phases for all values of spacer m. Dimer 30a (m = 2) possesses 
a SmCaPAF phase, whereas compounds 30b and 30c (m = 4 and 6) present a SmCaPAF-SmCsPFE 
phase sequence on cooling. The increase of the spacer length m results in a mesophase 
destabilization and in an increase of the layer spacing of the smectic phases. The synclinic –
anticlinic phase sequence SmCs–SmCa found for homologues 30b and 30c have been reported 
so far in an inverse sequence SmCa–SmCs only for hockey stick mesogens and for terminally 
branched mesogens. The photochemical properties of these dimers proved that irradiation by 
polarised light induce photo-orientation in thin amorphous films obtained by spin coating.198  
 
 
 
 
 
 
 
 

Figure 9.9: Dimers 31 and 32 of type II connected laterally - terminally (L – T) in the 5 and 4– position. 
 

The lateral - terminal covalent linking of spacer-calamit unit to the central resorcinol 
fragment of bent-core moiety in 5 – position (L – 5 - T) and resp., in 4 - position (L – 4 - T) 
resulted in occurrence of different mesophases and interesting variations of physical properties 
(dimers of type II, 31 and 32, Fig. 9.9). These variations results in the following findings: 

• Connection in 4-position resulted in formation of SmAPAF phases (dimers 32). A phase 
sequence N-SmAPAF-SmCxPAF has been observed for compound 32a. The transition 
SmAPAF-SmCxPAF was found to be first order. The linking in the 5-position yielded 
ColrPFE mesophases (31), similar to the terminally - terminally linked analogues dimers 
7a and 9a. Hence, in this type of connection of the mesogenic units the ferroelectricity 
is retained. Changing the connecting position from L–5–T to L–4–T resulted in a loss 
of ferroelectricity and appearance of AF polar smectic phases. 

• On increasing the length of the spacer m of dimers L–4–T the mesophases are 
stabilized, contrarily to the tendency found for analogues dimers of type I and L–5–T. 

• By the lateral connection a destabilization of mesophases was found. Dimers 31 (L–5-
T) exhibit the lowest mesophase stability. Destabilization of mesophase of dimers with 
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an odd-parity of the spacer amounts 40 K (31a, L–5-T) and resp., 12 K (32a, L–4-T), 
in comparison with the transition temperature found for the analogue dimer 7a (T-T).  

• Interestingly, for odd – parity of the connecting-bridge in 32a (L–4-T, m = 6) a nematic 
phase could be observed, contrarily to the tendency found for analogues dimers type I. 

• Elongation of the spacer (m = 6 to 11) results in a small increase of parameter a of the 
Colr phases of L–5-T dimers 31, while parameter b is slightly decreasing. 
Simultaneously, a decrease of the number of molecules in the unit cell in the Colr 
phases of 31 is determined, i.e. the size of the ribbons of the Colr phases decrease on 
increasing the length of the spacer m. 

 
 
 
 

 
 
 
 
 
Figure 9.10: General formula of trimers 33-36, ‘calamit – banana - calamit’ of type I. 
 

Trimers of type I ‘calamit – banana - calamit’ with a resorcinol unit (33, 35a and 36, q = 
0, 1, Fig. 9.1 and 9.10) and resp., an isophthalic acid fragment (34 and 35b) exhibit 
polymorphism variants with phases typical for bent-core molecules (SmCPAF), as well as 
mesophases characteristic for calamitic compounds (N). New polar smectic phases (SmCcPAF), 
as well as phase sequences with non-polar and polar phases of special interest, i.e. nematic – 
smectic, nematic – polar smectic phases appeared, similar to ‘banana - calamit’ dimers of type 
I. Similar to the nematic phases of dimers I and II, these nematic phases exhibit special 
properties, e.g. special electro-convection pattern, possible field induced transitions into 
smectic-like phases. 

Trimer 33b with an even - numbered spacer (m = 6) and a central resorcinol fragment on 
the bent-core unit presents higher mesophase stability, in analogy to the general tendency found 
for dimers ‘banana - calamit’ of type I. Trimer 33b forms N and smectic phases. Its analogue, 
dimer 1d, possesses a N–Colx phase sequence. The odd-numbered trimers 33a and 33c exhibit 
exclusively smectic phases, whereas their analogues dimers 1b and 1i (m = 3, 11) exhibit N – 
polar Col phase sequences. 

Inversion of the two ester linking groups Z and W of the central aromatic ring (Fig. 9.10) 
results for the isophthalic acid derivative trimers 34 in occurrence of N phases for all members 
and a mesophase stabilization (about 27 K on comparison of 34b (m = 6) with the analogue 
trimer 33b). On increasing the spacer length for trimers with m = 3 (34a) to m = 6 (34b), the 
mesophases are stabilized and a SmC phase occurs. However, on further increasing the spacer 
length to m = 11 (34c), a mesophase destabilization could be detected, associated with the 
appearance of a polar smectic phase.  

Further elongation of spacer m and of terminal chain p attached to the calamitic mesogenic 
units (m = 11; p = 16) yielded smectic phases, several in combination with a N phase. Also a 
destabilization of the mesophases was determined for trimers 35 (in comparison with analogues 
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33: m = 3, 6, 11; p = 6; Z = COO; W = OOC; q = 0 
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35a: m = 11; p = 16; Z = COO; W = OOC; q = 0 
35b: m = 11; p = 16; Z = OOC; W = COO; q = 0 
36: m = 6; p = 6; Z = COO; W = OOC; q = 1 
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33 and 34). The inversion of these two ester linking groups Z and W of the central aromatic 
ring results in a mesophase stabilization (about 19 K, comparing trimers 35a and 35b). 

Enhancement of the number of units in the bent-core segment (q = 1) from five to seven 
rings results in an increased mesophase stability. Trimer 36 exhibits two enantiotropic phases: a 
N and a smectic phase, in accordance with the analogue trimer 33b (N-SmCx) and with its 
overall linear shape (even-methylene spacer). Generally, all the polar SmC phases of trimers 33 
- 36 are AF and the values of the spontaneous polarisation, PS, increase on elongating the 
spacer m and the terminal alkyloxy- chain p attached to the calamitic mesogens, similar to the 
dimers of type I. The value of PS is also increasing on decreasing the temperature. 
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Figure 9.11: Trimers 37 of type II, ‘banana-calamit–banana’ trimers containing phenylene and biphenylene units. 
 

The introduction of the phenylene and biphenylene units in the calamitic moiety of trimers 
‘banana - calamit – banana’ of type II (trimers 37, Fig. 9.1 and Fig. 9.11) resulted in 
occurrence of only smectic phases for an odd number of single units per spacer segment. 
Interestingly, for trimers 37a and 37b it was found that despite the smaller size of the 1,4-
disubstituted benzene ring (trimer 37a; r = 0) in comparison to the 4,4’-biphenylene unit (trimer 
37b; r = 1) these compounds have a relatively similar mesophase stability. 
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Figure 9.12: Trimers 38 of type II, ‘banana-calamit–banana’ trimers containing azobenzene segments. 
 

For the ‘banana - calamit – banana’ trimeric systems 38 (Fig. 9.12) containing azobenzene 
segments, smectic phases could be found only for the homologues with a spacer length of m = 5 
(38c: SmCx - SmC’x), and m = 6 (38d: SmCaPAF).198 Trimers 38a and 38b with a spacer length 
m = 2 and 4 exhibit monotropic optically isotropic mesophases. Increasing of the spacer length 
results in a destabilization of the mesophases. Irradiation with polarised light induces photo-
orientation in thin amorphous films obtained by spin-coating of trimer 38d and the 
photoinduced order is relatively stable at temperatures below the melting point.  

 
Comparison between the mesophase behaviour of the analogues monomers, dimers and 

trimers revealed that the trimers show the highest isotropization temperatures followed by the 
dimers and monomers, as reported for calamitic oligomeric systems.109 For example, comparing 
the dimers of type I, 1b, 1d and 1i with analogues trimers of type I, 33a, 33b and 33c a 

37a: m = 4; r = 0 
37b: m = 4; r = 1 
37c: m = 11; r = 1 

38: m = 2, 4, 5, 6
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stabilization of the mesophase for the trimeric systems up to 47 K could be determined. 
Moreover, similar to the calamitic oligomeric systems, the isotropization transition 
temperatures of the dimers under study show a pronounced alternation, which attenuates on 
increasing the length of spacer m (the even – numbered members exhibit the higher values, see 
dimer series 1). 

 
Up to now, it was not possible to predict which phases in which sequences will result from 

the structural variations of banana-shaped mesogens and much more experimental work in this 
field is needed. Further work would also be justified in the expectation of new materials with 
exciting properties. The chemical structure of the molecules under study should be further 
changed, i.e. shorten the terminal alkyloxy- chains, decouple the mesogens by longer spacer or 
chemically different spacer, or change the ratio between bent core and calamitic moieties. For 
the photochemical properties, the increase of the photo-orientational effect would be of interest. 
A further elongation of the oligomeric molecules could achieve this. The ‘banana – calamit’ 
dimers as well as the ‘banana-calamit-banana’ and resp. ‘calamit-banana-calamit’ trimers are 
suitable materials for studying the boundary between bent-core and calamitic compounds. This 
is shown by the existence of phase sequences combining nematic and/or SmA phases 
(characteristic for classical calamitic mesogens) with polar columnar and/or polar smectic 
phases (typical for bent-core mesogens).  

 
The covalently linking of bent-core mesogens with calamitic moieties via flexible spacers 

resulting in ‘banana – calamit’ dimers, ‘banana – calamit –banana’ trimers and ‘calamit – 
banana – calamit’ trimers has been a remarkably successful project. Furthermore, the 
mesomorphic properties of such oligomeric systems are still of great interest. 
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10 Experimental Section 

 
10.1 General aspects 
 
The purification and drying of the used solvents was performed according to the methods 
described in the literature,293 distilled under inert atmosphere and stored over appropriate size 
molecular sieves. Thin-layer chromatography (TLC) was performed using aluminium sheets 
coated with silica gel 60 F254 (Merck, Germany) and visualised using iodine vapour or under 
UV-light (λ = 254 nm, resp. 354 nm) or spraying with a solution of Molybdenum blue (solution 
of 12.5 g phosphomolybdic acid, 5g of Cerium (IV) sulphate, 30 ml conc. H2SO4 in 470 ml 
water) followed by heating of the TLC plates. Silica Gel 60 was used for column 
chromatography purification (average particle size 40-63 μm, for flash chromatography and 
resp. 63-200 μm, for column chromatography, Merck, Germany). Purification steps always 
lower the yield and the reported chemical yields in this work usually refer to the yield of the 
final purified product and are not optimized. 

The structure of the intermediates and final compounds was confirmed by 1H-NMR and 
13C-NMR and by elemental analysis. The elemental analysis was performed by a Leco CHNS-
932 instrument (Leco Co. elemental analyzer, Leco Co., USA). NMR spectra were recorded on 
a Varian Gemini 200 and Varian Unity 400 and 500 spectrometers. If not otherwise stated, in 
this work the spectra of the compounds were made at 27 °C in CDCl3, with TMS δH = 0 as the 
internal standard or residual protic solvent (CDCl3, δH = 7.26). Chemical shifts are given in 
units of parts per million ppm (δ) and expressed relative to the signals of deuterated solvents. 
Coupling constants (J) are reported in Hertz (Hz). In general, the 1H NMR were recorded at 400 
MHz; 13C recorded at 100.5 MHz with the central peak of CDCl3 (δC =77.0 ppm), as the 
internal reference. The signal types in 1H-NMR are given using the following nomenclature: s 
(singlet), d (dublet), t (triplet), q (quartet), m (multiplet) and b (broad peak).  

Transition temperatures were determined using a Linkam TP 92 (Linkam, UK) heating 
stage or a Mettler FP 82 HT (Mettler-Toledo, Switzerland) heating stage and control unit in 
conjunction with a Nikon Labophot-2A (Nikon, Japan) polarizing microscope and were 
confirmed using differential scanning calorimetry. The calorimetric measurements were made 
using a Perkin Elmer Pyris 1 (Perkin Elmer, Inc., USA) differential scanning calorimeter with a 
heating-cooling rate of 10 °C·min-1 (if no other specified). If no other specified the phase 
transition of the LC are taken from the first heating scan and are given in °C, while the enthalpy 
values are given in [kJ/mol]. Photos of the micrographs were taken with the help of a Nikon 
Coolpix 5400 digital camera (Nikon, Japan).  

The assignment of the mesophases is based on combined results of optical textures and 
X-ray diffraction (XRD). X-ray investigations on powder-like samples were carried out with a 
Guinier equipment (film camera and goniometer, both by Huber Diffraktionstechnik GmbH, 
Germany) with samples in a temperature controlled heating stage using quartz-
monochromatized CuKα radiation (Cu-Kα1-radiation; λ = 0.154 nm). The calibration of the film 
patterns was made with the powder pattern of Pb(NO3)2. The substances had to be heated, for 
orientation, into the isotropic liquid during the sample preparation for the X-ray investigations. 
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The samples for the Guinier measurements were sealed in glass capillaries (with a outside 
diameter of 0.8 mm to 1 mm and wall thickness of 0.01 mm, manufactured by the Hilgenberg 
GmbH, Germany). Two-dimensional patterns for aligned samples on a temperature controlled 
heating stage were recorded with a 2D wire detector (HI-Star, Siemens AG, Germany). The 
samples for the 2D measurements were either sealed in same type of glass capillaries (0.8 mm 
to 1 mm) or were prepared as drops on a glass plate aligned at the sample – glass or at the 
sample – air interface. Alignment was achieved either in thin capillaries under a magnetic field 
(B = 1 T) or by slow cooling a small drop of the sample on a glass substrate; the incident X-ray 
beam was in this case nearly parallel to the glass plate.  
 In this chapter, in section 10.4, the synthetic procedure and the analytical data for one 
final compound, dimer 1a, are given as an example. The synthetic procedures and the analytical 
data for all the final products and one or two instances of intermediates compounds are given in 
Appendix. The rest of analytical data is available in the working group of Professor 
WEISSFLOG. The compounds which are not described here were either commercially available 
(see list below) or they were available in the inventary of the working group of Professor 
WEISSFLOG and are described elsewhere (see list below). The methods of purification by means 
of column chromatography, and/or by destillation or by recrystallization are described for each 
compound separately. 
 
 
10.2 Starting materials 
 
The following substances were commercial available and used without further purification: 
n-Alkyl bromides (Acros) 3-Hydroxybenzaldehyde (Acros) 
α,ω-Dibromoalkanes (Acros) 4-Hydroxybenzaldehyde (Acros) 
n-Alkanols (Acros) Isophthalic acid (Acros) 
α,ω-Bromoalkanols (Acros) Methyl 4-hydroxybenzoate (Acros) 
α,ω-Diols (Acros) 2-Methylresorcinol (Aldrich) 
Benzyl bromide (Acros) Oxalyl chloride 
Benzyl chloride (Acros) Palladium on activated carbon (Aldrich) (5%, 

10%) 
Benzyl 4-hydroxybenzoate (Acros) Potassium hydroxide (Acros)  
4-Benzyloxybenzoic acid Potassium iodide (Acros) 
4-(Benzyloxy)phenol (Acros) Potassium carbonate (Acros) 
16-Bromohexadecanoic acid (Aldrich) Resorcinol (Aldrich) 
6-Bromohexanoyl chloride (Aldrich) Resorcinol monobenzoate 
Caessium carbonate (Aldrich) Silica gel 40-63 μm (J. T. Baker) 
Chloroform-d (Chemotrade) Silica gel 63-200 μm (J. T. Baker) 
3-Chloro-4-hydroxybenzoic acid (Aldrich) Sodium chlorite (Aldrich) 
Dimethyl sulfoxide-d6 (Chemotrade) Sodium dihydrogenphosphate monohydrate 

(Acros) 
N,N'-Dicyclohexylcarbodiimide (Fluka) Sodium hydride (60% dispersion in mineral 

oil (Acros) 
Diethyl azodicarboxylate (Lancaster) Sodium hydroxide (Merck)  
3, 5-Dihydroxybenzoic acid methyl ester 
(Acros) 

Sodium sulfate anhydrous (Merck) 
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2, 4-Dihydroxybenzoic acid methyl ester 
(Acros) 

Tetrabutylammonium iodide (Fluka) 

4-Dimethylaminopyridine (Merck) Triethylamine (Merck) 
Ethyl 3-hydroxybenzoate (Merck)  Thionylchloride 
4-Formylbenzoic acid (Aldrich) Triphenylphosphine (Acros) 
 
 
The following compounds were available in our laboratory: 
4-(ω-hydroxyalkyloxy)bisazobenzenes199 4,4’-bis(ω-hydroxyalkyloxy)biphenyls200 
4,4’-bis(ω-hydroxyalkyloxy)azobenzenes200 4,4’-bis(ω-hydroxyalkyloxy)phenyls200 
 
 
10.3 General procedures 
 
10.3.1 WILLIAMSON etherification 
 
Methode A:185 
The corresponding phenolic derivative (1 eq.) was dissolved under nitrogen atmosphere in dry 
dimethylformamide (DMF), dry butan-2-one, dry acetonitrile (CH3CN) or dry acetone (20-30 
ml pro 1 mmol phenol). 1.05 eq. of n-alkyl halide (1.05 eq pro phenolic group), pulverized dry 
potassium carbonate or caesium carbonate (2 – 5 eq.) and catalytic amount potassium iodide or 
tetrabutylammonium iodide were given to it. The reaction mixture was heated under reflux for 
12 - 84 hours (TLC monitoring). For the reactions using DMF as solvent the reaction mixture 
was heated at 75 -80 °C for 6 - 12 h (TLC monitoring). The cold reaction mixture was poured 
into ice-water mixture and diluted to the double volume. The organic and aqueous phases were 
separated. The aqueous phase was extracted 3x with diethylether (and additionally 3x with 
ethyl acetate for compounds with a low solubility). The unified organic phases were extracted 
3x with supersaturated LiCl solution (only for the reaction using DMF as solvent), 3x with 
water and supersaturated NaCl solution and dried over sodium sulphate (Na2SO4) overnight. 
The method of purification is described for each compound separately. 
 
Methode B: 
The sodium hydride NaH (60% dispersion in mineral oil, 1.7 eq.) was suspended in dry DMF 
(2 ml per 1 mmol phenol) under cooling and nitrogen atmosphere. To the cooled suspension, 
solution of the corresponding phenol derivative (1 eq.) in dry DMF (1 ml per 1 mmol phenol) 
was drop-wise added and the resulting mixture stirred until evolution of hydrogen stopped (~30 
min.). To the obtained solution, solution of benzyl bromide (1.1 eq.) in dry DMF (1 ml per 1 
mmol phenol) was added and the reaction mixture stirred 1h at 0 °C and 1 h at room 
temperature. The reaction mixture was then poured into water; the resulting precipitate was 
filtered off and washed with water. 
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Methode C: 
The corresponding phenolic derivative (1 eq.) was dissolved under nitrogen atmosphere in dry 
ethanol (20-30 ml per 1 mmol phenol). 1.1 eq. of n-alkyl halide, pulverized potassium 
hydroxyde (2 eq.) and catalytic amount potassium iodide were given to it. The reaction mixture 
was heated at 75 -80 °C for 6 - 12 h. After cooling, the reaction mixture was poured into ice-
water mixture. The organic and aqueous phases were separated. The aqueous phase was 
extracted with diethylether (and additionally with ethyl acetate for compounds with a low 
solubility). The unified organic phases were extracted twice with water and supersaturated LiCl 
solution and with supersaturated NaCl solution and dried over Na2SO4 overnight.  
 
 
10.3.2 MITSUNOBU etherification186,187 
 
The corresponding phenolic derivative (1 eq.) and triphenylphosphine PPh3 (1.1 eq.) were 
dissolved under nitrogen atmosphere in dry THF (20-30 ml per 1 mmol phenol). The reaction 
mixture was cooled down to 0°C (ice-water bath). A solution of n-alkanol (1.1 eq.) in dry THF 
was added to the cooled reaction mixture. Diethyl azodicarboxylate (DEAD) diluted with THF 
was dripped to it over ~ 30 – 60 minutes. After giving all DEAD to the reaction, the mixture 
was stirred at room temperature for about twenty four hours (TLC monitoring). The solvent 
was evaporated, and diethylether was given to the crude product. White precipitation 
(triphenylphosphine oxide, O=PPh3) forms after two days of stirring at room temperature. The 
precipitate was filtered off and after evaporation of the solvent the crude product was purified 
by column chromatography (silica gel, eluent: dichloromethane: chloroform = 1:1 or just 
dichloromethane) and recrystallization from ethanol and/or n-hexane.  
 
 
10.3.3 STEGLICH esterification184 
 
The corresponding acid (1 eq.), the phenolic derivative (1 eq.) and N,N’-dicyclohexyl-
carbodiimide (DCC, 1.1 eq.) were dissolved under nitrogen atmosphere in dry dichloromethane 
(20 ml pro 1 mmol acid). Catalytic amount of 4-dimethylaminopyridine (DMAP, a top of 
spatula) was given to it. It was stirred at room temperature for 6 – 24h (TLC monitoring). The 
precipitated white crystals (N,N’-dicyclohexylurea, DCU) were filtered out and the solvent was 
evaporated. The crude product was recrystallized from ethyl acetate (or from a mixture of ethyl 
acetate with ethanol, or dimethylformamide with ethanol) or purified by means of column 
chromatography.  
 
 
10.3.4 Esterification via acid chlorides 
 
Methode A:146 
The corresponding acid (1 eq.) was suspended in dry dichloromethane (20 ml pro 1 mmol acid) 
and a solution of oxalylchloride in dichloromethane (4 eq., 2M solution in CH2Cl2) was added 
to the suspension, followed by a drop of pyridine. The obtained mixture was heated to reflux 
and stirred until the suspension cleared out (1 – 2 h). The mixture was cooled to room 
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temperature. The solvent and the excess of oxalylchloride were removed under reduced 
pressure. To the crude product dry CH2Cl2 was added 2x and removed with traces of reagent in 
vacuum (or using dry toluene). The obtained crude acylchloride was dissolved in 
dichloromethane (20 ml pro 1 mmol) and corresponding phenol- derivative (1.1 eq.) was added, 
followed by catalytic amount of DMAP. Afterwards, 1.3 eq. of triethylamine was added drop-
wise to the reaction mixture. The reaction was stirred at room temperature for 12 h, followed by 
heating under reflux for another 6 – 12 h and observed via TLC. The reaction was stopped 
when all of one of the starting materials disappeared or the TLC showed no further progress. To 
the reaction mixture was added a 5% aqueous solution of HCl. The resulting layers were 
separated. The aqueous layers were washed 2x with dichloromethane and the combined organic 
fractions were washed successively with 5% aqueous solution of HCl, 5% aqueous solution of 
NaOH (2x, only in cases where low molecular acid or phenol was used in excess in the 
reaction) and brine. The resulting solution was dried with anhydrous Na2SO4, solvent was 
removed in vacuum.  
 
Methode B:58 
The corresponding acid (1 eq.) was suspended in dry dichloromethane (20 ml pro 1 mmol acid) 
and thionylchloride (3 eq.) was added to the suspension and the obtained mixture was heated to 
reflux and stirred for 2 h. The mixture was cooled to room temperature. The solvent and the 
excess of thionylchloride were removed under reduced pressure. To the crude product dry 
toluene was added 2x and removed with traces of reagent in vacuum. After the obtained crude 
acylchloride was dissolved in dry dichloromethane or toluene (20 ml pro 1 mmol) and 
corresponding phenol - derivative (1.1 eq.) was added, followed by catalytic amount of DMAP. 
After addition of triethylamine (1.3 eq.), the reaction mixture was stirred and heated under 
reflux for another 6 – 12 h and observed via TLC. The reaction was stopped when all of one of 
the starting materials disappeared or the TLC showed no further progress. To the cold reaction 
mixture water was added and the resulting layers were separated. The aqueous layers were 
washed 3x with dichloromethane and the combined organic fractions were washed successively 
with 5% aqueous solution of HCl, supersaturated solution of NaHCO3 and water. The resulting 
solution was dried with anhydrous Na2SO4. After removal of the solvent in vacuum, the crude 
product was purified by column chromatography, by destillation or recrystallization.  
 
 
10.3.5 Oxidation with sodium chlorite188,189 
 
The corresponding aldehyde-derivative (1 eq.) and resorcinol (1.3 eq.) were dissolved in THF 
or in t-Butanol (10 ml pro 1 mmol aldehyde). To this solution, a solution of sodium chlorite 
(NaClO2, 80%, 5.8 eq.) and sodium dihydrogenphosphate dihydrate (NaH2PO4·2 H2O, 3 eq) in 
20 ml water (1 ml per 1 mmol NaClO2) was added dropwise over 10 - 30 minutes. The 
resulting pale yellow reaction mixture was then stirred at room temperature under TLC control. 
The reaction was stopped when the starting materials disappeared or the TLC showed no 
further progress. Volatile components were removed in vacuo and the residue was dissolved in 
water. The aqueous solution was acidified to pH = 2 by adding 1M solution of HCl. The 
precipitate was filtered, washed with water and n-hexane, and dried in vacuum. The crystals 
were then recrystallized from acetic acid glacial.  
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10.3.6 Deprotection of benzylether and benzylesters by means of hydrogenolysis 
 
Methode A:190 
Under a nitrogen atmosphere the corresponding benzyl-protected compound (1 eq.) was 
suspended or dissolved in THF or ethyl acetate and a catalytic amount of 10% Pd/C (10 mg pro 
1 mmol of starting material) was given to it. After purging the solution with nitrogen, hydrogen 
was led into it. The reaction mixture was stirred for 12 -48 h (TLC monitoring) under hydrogen, 
at room temperature. The Pd/C catalyst was filtered off of the hot reaction mixture through a 
pad of Celite. The filter pad was washed with THF or ethyl acetate, and the combined filtrate 
was concentrated. The remaining solids were purified by means of recrystallization. 
 
Methode B:191 
The corresponding benzyl-protected compound (1 eq.) was suspended or dissolved in acetone 
(30 ml pro 1 mmol of starting material) under nitrogen atmosphere and ammonium formate (5 
eq. pro 1 mol of protected compound) was added, followed by 10% Pd/C (10 mg pro 1 mmol of 
starting material). The reaction mixture was stirred and heated to reflux under nitrogen 
atmosphere and observed by means of TLC. The reaction was stopped when all starting 
material disappeared, usually after 30 – 60 minutes. The hot mixture was 2x filtered to remove 
the catalyst through a pad of Celite. In the case of products with low solubility in acetone, hot 
THF or ethyl acetate were used to wash the filter pad. The combined filtrate was concentrated. 
In case of deprotection of alcohols, the solvent was removed in vacuum. In case of deprotection 
of acids the amount of solvent was reduced to 1/2 and the solution poured into mixture of 5% 
aqueous solution of HCl and ice-water, filtered and the resulting solids were washed 2x with 
water. The remaining solids were purified by means of recrystallization. 
 
 
10.3.7 Alkaline hydrolysis of benzyl substituted benzoates 
 
The corresponding benzylated compound was added into a mixture 1:1 of ethanol (or methanol) 
and water (20 ml pro 1 mmol of starting material), KOH or NaOH (3 eq.), heated to reflux and 
observed by means of TLC. The reaction was stopped when all starting material disappeared. 
The cold reaction mixture was poured into ice-water mixture and diluted to the 5 fold volume 
with water. The resulting solution was then acidified to pH = 2 by adding 5% aqueous solution 
of HCl. The precipitate was filtered, washed with water and dried in vacuum. The crude 
product was purified by destillation or recrystallization. 
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10.4 Synthesis of compound 1a 
 

H2n+1CnO

O

O O

O

O

O

O

O

O(CH2)mO O
OCpH2p+1

O

n = 8, 12, 16

p = 6, 12, 16
m = 2, 3, 5, 6, 7, .. 12

 
 

4-(3-{[4-({4-[2-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)ethoxy]phenyl}-
carbonyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 1a (n = 
12, m = 2, p = 6) 
 
Formula: C67H70O14, M = 1099.30 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  580 mg (0.91 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxy-

carbonyl}phenyl 4-(dodecyloxy)benzoate i9(12) 
440 mg (0.91 mmol) 4-[2-(4-{[4-(hexyloxy)phenyl]carbonyloxy}-
phenoxy)ethoxy]benzoic acid i14(2,6) 
210 mg (1.00 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further 
recrystallisation from EtOAc/EtOH (10/0.2)  

Yield: 770 mg (77 %), colorless solid 
Transition temp.: Cr 178 (N 163) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (dd, J = 8.8, 2.0 Hz, 4H, Ar-H), 8.21 – 

8.08 (m, 6H, Ar-H), 7.48 (t, J = 8.0 Hz, 1H, Ar-H), 7.40 – 7.34 (m, 4H, 
Ar-H), 7.22 – 7.15 (m, 3H, Ar-H), 7.12 (d, J = 9.0 Hz, 2H, Ar-H), 7.05 (d, 
J = 8.9 Hz, 2H, Ar-H), 7.02 – 6.91 (m, 6H, Ar-H), 4.45 – 4.34 (m, 4H, 
OCH2), 4.03 (q, 6.5 Hz, 4H, OCH2), 1.88 – 1.75 (m, 4H, OCH2CH2), 1.52 
– 1.41 (m, 4H, CH2), 1.41 – 1.20 (m, 20H, CH2), 0.90 (t, J = 6.9 Hz, 3H, 
CH3), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.12, 164.17, 164.06, 163.97, 163.96, 163.75, 
163.43, 163.13, 156.03, 155.44, 155.38, 151.39, 145.06, 132.43, 132.37, 
132.18, 131.81, 131.80, 129.82, 126.69, 122.68, 122.10, 119.24, 115.78, 
115.43, 114.63, 114.44, 114.30, 68.50, 68.43, 66.95, 66.91, 32.06, 31.66, 
29.79, 29.77, 29.73, 29.69, 29.50, 29.48, 29.25, 29.23, 26.14, 25.81, 
22.84, 22.73, 14.26, 14.16. 

EA: calculated: C: 73.21 %, H: 6.42 %; found: C: 73.20 %, H: 6.41 % 
 
The synthetic procedures and the analytical data for all other final compounds and one or two 
instances of intermediates are given in the Appendix. 
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A1 

Appendix 
 
In the first part of the appendix (A1 – A53) the synthetic procedures and the analytical data for 
all of the final compounds are given. Similar, one or two instances of each intermediates 
compounds are given in the second part of the appendix (A54 – A87). The rest of analytical 
data is available in the working group of Professor WEISSFLOG. The methods of purification by 
means of column chromatography, and/or by destillation or recrystallization are described for 
each compound separately. 
 
 
Final compounds 
 
Compounds 1-6 
 

H2n+1CnO

O

O O

O

O

O

O

O

O(CH2)mO O
OCpH2p+1

O

n = 8, 12, 16

p = 6, 12, 16
m = 2, 3, 5, 6, 7, .. 12

 
 

4-(3-{[4-({4-[2-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)ethoxy]phenyl}carbonyloxy)-
phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 1a  
(n = 12, m = 2, p = 6) 
 
Formula: C67H70O14, M = 1099.30 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  580 mg (0.91 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
440 mg (0.91 mmol) 4-[2-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)ethoxy]benzoic acid 
i14(2,6) 
210 mg (1.00 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2)  

Yield: 770 mg (77 %), colorless solid 
Transition temp.: Cr 178 (N 163) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (dd, J = 8.8, 2.0 Hz, 4H, Ar-H), 8.21 – 8.08 (m, 6H, Ar-H), 

7.48 (t, J = 8.0 Hz, 1H, Ar-H), 7.40 – 7.34 (m, 4H, Ar-H), 7.22 – 7.15 (m, 3H, Ar-H), 7.12 (d, 
J = 9.0 Hz, 2H, Ar-H), 7.05 (d, J = 8.9 Hz, 2H, Ar-H), 7.02 – 6.91 (m, 6H, Ar-H), 4.45 – 4.34 
(m, 4H, OCH2), 4.03 (q, 6.5 Hz, 4H, OCH2), 1.88 – 1.75 (m, 4H, OCH2CH2), 1.52 – 1.41 (m, 
4H, CH2), 1.41 – 1.20 (m, 20H, CH2), 0.90 (t, J = 6.9 Hz, 3H, CH3), 0.87 (t, J = 6.8 Hz, 3H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.12, 164.17, 164.06, 163.97, 163.96, 163.75, 163.43, 163.13, 156.03, 
155.44, 155.38, 151.39, 145.06, 132.43, 132.37, 132.18, 131.81, 131.80, 129.82, 126.69, 
122.68, 122.10, 119.24, 115.78, 115.43, 114.63, 114.44, 114.30, 68.50, 68.43, 66.95, 66.91, 
32.06, 31.66, 29.79, 29.77, 29.73, 29.69, 29.50, 29.48, 29.25, 29.23, 26.14, 25.81, 22.84, 
22.73, 14.26, 14.16. 

EA: calculated: C: 73.21 %, H: 6.42 %; found: C: 73.20 %, H: 6.41 % 
 
 
 



A2 

4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 1b  
(n = 12, m = 3, p = 6) 
 
Formula: C68H72O14, M = 1113.32 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  400 mg (0.63 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
310 mg (0.63 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
140 mg (0.69 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 350 mg (56 %), colorless solid 
Transition temp.: Cr 150 (ColrPAF 127) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.17 – 8.08 (m, 6H, Ar-H), 7.47 (t, 

J = 8.2 Hz, 1H, Ar-H), 7.37 (dd, J = 8.6, 1.3 Hz, 4H, Ar-H), 7.22 (t, J = 2.1 Hz, 1H, Ar-H), 
7.18 (dd, J = 8.2, 2.2 Hz, 2H, Ar-H), 7.11 (d, J = 9.0 Hz, 2H, Ar-H), 7.03 – 6.90 (m, 8H, Ar-
H), 4.27 (t, J = 6.2 Hz, 2H, OCH2), 4.18 (t, J = 6.0 Hz, 2H, OCH2), 4.04 (q, J = 6.5 Hz, 4H, 
OCH2), 2.31 (p, J = 6.1 Hz, 2H, OCH2CH2), 1.86 – 1.77 (m, 4H, OCH2CH2), 1.52 – 1.43 (m, 
4H, CH2), 1.42 – 1.24 (m, 20H, CH2), 0.95 – 0.85 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.11, 164.16, 164.09, 163.96, 163.89, 163.55, 156.42, 155.60, 155.58, 
151.59, 145.00, 132.43, 132.38, 132.16, 131.78, 129.75, 126.80, 126.78, 122.58, 122.05, 
121.89, 121.60, 121.22, 119.16, 115.73, 115.30, 114.59, 114.55, 114.39, 68.54, 68.46, 65.03, 
64.91, 31.95, 31.58, 29.68, 29.66, 29.61, 29.58, 29.38, 29.35, 29.19, 29.17, 26.05, 25.71, 
22.69, 22.58, 14.04, 13.94. 

EA: calculated: C: 73.36 %, H: 6.52 %; found: C: 73.39 %, H: 6.48 % 
 
 

4-[3-({4-[(4-{[5-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)pentyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1c  
(n = 12, m = 5, p = 6) 
 
Formula: C70H76O14, M = 1141.38 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  560 mg (0.88 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
460 mg (0.88 mmol) 4-{[5-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)pentyl]oxy}-
benzoic acid i14(5,6) 
100 mg (0.96 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 680 mg 68 %), colorless solid 
Transition temp.: Cr 137 (ColobPAF 132) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.5 Hz, 4H, Ar-H), 8.17 – 8.08 (m, 6H, Ar-H), 7.48 (t, 

J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.6 Hz, 4H, Ar-H), 7.20 – 7.15 (m, 3H, Ar-H), 7.12 – 7.06 
(m, 2H, Ar-H), 7.00 – 6.88 (m, 8H, Ar-H), 4.08 (t, J = 6.4 Hz, 2H, OCH2), 4.06 – 3.97 (m, 6H, 
OCH2), 1.95 – 1.76 (m, 8H, OCH2CH2), 1.73 – 1.63 (m, 2H, CH2), 1.52 – 1.41 (m, 4H, CH2), 
1.40 – 1.21 (m, 20H, CH2), 0.94 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.17, 164.16, 164.12, 163.96, 163.75, 163.63, 163.38, 156.55, 155.43, 
151.39, 144.52, 132.40, 132.37, 132.15, 131.79, 129.81, 126.63, 122.50, 122.09, 121.70, 



 Appendix A3 

 

121.11, 121.00, 119.24, 115.78, 115.11, 114.45, 114.28, 68.50, 68.42, 68.23, 32.05, 31.68, 
29.79, 29.77, 29.72, 29.69, 29.49, 29.48, 29.24, 29.23, 29.16, 29.01, 26.13, 25.81, 22.89, 
22.83, 22.73, 14.26, 14.16. 

EA: calculated: C: 73.66 %, H: 6.71 %; found: C: 73.63 %, H: 6.72 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1d  
(n = 12, m = 6, p = 6) 
 
Formula: C71H78O14, M = 1155.40 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.52 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
280 mg (0.52 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg  DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 380 mg (63 %), colorless solid 
Transition temp.: Cr 148.5 (Colx 125.5 N 145.5) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.4 Hz, 4H, Ar-H), 8.16 – 8.08 (m, 6H, Ar-H), 7.48 (t, 

J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 Hz, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 
9.0 Hz, 2H, Ar-H), 7.00 – 6.87 (m, 8H, Ar-H), 4.09 – 3.95 (m, 8H, OCH2), 1.90 – 1.76 (m, 8H, 
OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.51 – 1.41 (m, 4H, CH2), 1.39 – 1.20 (m, 20H, CH2), 
0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.23, 164.19, 164.00, 163.74, 163.67, 163.37, 156.59, 155.45, 151.36, 
144.41, 132.38, 132.16, 131.82, 126.61, 122.50, 122.10, 121.66, 121.03, 120.93, 115.08, 
114.43, 114.29, 68.50, 68.41, 68.28, 32.07, 31.70, 29.81, 29.75, 29.51, 29.37, 29.22, 26.16, 
25.97, 25.82, 22.87, 22.76, 14.30, 14.21. 

EA: calculated: C: 73.81 %, H: 6.80 %; found: C: 73.91 %, H: 6.90 % 
 
 

4-[3-({4-[(4-{[7-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)heptyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1e  
(n = 12, m = 7, p = 6) 
 
Formula: C72H80O14, M = 1169.43 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  550 mg (0.86 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
470 mg (0.86 mmol) 4-{[7-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)heptyl]oxy}-
benzoic acid i14(7,6) 
190 mg (0.94 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 720 mg (72 %), colorless solid 
Transition temp.: Cr 147 (ColobPAF 132) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.16 – 8.08 (m, 6H, Ar-H), 7.47 (t, 

J = 7.9 Hz, 1H, Ar-H), 7.35 (d, J = 8.8 Hz, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 
9.1 Hz, 2H, Ar-H), 7.00 – 6.88 (m, 8H, Ar-H), 4.08 – 3.99 (m, 6H, OCH2), 3.96 (t, J = 6.5 Hz, 
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2H, OCH2), 1.87 – 1.75 (m, 8H, OCH2CH2), 1.51 – 1.41 (m, 6H, CH2), 1.38 – 1.22 (m, 24H, 
CH2), 0.93 – 0.83 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.19, 164.16, 163.96, 163.74, 163.70, 163.36, 156.63, 155.42, 151.37, 
144.42, 132.38, 132.14, 131.79, 129.81, 126.61, 122.46, 122.10, 121.69, 121.01, 119.24, 
115.78, 115.08, 114.43, 114.26, 68.49, 68.40, 68.38, 32.05, 31.68, 29.79, 29.72, 29.70, 29.49, 
29.34, 29.24, 26.14, 26.09, 25.81, 22.84, 22.73, 14.27, 14.17. 

EA: calculated: C: 73.95 %, H: 6.90 %; found: C: 73.93 %, H: 6.87 % 
 
 

4-[3-({4-[(4-{[8-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)octyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1f  
(n = 12, m = 8, p = 6) 
 
Formula: C73H82O14, M = 1183.46 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  540 mg (0.86 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
480 mg (0.86 mmol) 4-{[8-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)octyl]oxy}benzoic 
acid i14(8,6) 
190 mg (0.93 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 660 mg (65 %), colorless solid 
Transition temp.: Cr 141 (Colx 124 N 136) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 8.9 Hz, 2H, Ar-H), 7.47 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.20 
– 7.14 (m, 3H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.87 (m, 8H, Ar-H), 4.07 – 3.99 
(m, 6H, OCH2), 3.95 (t, J = 6.5 Hz, 2H, OCH2), 1.87 – 1.74 (m, 8H, OCH2CH2), 1.53 – 1.22 
(m, 32H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.26, 164.23, 164.03, 163.81, 163.79, 163.43, 156.71, 155.48, 151.43, 
144.45, 132.40, 132.17, 131.82, 129.84, 126.63, 122.47, 122.12, 121.71, 120.98, 119.26, 
115.80, 115.09, 114.44, 114.27, 68.44, 68.38, 68.36, 31.97, 31.60, 29.71, 29.69, 29.64, 29.61, 
29.41, 29.32, 29.15, 29.14, 26.04, 25.99, 25.72, 22.75, 22.64, 14.17, 14.07. 

EA: calculated: C: 74.09 %, H: 6.98 %; found: C: 74.09 %, H: 6.93 % 
 
 

4-[3-({4-[(4-{[9-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)nonyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1g  
(n = 12, m = 9, p = 6) 
 
Formula: C74H84O14, M = 1197.49 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  540 mg (0.84 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
480 mg (0.84 mmol) 4-{[9-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)nonyl]oxy}-
benzoic acid i14(9,6) 
190 mg (0.92 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 740 mg (74 %), colorless solid 
Transition temp.: Cr 136 (ColobPAF 130) I 
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1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (dd, J = 8.9, 1.0 Hz, 4H, Ar-H), 8.13 (d, J = 9.0 Hz, 4H, Ar-
H), 8.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.4 Hz, 4H, Ar-
H), 7.20 – 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.2 Hz, 1H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 
6.99 – 6.88 (m, 8H, Ar-H), 4.06 – 4.00 (m, 6H, OCH2), 3.95 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 
1.74 (m, 8H, OCH2CH2), 1.52 – 1.42 (m, 8H, CH2), 1.42 – 1.23 (m, 26H, CH2), 0.93 – 0.85 
(m, 6H, CH3).  

13C-NMR: (CDCl3, 100 MHz) δ 165.19, 164.16, 163.96, 163.75, 163.37, 156.68, 155.44, 151.39, 144.42, 
132.37, 132.14, 131.79, 129.81, 126.62, 122.44, 122.10, 121.71, 120.99, 119.24, 115.78, 
115.10, 114.44, 114.27, 68.49, 68.46, 68.41, 32.06, 31.69, 29.80, 29.77, 29.73, 29.70, 29.59, 
29.50, 29.49, 29.41, 29.24, 26.17, 26.14, 26.12, 25.81, 22.84, 22.73, 14.26, 14.16. 

EA: calculated: C: 74.22 %, H: 7.07 %; found: C: 74.22 %, H: 7.10 % 
 
 

4-[3-({4-[(4-{[10-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)decyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1h  
(n = 12, m = 10, p = 6)  
 
Formula: C75H86O14, M = 1211.51 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  530 mg (0.83 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
490 mg (0.83 mmol) 4-{[10-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)decyl]oxy}-
benzoic acid i14(10,6) 
190 mg (0.91 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 710 mg (71 %), colorless solid 
Transition temp.: Cr 130 (ColobPAF 116 N 129) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.8 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 8.9 Hz, 2H, Ar-H), 7.47 (t, J = 8.1 Hz, 1H, Ar-H), 7.35 (d, J = 8.8 Hz, 4H, Ar-H), 7.20 
– 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.1 Hz, 1H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 6.99 – 
6.86 (m, 8H, Ar-H), 4.07 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.73 
(m, 8H, OCH2CH2), 1.52 – 1.41 (m, 8H, CH2), 1.41 – 1.22 (m, 28H, CH2), 0.93 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.26, 164.23, 164.03, 163.81, 163.42, 156.73, 155.48, 151.43, 144.43, 
132.40, 132.17, 131.82, 129.84, 126.63, 122.45, 122.11, 121.72, 120.99, 119.26, 115.79, 
115.09, 114.44, 114.26, 68.45, 68.36, 31.97, 31.60, 29.71, 29.69, 29.64, 29.61, 29.52, 29.40, 
29.34, 29.15, 29.14, 26.09, 26.04, 25.72, 22.74, 22.63, 14.16, 14.07. 

EA: calculated: C: 74.36 %, H: 7.16 %; found: C: 74.42 %, H: 7.18 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1i  
(n = 12, m = 11, p = 6)  
 
Formula: C76H88O14, M = 1225.54 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  470 mg (0.73 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
440 mg (0.73 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
170 mg (0.81 mmol) DCC 
5 mg DMAP 
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40 ml dichloromethane  
Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 

EtOAc/EtOH (10/0.2) 
Yield: 590 mg (66 %), colorless solid 
Transition temp.: Cr 121 ColobPFE 132.5 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.3 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 9.0 Hz, 2H, Ar-H), 7.47 (t, J = 8.2 Hz, 1H, Ar-H), 7.35 (d, J = 8.5 Hz, 4H, Ar-H), 7.20 
– 7.16 (m, 2H, Ar-H), 7.15 (d, J = 2.1 Hz, 1H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 6.99 – 
6.87 (m, 8H, Ar-H), 4.07 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.74 
(m, 8H, OCH2CH2), 1.50 – 1.40 (m, 8H, CH2), 1.39 – 1.23 (m, 30H, CH2), 0.93 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.19, 163.98, 163.75, 163.36, 156.68, 155.42, 151.37, 144.37, 132.37, 
132.14, 131.80, 129.83, 126.60, 122.43, 122.10, 121.69, 120.96, 119.24, 115.79, 115.09, 
114.43, 114.25, 68.49, 68.40, 32.06, 31.69, 29.83, 29.80, 29.78, 29.73, 29.70, 29.67, 29.66, 
29.62, 29.50, 29.49, 29.43, 29.24, 26.19, 26.13, 25.81, 22.84, 22.73, 14.27, 14.17. 

EA: calculated: C: 74.49 %, H: 7.24 %; found: C: 74.48 %, H: 7.24 % 
 
 

4-[3-({4-[(4-{[12-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)dodecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 1j  
(n = 12, m = 12, p = 6)  
 
Formula: C77H90O14, M = 1239.57 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  520 mg (0.81 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
500 mg (0.81 mmol) 4-{[12-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)dodecyl]oxy}-
benzoic acid i14(12,6) 
180 mg (0.89 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 820 mg (82 %), colorless solid 
Transition temp.: Cr 135 (SmCcPAF 121 N 125) I 
1H-NMR: (CDCl3, J/Hz, 200 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.20 – 8.03 (m, 6H, Ar-H), 7.59 – 

7.30 (m, 5H, Ar-H), 7.17 – 6.82 (m, 13H, Ar-H), 4.18 – 3.87 (m, 8H, OCH2), 1.96 – 1.68 (m, 
8H, OCH2CH2), 1.61 – 1.20 (m, 40H, CH2), 0.97 – 0.80 (m, 6H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.29, 164.25, 164.05, 163.80, 163.41, 156.73, 155.46, 151.39, 144.37, 
132.38, 132.15, 131.81, 129.84, 126.58, 122.42, 122.10, 121.66, 120.91, 119.25, 115.78, 
115.04, 114.39, 114.21, 68.39, 68.37, 68.28, 31.88, 31.51, 29.62, 29.60, 29.52, 29.34, 29.32, 
29.25, 29.05, 29.04, 26.01, 25.95, 25.62, 22.64, 22.55, 14.08, 13.98. 

EA: calculated: C: 74.61 %, H: 7.32 %; found: C: 74.64 %, H: 7.31 % 
 
 

4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(octyloxy)benzoate 2a  
(n = 8, m = 3, p = 6)  
 
Formula: C64H64O14, M = 1057.22 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.60 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(octyloxy)benzoate i9(8) 
300 mg (0.60 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
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140 mg (0.66 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (72 %), colorless solid 
Transition temp.: Cr 166 (Colob 134) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.17 – 8.13 (m, 4H, Ar-H), 8.11 (d, 

J = 8.9 Hz, 2H, Ar-H), 7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (dd, J = 8.7, 1.9 Hz, 4H, Ar-H), 
7.20 (t, J = 2.0 Hz, 1H, Ar-H), 7.18 (d, J = 2.2 Hz, 1H, Ar-H), 7.17 (d, J = 2.2 Hz, 1H, Ar-H), 
7.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.01 (d, J = 8.9 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 
6.96 – 6.92 (m, 4H, Ar-H), 4.26 (t, J = 6.1 Hz, 2H, OCH2), 4.18 (t, J = 6.0 Hz, 2H, OCH2), 
4.06 – 4.00 (m, 4H, OCH2), 2.34 – 2.28 (m, 2H, OCH2CH2), 1.85 – 1.77 (m, 4H, OCH2CH2), 
1.50 – 1.43 (m, 4H, CH2), 1.39 – 1.26 (m, 12H, CH2), 0.93 – 0.86 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) (CDCl3, 100 MHz) δ 165.31, 164.32, 164.26, 164.11, 163.87, 163.53, 
163.52, 156.39, 155.53, 155.50, 151.46, 144.76, 132.50, 132.45, 132.24, 131.88, 129.91, 
126.67, 126.65, 122.65, 122.17, 121.64, 121.33, 120.98, 119.31, 115.84, 115.14, 114.49, 
114.46, 114.30, 68.43, 68.35, 64.83, 64.61, 31.82, 31.57, 29.34, 29.24, 29.20, 29.11, 29.09, 
26.01, 25.68, 22.68, 22.60, 14.12, 14.04. 

EA: calculated: C: 72.71 %, H: 6.10 %; found: C: 72.71 %, H: 6.15 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(octyloxy)benzoate 2b  
(n = 8, m = 6, p = 6) 
 
Formula: C67H70O14, M = 1099.30 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.60 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(octyloxy)benzoate i9(8) 
320 mg (0.60 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
140 mg (0.66 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (70 %), colorless solid 
Transition temp.: Cr 145 (M1 125 SmCsPFE 130) N 151 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.5 Hz, 4H, Ar-H), 8.14 (dd, J = 8.9, 2.0 Hz, 4H, Ar-

H), 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 Hz, 4H, Ar-
H), 7.21 – 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.2 Hz, 1H, Ar-H), 7.09 (d, J = 9.0 Hz, 2H, Ar-H), 
7.01 – 6.94 (m, 5H, Ar-H), 6.94 – 6.88 (m, 3H, Ar-H), 4.09 – 4.00 (m, 6H, OCH2), 3.98 (t, J = 
6.4 Hz, 2H, OCH2), 1.91 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.55 (m, 4H, CH2), 1.52 – 1.42 (m, 
4H, CH2), 1.40 – 1.24 (m, 12H, CH2), 0.93 – 0.86 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.20, 164.17, 163.99, 163.80, 163.73, 163.43, 156.66, 155.48, 151.44, 
144.54, 132.39, 132.37, 132.14, 131.78, 129.79, 126.64, 122.46, 122.07, 121.74, 121.09, 
121.03, 119.20, 115.75, 115.11, 114.45, 114.27, 68.44, 68.36, 68.24, 31.82, 31.57, 29.34, 
29.25, 29.23, 29.09, 26.02, 25.89, 25.83, 25.69, 22.67, 22.60, 14.09, 14.01. 

EA: calculated: C: 73.21 %, H: 6.42 % 
found:        C: 73.38 %, H: 6.46 % 
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4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(octyloxy)benzoate 2c 
(n = 8, m = 11, p = 6) 
 
Formula: C72H80O14, M = 1169.43 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.60 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(octyloxy)benzoate i9(8) 
360 mg (0.60 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
140 mg (0.66 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 520 mg (74 %), colorless solid 
Transition temp.: Cr 109 SmCcPFE 147 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.13 (d, J = 9.0 Hz, 4H, Ar-H), 8.10 

(d, J = 9.0 Hz, 2H, Ar-H), 7.47 (t, J = 8.0 Hz, 1H, Ar-H), 7.35 (d, J = 8.9 Hz, 4H, Ar-H), 7.21 
– 7.15 (m, 3H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.94 (m, 5H, Ar-H), 6.94 – 6.87 
(m, 3H, Ar-H), 4.06 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.74 (m, 
8H, OCH2CH2), 1.59 – 1.55 (m, 4H, CH2), 1.52 – 1.41 (m, 4H, CH2), 1.40 – 1.23 (m, 22H, 
CH2), 0.93 – 0.85 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.14, 164.13, 163.93, 163.76, 163.37, 156.71, 155.46, 151.43, 144.46, 
132.35, 132.12, 131.76, 129.77, 126.64, 122.40, 122.06, 121.79, 121.03, 119.20, 115.75, 
115.13, 114.46, 114.28, 68.56, 68.51, 68.36, 31.91, 31.66, 29.62, 29.59, 29.47, 29.43, 29.32, 
29.24, 26.18, 26.12, 25.79, 22.77, 22.69, 14.19, 14.11. 

EA: calculated: C: 73.95 %, H: 6.90 %; found: C: 74.03 %, H: 7.02 % 
 
 

4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(hexadecyloxy)benzoate 3a  
(n = 16, m = 3, p = 6)  
 
Formula: C72H80O14, M = 1169.43 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  400 mg (0.58 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
280 mg (0.58 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
130 mg (0.63 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (68 %), colorless solid 
Transition temp.: Cr 136 (ColobPFE 129) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.19 (d, J = 8.7 Hz, 4H, Ar-H), 8.10 – 8.02 (m, 6H, Ar-H), 7.41 (t, 

J = 8.2 Hz, 1H, Ar-H), 7.30 (dd, J = 8.7, 1.8 Hz, 4H, Ar-H), 7.15 (t, J = 2.2 Hz, 1H, Ar-H), 
7.11 (dd, J = 8.2, 2.2 Hz, 2H, Ar-H), 7.04 (d, J = 9.0 Hz, 2H, Ar-H), 6.94 (d, J = 8.9 Hz, 2H, 
Ar-H), 6.91 (d, J = 8.9 Hz, 2H, Ar-H), 6.89 – 6.85 (m, 4H, Ar-H), 4.21 (t, J = 6.1 Hz, 2H, 
OCH2), 4.12 (t, J = 6.0 Hz, 2H, OCH2), 3.97 (q, 6.7 Hz, 4H, OCH2), 2.27 – 2.21 (m, 2H, 
OCH2CH2), 1.79 – 1.71 (m, 4H, OCH2CH2), 1.44 – 1.37 (m, 4H, CH2), 1.34 – 1.18 (m, 28H, 
CH2), 0.86 – 0.79 (m, 6H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.38, 164.41, 164.35, 164.22, 164.09, 163.74, 156.61, 155.77, 155.75, 
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151.74, 145.11, 132.64, 132.59, 132.37, 132.00, 129.98, 126.94, 126.92, 122.78, 122.27, 
121.98, 121.69, 121.32, 119.39, 115.94, 115.43, 114.73, 114.69, 114.53, 68.65, 68.58, 65.11, 
64.96, 32.09, 31.71, 29.85, 29.83, 29.81, 29.74, 29.71, 29.52, 29.51, 29.46, 29.30, 29.28, 
26.17, 25.83, 22.83, 22.72, 14.21, 14.10. 

EA: calculated: C: 73.95 %, H: 6.90 %; found: C: 73.84 %, H: 6.89 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 3b 
(n = 16, m = 6, p = 6)  
 
Formula: C75H86O14, M = 1211.51 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  390 mg (0.56 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 520 mg (77 %), colorless solid 
Transition temp.: Cr 150 (Colx 126.5 N 142) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.4 Hz, 4H, Ar-H), 8.16 – 8.08 (m, 6H, Ar-H), 7.48 (t, 

J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.20 – 7.17 (m, 2H, Ar-H), 7.16 (d, J = 
2.2 Hz, 1H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 7.00 – 6.88 (m, 8H, Ar-H), 4.09 – 4.00 (m, 
6H, OCH2), 3.97 (t, J = 6.4 Hz, 2H, OCH2), 1.90 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.54 (m, 
4H, CH2), 1.51 – 1.41 (m, 8H, CH2), 1.39 – 1.23 (m, 28H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.06, 164.17, 163.97, 163.75, 163.38, 156.58, 155.43, 151.38, 144.44, 
132.39, 132.37, 132.15, 131.79, 129.82, 126.61, 122.47, 122.10, 121.69, 120.99, 119.24, 
115.78, 115.10, 114.44, 114.27, 68.41, 68.30, 32.06, 31.68, 29.83, 29.79, 29.72, 29.49, 29.35, 
29.24, 29.22, 29.20, 26.13, 26.01, 25.80, 22.84, 22.72, 21.31, 14.26, 14.16. 

EA: calculated: C: 74.36, H: 7.16 %; found: C: 74.28, H: 7.15 % 
 

 
4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 3c  
(n = 16, m = 11, p = 6)  
 
Formula: C80H96O14, M = 1281.65 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.60 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
320 mg (0.60 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
140 mg (0.66 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 480 mg (62 %), colorless solid 
Transition temp.: Cr 119 (ColobPAF 109) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.16 – 8.08 (m, 6H, Ar-H), 7.48 (t, 

J = 8.2 Hz, 1H), 7.36 (d, J = 8.8 Hz, 4H, Ar-H), 7.21 – 7.14 (m, 3H, Ar-H), 7.08 (d, J = 9.1 
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Hz, 2H, Ar-H), 7.00 – 6.87 (m, 8H, Ar-H), 4.08 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, 
OCH2), 1.87 – 1.73 (m, 8H, OCH2CH2), 1.51 – 1.41 (m, 8H, CH2), 1.41 – 1.22 (m, 38H, CH2), 
0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.20, 164.15, 163.96, 163.75, 163.36, 156.69, 155.44, 151.40, 144.41, 
132.36, 132.13, 131.79, 129.80, 126.63, 122.42, 122.09, 121.74, 120.99, 119.23, 115.77, 
115.10, 114.44, 114.27, 68.53, 68.50, 68.41, 32.06, 31.68, 29.83, 29.79, 29.72, 29.49, 29.25, 
26.19, 26.13, 25.81, 22.83, 22.72, 14.25, 14.15. 

EA: calculated: C: 74.97, H: 7.55 %; found: C: 74.87, H: 7.80 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 4a  
(n = 12, m = 6, p = 12) 
 
Formula: C77H90O14, M = 1239.57 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  310 mg (0.48 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
300 mg (0.48 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,12) 
110 mg (0.53 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 450 mg (75 %), colorless solid 
Transition temp.: Cr 140 (Colx 115.5 N 131) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.14 (dd, J = 9.0, 2.1 Hz, 4H, Ar-

H), 8.11 (d, J = 9.0 Hz, 2H, Ar-H), 7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 Hz, 4H, Ar-
H), 7.20 – 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.1 Hz, 1H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 
7.00 – 6.94 (m, 4H, Ar-H), 6.94 – 6.88 (m, 4H, Ar-H), 4.09 – 4.00 (m, 6H, OCH2), 3.97 (t, J = 
6.4 Hz, 2H, OCH2), 1.90 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.51 – 1.40 (m, 
J = 3.6 Hz, 4H, CH2), 1.39 – 1.23 (m, 32H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.16, 163.97, 163.75, 162.80, 155.43, 151.38, 132.39, 132.37, 132.14, 
131.79, 126.62, 122.47, 122.10, 119.24, 115.10, 114.44, 114.27, 68.50, 68.42, 68.30, 32.05, 
31.33, 29.79, 29.77, 29.72, 29.69, 29.49, 29.48, 29.24, 26.13, 26.01, 22.83, 14.26. 

EA: calculated: C: 74.61 %, H: 7.32 %; found: C: 74.52 %, H: 7.30 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 4b  
(n = 12, m = 11, p = 12)  
 
Formula: C82H100O14, M = 1309.70 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  290 mg (0.46 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
320 mg (0.46 mmol) 4-{[11-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,12) 
100 mg (0.50 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 440 mg (73 %), colorless solid 
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Transition temp.: Cr 126 (ColrPAF 121) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 – 8.23 (m, 4H, Ar-H), 8.13 (d, J = 8.8 Hz, 4H, Ar-H), 8.10 (d, 

J = 9.0 Hz, 2H, Ar-H), 7.47 (t, J = 8.4 Hz, 1H, Ar-H), 7.35 (d, J = 8.5 Hz, 4H, Ar-H), 7.20 – 
7.14 (m, 3H, Ar-H), 7.07 (d, J = 9.1 Hz, 2H, Ar-H), 6.99 – 6.87 (m, 8H, Ar-H), 4.06 – 3.99 (m, 
6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.85 – 1.73 (m, 8H, OCH2CH2), 1.50 – 1.40 (m, 
8H, CH2), 1.40 – 1.22 (m, 42H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.17, 163.97, 163.75, 155.43, 151.38, 132.37, 132.14, 131.79, 129.81, 
126.61, 122.43, 122.09, 120.98, 119.23, 115.78, 115.09, 114.44, 114.26, 68.52, 68.49, 68.41, 
32.05, 29.79, 29.77, 29.72, 29.69, 29.65, 29.50, 29.48, 29.25, 26.19, 26.13, 22.83, 14.33, 
14.26. 

EA: calculated: C: 75.20 %, H: 7.70 %; found: C: 75.08 %, H: 7.60 % 
 
 

4-[3-({4-[(4-{[12-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)dodecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 4c  
(n = 12, m = 12, p = 12)  
 
Formula: C83H102O14, M = 1323.73 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  480 mg (0.76 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
530 mg (0.76 mmol) 4-{[12-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)dodecyl]oxy}-
benzoic acid i14(12,12) 
180 mg (0.83 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 670 mg (67 %), colorless solid 
Transition temp.: Cr 117 (M3 102 M2 110 N 114) I 
1H-NMR: (CDCl3, J/Hz, 200 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.18 – 8.06 (m, 6H, Ar-H), 7.48 (t, 

J = 8.0 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 Hz, 4H, Ar-H), 7.21 – 7.03 (m, 5H, Ar-H), 7.02 – 6.85 
(m, 8H, Ar-H), 4.09 – 3.89 (m, 8H, OCH2), 1.90 – 1.69 (m, 8H, OCH2CH2), 1.52 – 1.19 (m, 
52H, CH2), 0.87 (t, J = 6.3 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.19, 164.17, 163.97, 163.75, 163.36, 156.69, 155.43, 151.38, 144.38, 
132.37, 132.14, 131.80, 129.82, 126.61, 122.43, 122.10, 121.71, 120.97, 119.25, 115.79, 
115.09, 114.44, 114.26, 68.53, 68.49, 68.41, 32.06, 29.80, 29.78, 29.73, 29.70, 29.50, 29.44, 
29.26, 26.20, 26.14, 22.84, 14.27.   

EA: calculated: C: 75.31 %, H: 7.77 %; found: C: 75.41 %, H: 7.79 % 
 
 

4-(3-{[4-({4-[2-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy)ethoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 5a  
(n = 12, m = 2, p = 16) 
 
Formula: C77H90O14, M = 1239.57 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  360 mg (0.56 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
350 mg (0.56 mmol) 4-[2-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)ethoxy]-
benzoic acid i14(2,16) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
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EtOAc/EtOH (10/0.2) 
Yield: 510 mg (73 %), colorless solid 
Transition temp.: Cr 151 (M4 121 SmCs’PAF 144) SmCsPAF 160.5 N 161 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (dd, J = 8.8, 2.3 Hz, 4H, Ar-H), 8.20 – 8.10 (m, 6H, Ar-H), 

7.48 (t, J = 8.3 Hz, 1H, Ar-H), 7.38 (d, J = 8.6 Hz, 4H, Ar-H), 7.24 – 7.12 (m, 3H, Ar-H), 7.06 
(d, J = 8.8 Hz, 2H, Ar-H), 7.02 – 6.94 (m, 8H, Ar-H), 4.46 – 4.36 (m, 4H, OCH2), 4.05 (q, J = 
6.7 Hz, 4H, OCH2), 1.87 – 1.78 (m, 4H, OCH2CH2), 1.48 – 1.44 (m, 4H, CH2), 1.41 – 1.23 (m, 
40H, CH2), 0.92 – 0.86 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ = δ 165.09, 164.17, 164.05, 163.97, 163.90, 163.58, 163.29, 156.17, 
155.61, 155.55, 151.60, 145.35, 132.45, 132.39, 132.19, 131.79, 129.76, 126.85, 126.78, 
122.67, 122.05, 121.96, 121.84, 121.23, 119.17, 115.74, 115.61, 114.76, 114.55, 114.41, 
68.54, 68.48, 67.13, 67.01, 31.96, 29.72, 29.70, 29.68, 29.66, 29.61, 29.58, 29.39, 29.37, 
29.36, 29.21, 29.20, 26.06, 22.70, 14.05. 

EA: calculated: C: 74.61 %, H: 7.32 %; found: C: 74.56 %, H: 7.31 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 5b  
(n = 12, m = 6, p = 16) 
 
Formula: C81H98O14, M = 1295.68 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  260 mg (0.42 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
280 mg (0.42 mmol) 4-{[6-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,16) 
90 mg (0.46 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 390 mg (72 %), colorless solid 
Transition temp.: Cr 139 (SmCPAF

[*] 128) SmCsPAF 141 N 141.5 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.5 Hz, 4H, Ar-H), 8.14 (dd, J = 9.0, 2.3 Hz, 4H, Ar-

H), 8.11 (d, J = 8.6 Hz, 2H, Ar-H), 7.48 (t, J = 8.5 Hz, 1H, Ar-H), 7.37 (d, J = 8.6 Hz, 4H, Ar-
H), 7.25 – 7.21 (m, 1H, Ar-H), 7.18 (d, J = 8.5 Hz, 2H, Ar-H), 7.10 (d, J = 8.8 Hz, 2H, Ar-H), 
6.99 – 6.97 (m, 4H, Ar-H), 6.96 – 6.90 (m, 4H, Ar-H), 4.08 – 3.99 (m, 8H, OCH2), 1.84 – 1.81 
(m, 8H, OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.51 – 1.46 (m, 4H, CH2), 1.39 – 1.26 (m, 24H, 
CH2), 0.88 – 0.86 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.16, 163.98, 163.84, 163.53, 155.62, 151.61, 132.41, 132.39, 132.16, 
131.79, 129.75, 126.80, 122.47, 122.06, 119.17, 115.74, 115.27, 114.57, 114.40, 68.55, 68.48, 
68.44, 68.36, 31.97, 29.72, 29.68, 29.66, 29.62, 29.59, 29.40, 29.37, 29.36, 29.22, 29.20, 
29.15, 26.06, 25.93, 25.87, 22.70, 14.04. 

EA: calculated: C: 75.09 %, H: 7.62 %; found: C: 75.08 %, H: 7.65 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 5c  
(n = 12, m = 11, p = 16)  
 
Formula: C86H108O14, M = 1365.81 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.52 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
380 mg (0.52 mmol) 4-{[11-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]-
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oxy}benzoic acid i14(11,16) 
120 mg (0.56 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (65 %), colorless solid 
Transition temp.: Cr 125 (ColrPAF 130) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.13 (d, J = 8.7 Hz, 4H, Ar-H), 8.10 

(d, J = 9.0 Hz, 2H, Ar-H), 7.47 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.4 Hz, 4H, Ar-H), 7.21 
(t, J = 2.1 Hz, 1H, Ar-H), 7.17 (dd, J = 8.2, 2.2 Hz, 2H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 
6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.95 – 6.87 (m, 4H, Ar-H), 4.08 – 4.00 (m, 6H, OCH2), 3.95 (t, 
J = 6.5 Hz, 2H, OCH2), 1.86 – 1.74 (m, 8H, OCH2CH2), 1.53 – 1.42 (m, 8H, CH2), 1.42 – 1.24 
(m, 50H, CH2), 0.91 – 0.85 (m, J = 16.2 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.17, 163.98, 163.91, 156.85, 155.62, 151.61, 132.39, 132.16, 131.79, 
126.80, 122.42, 122.06, 121.25, 119.17, 115.74, 115.27, 114.57, 114.39, 68.67, 68.55, 68.47, 
31.96, 29.72, 29.69, 29.62, 29.59, 29.55, 29.52, 29.40, 29.37, 29.22, 29.20, 26.12, 26.06, 
22.70, 14.05. 

EA: calculated: C: 75.63 %, H: 7.97 %; found: C: 75.56 %, H: 8.08 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 6a  
(n = 16, m = 6, p = 12) 
 
Formula: C81H98O14, M = 1295.68 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  320 mg (0.46 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
280 mg (0.46 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,12) 
110 mg (0.51 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 400 mg (67 %), colorless solid 
Transition temp.: Cr 138 (SmXPAF 122 SmCsPAF 125 N 131) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.4 Hz, 4H, Ar-H), 8.13 (dd, J = 9.0, 2.2 Hz, 4H, Ar-

H), 8.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.47 (t, J = 8.3 Hz, 1H, Ar-H), 7.35 (d, J = 8.8 Hz, 4H, Ar-
H), 7.20 – 7.14 (m, 3H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 7.00 – 6.93 (m, 5H, Ar-H), 6.93 
– 6.87 (m, 3H, Ar-H), 4.09 – 3.99 (m, 6H, OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 1.90 – 1.75 
(m, 8H, OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.49 – 1.41 (m, 4H, CH2), 1.38 – 1.21 (m, 40H, 
CH2), 0.86 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.47, 164.43, 164.23, 163.98, 163.91, 163.61, 156.83, 155.64, 151.58, 
144.63, 132.59, 132.57, 132.34, 131.99, 130.02, 126.77, 122.66, 122.28, 121.81, 121.18, 
121.10, 119.43, 115.96, 115.22, 114.58, 114.40, 68.55, 68.47, 68.33, 32.07, 32.07, 29.84, 
29.83, 29.80, 29.78, 29.74, 29.70, 29.51, 29.49, 29.35, 29.24, 29.19, 26.13, 26.01, 25.95, 
22.84, 14.26. 

EA: calculated: C: 75.09 %, H: 7.62 %; found: C: 74.86 %, H: 7.72 % 
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4-[3-({4-[(4-{[11-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 6b  
(n = 16, m = 11, p = 12)  
 
Formula: C86H108O14, M = 1365.81 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  310 mg (0.44 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
300 mg (0.44 mmol) 4-{[11-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,12) 
100 mg (0.48 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 490 mg (82 %), colorless solid 
Transition temp.: Cr 130 (ColrPAF 125) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.3 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 9.0 Hz, 2H, Ar-H), 7.48 (t, J = 8.3 Hz, 1H, Ar-H), 7.36 (d, J = 8.5 Hz, 4H, Ar-H), 7.20 
– 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.2 Hz, 1H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 6.99 – 
6.87 (m, 8H, Ar-H), 4.06 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.73 
(m, 8H, OCH2CH2), 1.50 – 1.40 (m, 8H, CH2), 1.38 – 1.20 (m, 50H, CH2), 0.89 – 0.80 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.27, 164.07, 163.81, 155.47, 151.41, 132.40, 131.83, 129.86, 126.60, 
122.44, 122.11, 120.93, 119.26, 115.79, 115.05, 114.41, 114.23, 68.38, 31.91, 29.67, 29.65, 
29.64, 29.57, 29.53, 29.34, 29.07, 25.96, 22.67, 14.09. 

EA: calculated: C: 75.63 %, H: 7.97 %; found: C: 75.35 %, H: 8.04 % 
 
 

Compounds 7-9 
 

H2n+1CnO

O

O O

O

O

O

O

O

dimer series 7-9

O

O
OCpH2p+1

COO(CH2)mO

7a: n = 12; m = 6; p = 6
7b: n = 16; m = 6; p = 6
8a: n = 12; m = 6; p = 12
8b: n = 16; m = 6; p = 12
9a: n = 12; m = 11; p = 6
9b: n = 16; m =11; p = 6  

 

1-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]benzene-1,4-dicarboxylate 
7a (n = 12, m = 6, p = 6) 
 
Formula: C72H78O15, M = 1183.42 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  110 mg (0.18 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
100 mg (0.18 mmol) 4-({[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,6) 
40 mg (0.20 mmol) DCC 
5 mg DMAP 
30 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 160 mg (75 %), colorless solid 
Transition temp.: Cr 135 (ColxPFE 128) I 
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1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 6H, Ar-H), 8.19 – 8.07 (m, 6H, Ar-H), 7.48 (t, J = 
8.1 Hz, 1H, Ar-H), 7.41 – 7.33 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 8.9 Hz, 
2H, Ar-H), 6.99 – 6.86 (m, 6H, Ar-H), 4.38 (t, J = 6.6 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 4H, 
OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 1.88 – 1.75 (m, 8H, OCH2CH2, COOCH2CH2), 1.60 – 
1.53 (m, 4H, CH2), 1.50 – 1.41 (m, 4H, CH2), 1.39 – 1.23 (m, 20H, CH2), 0.93 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 167.37, 163.37, 155.45, 154.95, 151.40, 144.47, 132.67, 132.37, 132.14, 
131.90, 131.79, 130.18, 129.83, 129.73, 122.47, 122.10, 121.93, 115.76, 115.09, 114.44, 
114.26, 68.50, 68.41, 68.28, 65.66, 32.05, 31.68, 29.79, 29.72, 29.69, 29.49, 29.32, 29.24, 
28.79, 26.13, 26.00, 25.80, 22.83, 22.73, 14.26, 14.16. 

EA: calculated: C: 73.08 %, H: 6.64 %; found: C: 73.09 %, H: 6.69 % 

 
 
1-(4-{3-[(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]benzene-1,4-dicarboxylate 
7b (n = 16, m = 6, p = 6) 
 
Formula: C76H86O15, M = 1239.52 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  130 mg (0.18 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
100 mg (0.18 mmol) 4-({[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,6) 
40 mg (0.20 mmol) DCC 
5 mg DMAP 
30 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 150 mg (67 %), colorless solid 
Transition temp.: Cr 133 (ColxPFE 126) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 6H, Ar-H), 8.19 – 8.07 (m, 6H, Ar-H), 7.48 (t, J = 

8.1 Hz, 1H, Ar-H), 7.41 – 7.34 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 9.0 Hz, 
2H, Ar-H), 6.99 – 6.87 (m, 6H, Ar-H), 4.39 (t, J = 6.6 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 4H, 
OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 1.89 – 1.75 (m, 8H, OCH2CH2, COOCH2CH2), 1.61 – 
1.54 (m, 4H, CH2), 1.50 – 1.42 (m, 4H, CH2), 1.40 – 1.22 (m, 28, CH2), 0.93 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 173.54, 165.52, 165.17, 165.12, 164.17, 163.96, 163.82, 163.76, 163.68, 
163.37, 156.59, 155.45, 154.95, 151.40, 151.32, 144.47, 135.14, 132.67, 132.37, 132.14, 
131.91, 131.79, 130.18, 129.73, 127.11, 126.60, 122.47, 122.11, 121.88, 120.97, 119.28, 
119.21, 115.76, 115.09, 114.44, 114.26, 68.50, 68.41, 68.27, 65.66, 32.06, 31.68, 29.83, 29.79, 
29.72, 29.50, 29.33, 29.24, 29.22, 28.79, 26.13, 26.00, 25.97, 25.80, 22.84, 22.73, 14.26, 
14.16. 

EA: calculated: C: 73.65 %, H: 6.99 %; found: C: 73.57 %, H: 6.99 % 
 
 

1-[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl] 4-(4-{3-[(4-{[4-(dodecyloxy)-
phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate 
8a (n = 12, m = 6, p = 12)  
 
Formula: C78H90O15, M = 1267.58 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  200 mg (0.31 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
200 mg (0.31 mmol) 4-({[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,12) 
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70 mg (0.34 mmol) DCC 
5 mg DMAP 
30 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 260 mg (66 %), colorless solid 
Transition temp.: Cr 129 ColrPFE 137 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.24 (m, 6H, Ar-H), 8.17 (d, J = 8.6 Hz, 2H, Ar-H), 8.13 (d, 

J = 8.9 Hz, 2H, Ar-H), 8.10 (d, J = 8.9 Hz, 2H, Ar-H), 7.48 (t, J = 8.0 Hz, 1H, Ar-H), 7.41 – 
7.34 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 6.99 – 6.87 (m, 
6H, Ar-H), 4.39 (t, J = 6.6 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 4H, OCH2), 3.97 (t, J = 6.4 Hz, 
2H, OCH2), 1.88 – 1.75 (m, 8H, OCH2CH2, COOCH2CH2), 1.60 – 1.53 (m, 4H, CH2), 1.50 – 
1.41 (m, 4H, CH2), 1.39 – 1.22 (m, 32H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.61, 165.29, 164.27, 164.06, 163.92, 163.82, 163.78, 163.44, 156.64, 
155.49, 154.99, 151.42, 151.35, 144.47, 135.14, 132.66, 132.40, 132.17, 131.94, 131.83, 
130.21, 129.88, 129.76, 127.09, 126.58, 122.48, 122.13, 121.95, 121.63, 120.92, 119.22, 
115.77, 115.04, 114.41, 114.23, 68.38, 68.30, 68.14, 65.57, 31.90, 29.63, 29.61, 29.56, 29.53, 
29.34, 29.32, 29.15, 29.08, 28.61, 25.96, 25.83, 25.80, 22.67, 14.09. 

EA: calculated: C: 73.91 %, H: 7.16 %; found: C: 73.82 %, H: 7.15 % 
 
 

1-[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl] 4-(4-{3-[(4-{[4-(hexadecyl-
oxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}phenyl)benzene-1,4-
dicarboxylate 8b (n = 16, m = 6, p = 12)  
 
Formula: C82H98O15, M = 1323.69 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  210 mg (0.30 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
200 mg (0.30 mmol) 4-({[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,12) 
70 mg (0.33 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 270 mg (68 %), colorless solid 
Transition temp.: Cr 131 ColrPFE 139 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 6H, Ar-H), 8.17 (d, J = 8.3 Hz, 2H, Ar-H), 8.13 (d, 

J = 8.7 Hz, 2H, Ar-H), 8.09 (d, J = 8.7 Hz, 2H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 – 
7.33 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, J = 8.9 Hz, 2H, Ar-H), 6.99 – 6.87 (m, 
6H, Ar-H), 4.38 (t, J = 6.6 Hz, 2H, COOCH2), 4.06 – 3.99 (m, 4H, OCH2), 3.97 (t, J = 6.3 Hz, 
2H, OCH2), 1.88 – 1.75 (m, 8H, OCH2CH2, COOCH2CH2), 1.59 – 1.53 (m, 4H, CH2), 1.50 – 
1.40 (m, 4H, CH2), 1.39 – 1.21 (m, 40H, CH2), 0.86 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.51, 165.17, 164.16, 163.96, 163.82, 163.76, 163.37, 156.59, 155.45, 
154.95, 151.40, 151.33, 144.47, 135.14, 132.67, 132.37, 132.14, 131.91, 131.79, 130.18, 
129.84, 129.73, 127.11, 126.60, 122.47, 122.10, 121.93, 121.68, 120.97, 119.31, 119.17, 
115.76, 115.09, 114.44, 114.26, 68.50, 68.41, 68.28, 65.66, 32.06, 32.05, 29.83, 29.79, 29.77, 
29.72, 29.69, 29.50, 29.48, 29.32, 29.25, 28.79, 26.13, 26.00, 25.97, 22.83, 14.26. 

EA: calculated: C: 74.41 %, H: 7.46 %; found: C: 74.37 %, H: 7.51 % 
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1-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]benzene-1,4-dicarboxy-
late 9a (n = 12, m = 11, p = 6) 
 
Formula: C77H88O15, M = 1253.55 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.47 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
300 mg (0.47 mmol) 4-({[10-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)decyl]oxy}-
carbonyl)benzoic acid i17(11,6) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 420 mg (71 %), colorless solid 
Transition temp.: Cr 109 (ColxPFE 103 N 105) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 – 8.24 (m, 6H, Ar-H), 8.17 (d, J = 8.4 Hz, 2H, Ar-H), 8.13 (d, 

J = 8.8 Hz, 2H, Ar-H), 8.10 (d, J = 8.8 Hz, 2H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 – 
7.34 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 6.99 – 6.86 (m, 
6H, Ar-H), 4.36 (t, J = 6.7 Hz, 2H, COOCH2), 4.06 – 3.99 (m, 4H, OCH2), 3.94 (t, J = 6.5 Hz, 
2H, OCH2), 1.85 – 1.73 (m, 8H, OCH2CH2, COOCH2CH2), 1.51 – 1.40 (m, 8H, CH2), 1.40 – 
1.23 (m, 30H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.52, 165.18, 164.16, 163.96, 163.82, 163.76, 163.69, 163.36, 156.69, 
155.45, 154.95, 151.40, 151.33, 144.39, 135.23, 132.64, 132.37, 132.14, 131.91, 131.79, 
130.16, 129.84, 129.73, 127.13, 126.60, 122.42, 122.10, 121.93, 121.73, 120.97, 119.30, 
119.20, 115.76, 115.09, 114.45, 114.26, 68.53, 68.50, 68.41, 65.85, 32.05, 31.68, 29.79, 29.77, 
29.72, 29.69, 29.67, 29.63, 29.51, 29.49, 29.48, 29.44, 29.40, 29.24, 29.23, 28.83, 26.20, 
26.17, 26.13, 25.81, 22.83, 22.73, 14.26, 14.16. 

EA: calculated: C: 73.78 %, H: 7.08 %; found: C: 73.75 %, H: 7.16 % 
 
 

1-(4-{3-[(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]benzene-1,4-dicarboxy-
late 9b (n = 16, m = 11, p = 6) 
 
Formula: C81H96O15, M = 1309.66 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.47 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
300 mg (0.47 mmol) 4-({[10-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)decyl]oxy}-
carbonyl)benzoic acid i17(11,6) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 400 mg (65 %), colorless solid 
Transition temp.: Cr 111 (N 103) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 – 8.24 (m, 6H, Ar-H), 8.17 (d, J = 8.5 Hz, 2H, Ar-H), 8.14 (d, 

J = 8.9 Hz, 2H, Ar-H), 8.10 (d, J = 8.9 Hz, 2H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 – 
7.34 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 
Hz, 2H, Ar-H), 6.94 (d, J = 8.9 Hz, 2H, Ar-H), 6.89 (d, J = 9.0 Hz, 2H, Ar-H), 4.36 (t, J = 6.7 
Hz, 2H, COOCH2), 4.07 – 3.99 (m, 4H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.85 – 1.73 
(m, 8H, OCH2CH2, COOCH2CH2), 1.51 – 1.40 (m, 8H, CH2), 1.39 – 1.22 (m, 38H, CH2), 0.93 
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– 0.84 (m, 6H, CH3). 
13C-NMR: (CDCl3, 100 MHz) δ 165.68, 165.35, 164.32, 164.12, 163.98, 163.87, 163.84, 163.47, 156.79, 

155.54, 155.04, 151.48, 151.41, 144.44, 135.28, 132.68, 132.45, 132.22, 132.00, 131.88, 
130.24, 129.94, 129.80, 127.16, 126.63, 122.49, 122.18, 122.00, 121.72, 120.97, 119.37, 
119.28, 115.83, 115.10, 114.46, 114.28, 68.44, 68.34, 65.82, 31.96, 31.58, 29.72, 29.71, 29.69, 
29.62, 29.59, 29.56, 29.53, 29.39, 29.31, 29.30, 29.12, 29.10, 28.70, 26.07, 26.05, 26.01, 
25.69, 22.72, 22.61, 14.15, 14.05. 

EA: calculated: C: 74.29 %, H: 7.39 %; found: C: 74.18 %, H: 7.39 % 
 
 

 
Compounds 10-11 
 

H2n+1CnO
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O
dimer series 10-11

O

O
OCpH2p+1

OOC(CH2)mO

10a: n = 12; m = 5; p = 6
10b: n = 16; m = 5; p = 6
11a: n = 12; m = 5; p = 12
11b: n = 16; m = 5; p = 12  

 
4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 10a  
(n = 12, m = 5, p = 6)  
 
Formula: C71H76O15, M = 1169.39 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.51 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
280 mg (0.51 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,6) 
120 mg (0.56 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 490 mg (82 %), colorless solid 
Transition temp.: Cr 137 Cr*PFE 169 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.3 Hz, 4H, Ar-H), 8.17 – 8.08 (m, 6H, Ar-H), 7.47 (t, 

J = 8.3 Hz, 1H, Ar-H), 7.36 (d, J = 8.5 Hz, 4H, Ar-H), 7.22 – 7.15 (m, 5H, Ar-H), 7.11 (d, J = 
9.1 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 4.08 (t, J = 6.3 Hz, 2H, OCH2), 4.06 – 4.00 (m, 
4H, OCH2), 2.61 (t, J = 7.4 Hz, 2H, CH2COO), 1.94 – 1.76 (m, 8H, OCH2CH2, 
CH2CH2COO), 1.68 – 1.58 (m, 2H, CH2), 1.50 – 1.41 (m, 4H, CH2), 1.39 – 1.23 (m, 20H, 
CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.70, 167.21, 164.66, 164.17, 163.96, 163.77, 163.75, 163.58, 163.54, 
155.42, 151.38, 149.34, 148.41, 147.95, 132.41, 132.37, 132.23, 131.79, 129.81, 126.62, 
122.60, 122.31, 122.09, 119.24, 114.43, 114.34, 68.49, 68.44, 68.05, 34.35, 32.05, 31.68, 
29.79, 29.77, 29.72, 29.69, 29.49, 29.48, 29.24, 29.21, 28.95, 26.13, 25.80, 25.75, 24.77, 
22.83, 22.72, 14.26, 14.16. 

EA: calculated: C: 72.93 %, H: 6.55 %; found: C: 72.91 %, H: 6.63 % 
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4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 10b  
(n = 16, m = 5, p = 6)  
 
Formula: C75H84O15, M = 1225.50 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  340 mg (0.49 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
270 mg (0.49 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,6) 
120 mg (0.54 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 450 mg (75 %), colorless solid 
Transition temp.: Cr 131 Cr*PFE 168 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.3 Hz, 4H, Ar-H), 8.16 – 8.08 (m, 6H, Ar-H), 7.47 (t, 

J = 8.3 Hz, 1H, Ar-H), 7.36 (d, J = 8.5 Hz, 4H, Ar-H), 7.21 – 7.15 (m, 5H, Ar-H), 7.11 (d, J = 
9.1 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 4.08 (t, J = 6.3 Hz, 2H, OCH2), 4.06 – 4.00 (m, 
4H, OCH2), 2.61 (t, J = 7.4 Hz, 2H, CH2COO), 1.94 – 1.76 (m, 8H, OCH2CH2, 
CH2CH2COO), 1.67 – 1.59 (m, 2H, CH2), 1.50 – 1.42 (m, 4H, CH2), 1.39 – 1.22 (m, 28H, 
CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.17, 164.14, 163.97, 163.75, 163.57, 163.53, 163.51, 155.41, 151.38, 
148.39, 147.95, 132.41, 132.37, 132.23, 131.80, 129.82, 126.62, 122.61, 122.31, 122.10, 
121.34, 120.97, 119.25, 115.79, 114.43, 114.33, 68.50, 68.44, 68.05, 34.35, 32.06, 31.68, 
29.84, 29.80, 29.73, 29.50, 29.21, 28.95, 26.14, 25.81, 25.75, 24.77, 22.84, 22.73, 14.27, 
14.17. 

EA: calculated: C: 73.51 %, H: 6.91 %; found: C: 73.63 %, H: 6.95 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 11a  
(n = 12, m = 5, p = 12) 
 
Formula: C77H88O15, M = 1253.55 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.47 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
300 mg (0.47 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,12) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (78 %), colorless solid 
Transition temp.: Cr 117 SmC’aPAF 128 SmCaPAF 139 N 148 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 4H, Ar-H), 8.16 – 8.07 (m, 6H, Ar-H), 7.47 (t, 

J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.9 Hz, 4H, Ar-H), 7.21 – 7.14 (m, 5H, Ar-H), 7.14 – 7.08 
(m, 2H, Ar-H), 7.00 – 6.91 (m, 6H, Ar-H), 4.11 – 3.99 (m, 6H, OCH2), 2.61 (t, J = 7.3 Hz, 2H, 
CH2COO), 1.94 – 1.75 (m, 8H, OCH2CH2, CH2CH2COO), 1.68 – 1.58 (m, 2H, CH2), 1.51 – 
1.40 (m, 4H, CH2), 1.39 – 1.21 (m, 32H, CH2), 0.90 – 0.83 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.63, 164.63, 164.13, 164.09, 163.93, 163.77, 163.59, 163.55, 155.45, 
151.43, 148.44, 147.99, 132.39, 132.35, 132.21, 131.76, 129.77, 126.66, 122.56, 122.27, 
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122.06, 121.42, 121.23, 121.04, 119.20, 115.75, 114.46, 114.36, 68.51, 68.46, 68.07, 34.34, 
32.03, 29.76, 29.74, 29.69, 29.66, 29.47, 29.45, 29.24, 28.94, 26.12, 25.74, 24.76, 22.80, 
14.21. 

EA: calculated: C: 73.78 %, H: 7.08 %; found: C: 73.96 %, H: 7.07 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(hexadecyloxy)benzoate 11b  
(n = 16, m = 5, p = 12)  
 
Formula: C81H96O15, M = 1309.66 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.43 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(hexadecyloxy)benzoate i9(16) 
270 mg (0.43 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,12) 
100 mg (0.47 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 380 mg (67 %), colorless solid 
Transition temp.: Cr 115 SmC’sPAF 123 SmCsPAF 136 N 141 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.18 – 8.07 (m, 6H, Ar-H), 7.47 (t, 

J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.6 Hz, 4H, Ar-H), 7.23 – 7.09 (m, 5H, Ar-H), 7.03 – 6.92 
(m, 6H, Ar-H), 4.12 – 3.99 (m, 6H, OCH2), 2.61 (t, J = 7.3 Hz, 2H, CH2COO), 1.96 – 1.75 (m, 
8H, OCH2CH2, CH2CH2COO), 1.70 – 1.58 (m, 2H, CH2), 1.52 – 1.41 (m, 4H, CH2), 1.39 – 
1.20 (m, 40H, CH2), 0.87 (t, J = 6.7 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.64, 164.64, 164.13, 164.10, 163.94, 163.77, 163.59, 163.55, 155.45, 
151.42, 148.43, 147.98, 132.39, 132.35, 132.22, 131.77, 129.78, 126.65, 122.58, 122.28, 
122.07, 119.21, 115.76, 114.46, 114.36, 68.50, 68.46, 68.07, 34.34, 32.05, 29.82, 29.78, 29.71, 
29.68, 29.48, 29.25, 28.94, 26.13, 25.74, 24.76, 22.82, 14.23. 

EA: calculated: C: 74.29 %, H: 7.39 %; found: C: 74.31 %, H: 7.39 % 
 
 

Compounds 12 
 

H25C12O

O

O O

O

O

O

O

O

dimer 12
O

O
OC16H33

O(CH2)15COO

 
 

4-[3-({4-[(4-{[16-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy) 16-oxohexadecyl]-
oxy}phenyl)carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)-
benzoate 12 (n = 12, m = 15, p = 16)  
 
Formula: C91H116O15, M = 1449.93 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  310 mg (0.48 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
400 mg (0.48 mmol) 4-{[16-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)-16-
oxohexadecyl]oxy}benzoic acid i23(15,16) 
110 mg (0.53 mmol) DCC 
5 mg DMAP 
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40 ml dichloromethane  
Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 

EtOAc/EtOH (10/0.2) 
Yield: 450 mg (65 %), colorless solid 
Transition temp.: Cr 95 Cr* PAF 106.5 N 107 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.13 (d, J = 8.7 Hz, 4H, Ar-H), 8.10 

(d, J = 8.8 Hz, 2H, Ar-H), 7.47 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.6 Hz, 4H, Ar-H), 7.22 
– 7.15 (m, J = 9.5 Hz, 5H, Ar-H), 7.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 
4.08 – 4.00 (m, 6H, OCH2), 2.54 (t, J = 7.3 Hz, 2H, CH2COO), 1.86 – 1.71 (m, 8H, OCH2CH2, 
CH2CH2COO), 1.52 – 1.42 (m, 8H, CH2), 1.41 – 1.22 (m, 58H, CH2), 0.91 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.95, 164.15, 163.93, 163.82, 163.58, 155.51, 155.44, 151.43, 132.95, 
132.79, 132.29, 131.71, 131.68, 131.08, 126.65, 122.68, 122.43, 122.02, 121.32, 121.05, 
119.38, 115.25, 114.35, 114.19, 113.60, 69.91, 69.09, 68.37, 67.82, 31.86, 30.21, 30.10, 29.55, 
29.49, 29.24, 29.05, 28.96, 28.92, 25.91, 22.58, 13.80. 

EA: calculated: C: 75.38 %, H: 8.06 %; found: C: 75.27 %, H: 8.05 % 
 

 
Compounds 15a and 16a with E1-group 
 

H25C12O

O
O

O

O

O

O

O

O(CH2)mO O

O
OC6H13

15a: m = 6
16a: m = 11

O

 
 

1-[4-(Dodecyloxy)phenyl] 4-[3-({4-[(4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)-
hexyl]oxy}phenyl)carbonyloxy]phenyl}carbonyloxy)phenyl]benzene-1,4-dicarboxylate 15a  
(n = 12, m = 6, p = 6) 
 
Formula: C71H78O14, M = 1155.40 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.47 mmol) 1-[4-(dodecyloxy)phenyl] 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenyl} 

benzene-1,4-dicarboxylate i31(12) 
250 mg (0.47 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 440 mg (81 %), colorless solid 
Transition temp.: Cr 146 SmA 149 N 150 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 (s, 4H, Ar-H), 8.26 (d, J = 8.8 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 

Hz, 2H, Ar-H), 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.49 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 
Hz, 2H, Ar-H), 7.23 – 7.17 (m, 3H, Ar-H), 7.13 (d, J = 9.0 Hz, 2H, Ar-H), 7.08 (d, J = 9.0 Hz, 
2H, Ar-H), 6.98 (d, J = 8.9 Hz, 2H, Ar-H), 6.96 – 6.87 (m, 6H, Ar-H), 4.06 (t, J = 6.4 Hz, 2H, 
OCH2), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.99 – 3.93 (m, 4H, OCH2), 1.90 – 1.73 (m, 8H, 
OCH2CH2), 1.61 – 1.52 (m, 4H, CH2), 1.51 – 1.40 (m, 4H, CH2), 1.39 – 1.22 (m, 20H, CH2), 
0.94 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.15, 164.43, 164.12, 163.93, 163.77, 163.71, 163.39, 157.07, 156.63, 
155.50, 151.48, 151.22, 144.53, 144.06, 134.24, 133.55, 132.38, 132.13, 131.77, 130.22, 
130.21, 129.88, 126.57, 122.46, 122.17, 122.10, 121.75, 121.08, 119.44, 119.06, 115.68, 
115.24, 115.13, 114.48, 114.29, 68.62, 68.42, 68.32, 32.05, 31.67, 29.79, 29.76, 29.73, 29.71, 
29.53, 29.47, 29.43, 29.35, 29.22, 29.19, 26.20, 26.00, 25.94, 25.80, 22.82, 22.71, 14.23, 
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14.13. 
EA: calculated: C: 73.81 %, H: 6.80 %; found: C: 73.77 %, H: 6.81 % 
 
 

1-[4-(Dodecyloxy)phenyl] 4-[3-({4-[(4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)-
undecyl]oxy}phenyl)carbonyloxy]phenyl}carbonyloxy)phenyl]benzene-1,4-dicarboxylate 16a 
(n = 12, m = 11, p = 6)  
 
Formula: C76H88O14, M = 1225.54 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.47 mmol) 1-[4-(dodecyloxy)phenyl] 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenyl} 

benzene-1,4-dicarboxylate i31(12) 
280 mg (0.47 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 460 mg (80 %), colorless solid 
Transition temp.: Cr 126 USmCaPAF 130 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 (s, J = 7.6 Hz, 4H, Ar-H), 8.26 (d, J = 8.7 Hz, 2H, Ar-H), 8.13 

(d, J = 8.8 Hz, 2H, Ar-H), 8.10 (d, J = 8.9 Hz, 2H, Ar-H), 7.50 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 
(d, J = 8.7 Hz, 2H, Ar-H), 7.23 – 7.17 (m, 3H, Ar-H), 7.13 (d, J = 9.0 Hz, 2H, Ar-H), 7.08 (d, 
J = 8.9 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 6.95 – 6.87 (m, 6H, Ar-H), 4.07 – 3.99 
(m, 4H, OCH2), 3.98 – 3.91 (m, 4H, OCH2), 1.86 – 1.73 (m, 8H, OCH2CH2), 1.52 – 1.40 (m, 
8H, CH2), 1.40 – 1.23 (m, 30H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.18, 164.45, 164.15, 163.94, 163.79, 163.78, 163.37, 157.06, 156.69, 
155.49, 151.46, 151.18, 146.43, 144.43, 134.22, 133.55, 132.36, 132.13, 131.78, 130.23, 
130.22, 129.90, 126.55, 122.42, 122.18, 122.11, 121.75, 119.45, 119.08, 115.69, 115.22, 
115.11, 114.46, 114.27, 68.61, 68.54, 68.50, 68.41, 32.05, 31.67, 29.79, 29.76, 29.73, 29.71, 
29.65, 29.64, 29.61, 29.53, 29.48, 29.47, 29.43, 29.24, 29.22, 26.19, 26.12, 25.80, 22.82, 
22.71, 14.24, 14.14. 

EA: calculated: C: 74.49 %, H: 7.24 %; found: C: 74.62 %, H: 7.21 % 
 
 

Compounds 13a, 14, 15b, 16b, 17a, 18 and 19 with E2-group 
 

H2n+1CnO

O

O O O

O

O

O

O(CH2)mO O

O
OCpH2p+1

O

13a: n = 8; m = 6; p = 6
14: n = 12; m = 3; p = 6
15b: n = 12; m = 6; p = 6
16b: n = 12; m = 11; p = 6
17a: n = 16; m = 6; p = 6
18: n = 12; m = 6; p = 12
19: n = 12; m = 11; p = 12  

 

4-{[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(octyloxy)benzoate 13a  
(n = 8, m = 6, p = 6) 
 
Formula: C67H70O14, M = 1099.30 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.56 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(octyloxy)benzoate i37(8) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
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benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 450 mg (73 %), colorless solid 
Transition temp.: Cr 155 (SmCx 134) N 171 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 2H, Ar-H), 8.12 (d, J = 8.8 Hz, 4H, Ar-H), 8.09 

(d, J = 9.1 Hz, 4H, Ar-H), 8.05 – 8.02 (m, 1H, Ar-H), 7.56 (t, J = 7.9 Hz, 1H, Ar-H), 7.51 – 
7.47 (m, 1H, Ar-H), 7.35 (d, J = 8.7 Hz, 2H, Ar-H), 7.21 (d, J = 8.8 Hz, 2H, Ar-H), 7.06 (d, J 
= 9.0 Hz, 2H d, Ar-H), 6.97 – 6.90 (m, 7H, Ar-H), 6.88 (d, J = 9.0 Hz, 2H d, J = 8.7 Hz, Ar-
H), 4.04 (t, J = 6.4 Hz, 2H, OCH2), 4.02 – 3.97 (m, 4H, OCH2), 3.95 (t, J = 6.4 Hz, 2H, 
OCH2), 1.87 – 1.74 (m, 8H, OCH2CH2), 1.57 – 1.51 (m, 4H, CH2), 1.48 – 1.40 (m, 4H, CH2), 
1.36 – 1.22 (m, 12H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.33, 164.79, 164.29, 164.27, 164.16, 163.80, 163.63, 163.48, 156.69, 
155.63, 151.04, 148.68, 148.12, 144.50, 132.46, 132.32, 132.21, 131.90, 131.09, 129.79, 
127.77, 127.24, 126.42, 123.56, 122.78, 122.53, 122.51, 122.22, 121.68, 121.37, 121.00, 
115.09, 114.46, 114.35, 114.27, 68.37, 68.33, 68.22, 68.19, 31.82, 31.56, 29.34, 29.23, 29.22, 
29.12, 29.08, 29.06, 26.00, 25.87, 25.81, 25.67, 22.67, 22.60, 14.11, 14.04. 

EA: calculated: C: 73.21 %, H: 6.42 %; found: C: 73.10 %, H: 6.52 % 
 
 

4-[(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenyl 4-(dodecyloxy)benzoate 14  
(n = 12, m = 3, p = 6) 
 
Formula: C68H72O14, M = 1113.32 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  400 mg (0.63 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
310 mg (0.63 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
150 mg (0.69 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 470 mg (67 %), colorless solid 
Transition temp.: Cr 147 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.9 Hz, 2H, Ar-H), 8.17 – 8.08 (m, 7H, Ar-H), 7.59 (t, 

J = 7.9 Hz, 1H, Ar-H), 7.53 – 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.8 Hz, 2H, Ar-H), 7.26 (s, 5H, 
Ar-H), 7.10 (d, J = 9.1 Hz, 2H, Ar-H), 7.01 (d, J = 9.0 Hz, 2H, Ar-H), 6.98 – 6.91 (m, 6H, Ar-
H), 4.27 (t, J = 6.1 Hz, 2H, OCH2), 4.18 (t, J = 6.0 Hz, 2H, OCH2), 4.06 – 4.00 (m, 4H, 
OCH2), 2.35 – 2.27 (m, 2H, OCH2CH2), 1.85 – 1.76 (m, 4H, OCH2CH2), 1.51 – 1.42 (m, 4H, 
CH2), 1.39 – 1.23 (m, 20H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.65, 164.16, 164.06, 163.69, 163.56, 156.43, 155.72, 151.21, 148.81, 
148.24, 145.02, 132.45, 132.27, 132.17, 131.84, 131.29, 130.03, 129.67, 127.66, 123.51, 
122.67, 122.59, 122.40, 122.13, 121.90, 121.66, 121.57, 115.32, 114.61, 114.47, 114.40, 
68.50, 68.48, 65.05, 64.92, 31.96, 31.59, 29.68, 29.66, 29.61, 29.59, 29.39, 29.36, 29.21, 
29.18, 26.06, 25.72, 22.70, 22.59, 14.05, 13.94. 

EA: calculated: C: 73.36 %, H: 6.52 %; found: C: 73.23 %, H: 6.61 % 
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4-{[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 15b  
(n = 12, m = 6, p = 6) 
 
Formula: C71H78O14, M = 1155.40 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  360 mg (0.56 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 400 mg (62 %), colorless solid 
Transition temp.: Cr 159 (SmCx 148) N 166 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.9 Hz, 2H, Ar-H), 8.17 – 8.08 (m, 7H, Ar-H), 8.07 – 

8.04 (m, 1H, Ar-H), 7.59 (t, J = 8.0 Hz, 1H, Ar-H), 7.53 – 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.8 
Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 6.98 (d, J = 9.0 Hz, 3H, Ar-
H), 6.96 – 6.88 (m, 5H, Ar-H), 4.09 – 4.00 (m, 6H, OCH2), 3.98 (t, J = 6.4 Hz, 2H, OCH2), 
1.91 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.51 – 1.41 (m, 6H, CH2), 1.39 – 
1.23 (m, 18H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.59, 164.11, 163.99, 163.55, 163.40, 156.63, 155.60, 151.05, 148.67, 
148.10, 144.78, 132.37, 132.23, 132.12, 131.80, 129.66, 127.64, 123.48, 122.67, 122.44, 
122.40, 122.12, 115.15, 114.49, 114.38, 114.30, 68.47, 68.44, 68.36, 68.33, 32.03, 31.66, 
29.76, 29.74, 29.69, 29.66, 29.47, 29.44, 29.35, 29.25, 29.22, 29.19, 26.12, 25.99, 25.93, 
25.78, 22.79, 22.68, 14.18, 14.09. 

EA: calculated: C: 73.81 %, H: 6.80 %; found: C: 73.80 %, H: 6.87 % 
 
 

4-{[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 16b  
(n = 12, m = 11, p = 6)  
 
Formula: C76H88O14, M = 1225.54 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  500 mg (0.78 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
470 mg (0.78 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
180 mg (0.86 mmol) DCC 
5 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 720 mg (75 %), colorless solid 
Transition temp.: Cr 131 (Colx 128 N 129) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.7 Hz, 2H, Ar-H), 8.17 – 8.08 (m, 7H, Ar-H), 8.07 – 

8.04 (m, 1H, Ar-H), 7.59 (t, J = 7.9 Hz, 1H, Ar-H), 7.54 – 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.7 
Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.86 (m, 8H, Ar-H), 
4.08 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.73 (m, 8H, OCH2CH2), 
1.52 – 1.41 (m, 8H, CH2), 1.40 – 1.22 (m, 30H, CH2), 0.94 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.18, 164.65, 164.15, 164.03, 163.78, 163.54, 163.36, 156.69, 155.56, 
150.99, 148.63, 148.06, 144.40, 132.38, 132.25, 132.14, 131.83, 131.08, 129.70, 127.69, 
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127.43, 127.16, 126.40, 123.51, 122.72, 122.45, 122.43, 122.16, 121.73, 121.40, 120.95, 
115.10, 114.46, 114.35, 114.26, 68.53, 68.50, 68.45, 68.41, 32.05, 31.68, 29.79, 29.77, 29.72, 
29.69, 29.66, 29.65, 29.62, 29.50, 29.48, 29.44, 29.25, 29.23, 26.19, 26.13, 25.81, 22.83, 
22.73, 14.26, 14.16. 

EA: calculated: C: 74.49 %, H: 7.24 %; found: C: 74.34 %, H: 7.32 % 
 
 

4-{[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(hexadecyloxy)benzoate 17a  
(n = 16, m = 6, p = 6) 
 
Formula: C75H86O14, M = 1211.51 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  390 mg (0.56 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(hexadecyloxy)benzoate i37(16) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 450 mg (66 %), colorless solid 
Transition temp.: Cr 160 (SmCx 144) SmA 163 N 164 I 
1H-NMR: (CDCl3, J/Hz, 500 MHz) δ 8.26 (d, J = 8.7 Hz, 2H, Ar-H), 8.12 (d, J = 9.1 Hz, 3H, Ar-H), 8.09 

(d, J = 9.0 Hz, 4H, Ar-H), 8.04 – 8.02 (m, 1H, Ar-H), 7.56 (t, J = 7.9 Hz, 1H, Ar-H), 7.51 – 
7.47 (m, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 2H, Ar-H), 7.23 (d, J = 8.8 Hz, 4H, Ar-H), 7.06 (d, J 
= 9.0 Hz, 2H, Ar-H), 6.98 – 6.90 (m, 6H, Ar-H), 6.88 (d, J = 9.0 Hz, 2H, Ar-H), 4.04 (t, J = 
6.4 Hz, 2H, OCH2), 4.03 – 3.98 (m, 4H, OCH2), 3.95 (t, J = 6.4 Hz, 2H, OCH2), 1.87 – 1.74 
(m, 8H, OCH2CH2), 1.57 – 1.52 (m, 4H, CH2), 1.47 – 1.40 (m, 4H, CH2), 1.36 – 1.29 (m, 8H, 
CH2), 1.28 – 1.20 (m, 20H, CH2), 0.88 (t, J = 7.1 Hz, 3H, CH3), 0.84 (t, J = 6.9 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.34, 164.79, 164.29, 164.17, 163.80, 163.63, 163.47, 156.69, 155.62, 
151.03, 148.68, 148.11, 144.49, 132.46, 132.31, 132.21, 131.90, 131.09, 129.78, 127.77, 
127.23, 126.42, 123.56, 122.78, 122.52, 122.50, 122.22, 121.67, 121.37, 121.00, 115.09, 
114.46, 114.34, 114.27, 68.37, 68.33, 68.22, 68.19, 31.94, 31.55, 29.70, 29.69, 29.67, 29.60, 
29.57, 29.37, 29.21, 29.11, 29.08, 29.05, 25.99, 25.87, 25.81, 25.67, 22.70, 22.59, 14.12, 
14.02. 

EA: calculated: C: 74.36 %, H: 7.16 %; found: C: 74.30 %, H: 7.27 % 
 
 

4-{[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 18  
(n = 12, m = 6, p = 12)  
 
Formula: C77H90O14, M = 1239.57 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  310 mg (0.48 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
300 mg (0.48 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,12) 
110 mg (0.53 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 
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Yield: 420 mg (71 %), colorless solid 
Transition temp.: Cr 140 (SmCs’PAF 131) SmCsPAF 163 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.8 Hz, 2H, Ar-H), 8.16 – 8.08 (m, 7H, Ar-H), 8.06 – 

8.04 (m, 1H, Ar-H), 7.59 (t, J = 7.9 Hz, 1H, Ar-H), 7.53 – 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.8 
Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 6.98 (d, J = 9.0 Hz, 3H, Ar-
H), 6.96 – 6.92 (m, 3H, Ar-H), 6.90 (d, J = 9.1 Hz, 2H, Ar-H), 4.09 – 4.00 (m, 6H, OCH2), 
3.98 (t, J = 6.4 Hz, 2H, OCH2), 1.81 (m, 8H, OCH2CH2), 1.59 – 1.54 (m, 4H, CH2), 1.49 – 
1.41 (m, 4H, CH2), 1.39 – 1.23 (m, 32H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.35, 164.81, 164.30, 164.19, 163.82, 163.65, 163.49, 156.71, 155.65, 
151.06, 148.70, 148.13, 144.51, 132.48, 132.33, 132.22, 131.92, 131.11, 129.80, 127.79, 
127.25, 126.44, 123.58, 122.80, 122.54, 122.53, 122.24, 121.69, 121.39, 121.02, 115.11, 
114.48, 114.37, 114.29, 68.38, 68.35, 68.24, 68.21, 31.95, 29.68, 29.66, 29.62, 29.58, 29.39, 
29.38, 29.24, 29.13, 29.07, 26.01, 25.89, 25.83, 22.72, 14.15. 

EA: calculated: C: 74.61 %, H: 7.32 %; found: C: 74.52 %, H: 7.39 % 
 

 
4-{[3-({4-[(4-{[11-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 19  
(n = 12, m = 11, p = 12)  
 
Formula: C82H100O14, M = 1309.70 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  290 mg (0.46 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
320 mg (0.46 mmol) 4-{[11-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,12) 
110 mg (0.51 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 430 mg (71 %), colorless solid 
Transition temp.: Cr 133 (Colr 131) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.9 Hz, 2H, Ar-H), 8.16 – 8.08 (m, 7H, Ar-H), 8.07 – 

8.04 (m, 1H, Ar-H), 7.59 (t, J = 8.0 Hz, 1H, Ar-H), 7.53 – 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.9 
Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 
6.90 (d, J = 9.1 Hz, 2H, Ar-H), 4.03 (m, 6H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 
1.73 (m, 8H, OCH2CH2), 1.51 – 1.40 (m, 8H, CH2), 1.40 – 1.23 (m, 42H, CH2), 0.90 – 0.84 
(m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.35, 164.81, 164.31, 164.19, 163.89, 163.65, 163.48, 156.79, 155.65, 
151.06, 148.70, 148.13, 144.44, 132.46, 132.33, 132.22, 131.92, 131.11, 129.80, 127.79, 
127.26, 126.43, 123.58, 122.80, 122.52, 122.49, 122.24, 121.71, 121.39, 120.95, 115.10, 
114.47, 114.37, 114.28, 68.44, 68.38, 68.35, 31.95, 29.68, 29.66, 29.62, 29.58, 29.56, 29.55, 
29.51, 29.39, 29.38, 29.31, 29.13, 26.07, 26.01, 22.72, 14.14. 

EA: calculated: C: 75.20 %, H: 7.70 %; found: C: 75.07 %, H: 7.68 % 
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Compounds 13b, 15c and 17b with E3-group 
 

H2n+1CnO

O

O O O

O

O

O(CH2)mO O

O
OCpH2p+1

13b: n = 8; m = 6; p = 6
15c: n = 12; m = 6; p = 6
17b: n = 16; m = 6; p = 6

O

O

 
 

4-(3-{4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenoxycarbonyl}phenoxycarbonyl)phenyl 4-(octyloxy)benzoate 13b (n = 8, m = 6, p = 6)  
 
Formula: C67H70O14, M = 1099.30 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.56 mmol) 4-[3-(4-hydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-(octyloxy)-

benzoate i41(8) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 420 mg (68 %), colorless solid 
Transition temp.: Cr 147 (Colx 127 Nx 129) N 167 I 
1H-NMR: (CDCl3, J/Hz, 500 MHz) δ 8.29 (d, J = 8.8 Hz, 2H, Ar-H), 8.16 – 8.09 (m, 7H, Ar-H), 8.07 – 

8.05 (m, 1H, Ar-H), 7.59 (t, J = 7.9 Hz, 1H, Ar-H), 7.53 – 7.50 (m, 1H, Ar-H), 7.38 (d, J = 8.8 
Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.09 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 
6.90 (d, J = 9.0 Hz, 2H, Ar-H), 4.08 – 4.00 (m, 6H, OCH2), 3.97 (t, J = 6.4 Hz, 2H, OCH2), 
1.89 – 1.77 (m, 8H, OCH2CH2), 1.59 – 1.53 (m, 4H, CH2), 1.50 – 1.43 (m, 4H, CH2), 1.39 – 
1.25 (m, 12H, CH2), 0.92 – 0.86 (m, 6H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.33, 164.78, 164.29, 164.16, 163.87, 163.56, 163.47, 156.70, 155.63, 
151.04, 148.68, 148.12, 144.49, 132.44, 132.34, 132.21, 131.90, 131.09, 129.78, 127.77, 
127.23, 126.42, 123.56, 122.78, 122.52, 122.51, 122.22, 121.69, 121.44, 120.93, 115.09, 
114.45, 114.35, 114.27, 68.42, 68.33, 68.20, 68.17, 31.81, 31.56, 29.33, 29.23, 29.10, 29.08, 
26.00, 25.88, 25.82, 25.67, 22.67, 22.59, 14.11, 14.03.  

EA: calculated: C: 73.21 %, H: 6.42 %; found: C: 73.07 %, H: 6.57 % 
 
 

4-(3-{4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenoxycarbonyl}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 15c  
(n = 12, m = 6, p = 6)  
 
Formula: C71H78O14, M = 1155.40 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  360 mg (0.57 mmol) 4-[3-(4-hydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-

(dodecyloxy)benzoate i41(12) 
300 mg (0.57 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.63 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 400 mg (61 %), colorless solid 
Transition temp.: Cr 145 (Colx 130) N 161 I 
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1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.7 Hz, 2H, Ar-H), 8.16 – 8.09 (m, 7H, Ar-H), 8.07 – 
8.05 (m, 1H, Ar-H), 7.59 (t, J = 7.9 Hz, 1H, Ar-H), 7.54 – 7.49 (m, 1H, Ar-H), 7.40 – 7.35 (m, 
2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.09 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.93 (m, 6H, Ar-H), 6.90 
(d, J = 9.0 Hz, 2H, Ar-H), 4.08 – 4.00 (m, 6H, OCH2), 3.97 (t, J = 6.4 Hz, 2H, OCH2), 1.89 – 
1.77 (m, 8H, OCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.46 (m, 4H, CH2), 1.38 – 1.22 (m, 20H, 
CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.33, 164.78, 164.29, 164.16, 163.87, 163.56, 163.46, 156.70, 155.63, 
151.03, 148.68, 148.12, 144.49, 132.44, 132.34, 132.21, 131.91, 131.09, 129.78, 127.77, 
127.23, 126.42, 123.56, 122.78, 122.51, 122.21, 121.69, 121.44, 120.92, 115.09, 114.45, 
114.35, 114.27, 68.42, 68.32, 68.20, 68.17, 31.93, 31.56, 29.67, 29.64, 29.60, 29.57, 29.36, 
29.22, 29.10, 29.08, 25.99, 25.88, 25.82, 25.67, 22.70, 22.59, 14.13, 14.03. 

EA: calculated: C: 73.81 %, H: 6.80 %; found: C: 73.74 %, H: 6.82 % 
 
 

4-(3-{4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenoxycarbonyl}phenoxycarbonyl)phenyl 4-(hexadecyloxy)benzoate 17b  
(n = 16, m = 6, p = 6)  
 
Formula: C75H86O14, M = 1211.51 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  390 mg (0.56 mmol) 4-[3-(4-hydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-

(hexadecyloxy)benzoate i41(16) 
300 mg (0.56 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 450 mg (66 %), colorless solid 
Transition temp.: Cr 149 (Colx 133) N 158 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.5 Hz, 2H, Ar-H), 8.15 – 8.06 (m, 7H, Ar-H), 8.05 – 

8.02 (m, 1H, Ar-H), 7.56 (t, J = 7.9 Hz, 1H, Ar-H), 7.52 – 7.47 (m, 1H, Ar-H), 7.36 (d, J = 8.6 
Hz, 2H, Ar-H), 7.22 (s, 4H, Ar-H), 7.06 (d, J = 8.8 Hz, 2H, Ar-H), 6.98 – 6.92 (m, 5H, Ar-H), 
6.92 – 6.85 (m, 3H, Ar-H), 4.07 – 3.98 (m, 6H, OCH2), 3.95 (t, J = 6.4 Hz, 2H, OCH2), 1.88 – 
1.73 (m, 8H, OCH2CH2), 1.58 – 1.52 (m, 4H, CH2), 1.49 – 1.39 (m, 4H, CH2), 1.38 – 1.20 (m, 
28H, CH2), 0.91 – 0.81 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.18, 164.64, 164.15, 164.03, 163.77, 163.46, 163.37, 156.62, 155.56, 
148.62, 148.06, 132.38, 132.27, 132.15, 131.84, 131.08, 129.71, 127.70, 127.16, 126.41, 
125.65, 123.51, 122.72, 122.47, 122.45, 122.16, 121.47, 120.95, 115.10, 114.45, 114.35, 
114.27, 68.51, 68.41, 68.31, 68.25, 32.06, 31.68, 29.83, 29.79, 29.73, 29.69, 29.50, 29.36, 
29.24, 29.23, 26.14, 26.02, 25.96, 25.81, 22.84, 22.73, 14.26, 14.16. 

EA: calculated: C: 74.36 %, H: 7.16 %; found: C: 74.31 %, H: 7.23 % 
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Compound 15d with E4-group 
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1-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenyl} 4-(4-{[6-(4-{[4-
(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)benzene-1,4-dicarboxylate 15d  
(n = 12, m = 6, p = 6) 
 
Formula: C71H78O14, M = 1155.40 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  490 mg (0.73 mmol) 4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-

phenoxycarbonyl}benzoic acid i43(12) 
370 mg (0.73 mmol) 4-{[6-(4-hydroxyphenoxy)hexyl]oxy}phenyl 4-(hexyloxy)benzoate 
i45(6,6) 
170 mg (0.80 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 560 mg (66 %), colorless solid 
Transition temp.: Cr 145 (Colx 130) N 161 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 (s, 4H, Ar-H), 8.26 (d, J = 8.7 Hz, 2H, Ar-H), 8.13 (d, J = 8.9 

Hz, 2H, Ar-H), 8.10 (d, J = 8.8 Hz, 2H, Ar-H), 7.49 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 
Hz, 2H, Ar-H), 7.23 – 7.17 (m, 3H, Ar-H), 7.13 (d, J = 9.0 Hz, 2H, Ar-H), 7.08 (d, J = 9.0 Hz, 
2H, Ar-H), 6.99 – 6.87 (m, 8H, Ar-H), 4.06 – 3.94 (m, 8H, OCH2), 1.87 – 1.75 (m, 8H, 
OCH2CH2), 1.59 – 1.51 (m, 4H, CH2), 1.51 – 1.42 (m, 4H, CH2), 1.39 – 1.22 (m, 20H, CH2), 
0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.14, 164.42, 164.13, 163.93, 163.78, 163.37, 157.00, 156.65, 155.50, 
151.47, 151.21, 144.48, 144.10, 134.23, 133.53, 132.36, 132.13, 131.77, 130.22, 129.88, 
126.57, 122.44, 122.21, 122.10, 121.78, 121.00, 119.44, 119.06, 115.68, 115.24, 115.13, 
114.46, 114.28, 68.51, 68.42, 68.38, 32.04, 31.67, 29.78, 29.76, 29.71, 29.68, 29.48, 29.46, 
29.39, 29.37, 29.24, 29.23, 26.13, 26.01, 25.80, 22.82, 22.71, 14.23, 14.13. 

EA: calculated: C: 73.81 %, H: 6.80 %; found: C: 73.76 %, H: 6.72 % 
 
 

Compounds 20-22 
 

H25C12O

O

O O O

O

O

O

O

O
OCpH2p+1

COO(CH2)mO

20: m = 6; p = 6
21: m = 6; p = 12
22: m = 11; p = 6
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1-{4-[3-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenoxycarbonyl]phenyl} 
4-[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]benzene-1,4-dicarboxylate 20  
(n = 12, m = 6, p = 6)  
 
Formula: C72H78O15, M = 1183.42 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  110 mg (0.18 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-
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(dodecyloxy)benzoate i37(12) 
100 mg (0.18 mmol) 4-({[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,6) 
40 mg (0.20 mmol) DCC 
5 mg DMAP 
30 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 140 mg (66 %), colorless solid 
Transition temp.: Cr 138 (Colx 117) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (d, J = 8.6 Hz, 2H, Ar-H), 8.28 – 8.22 (m, J = 8.4 Hz, 2H, Ar-

H), 8.18 (d, J = 8.3 Hz, 2H, Ar-H), 8.15 – 8.02 (m, 6H, Ar-H), 7.59 (t, J = 7.8 Hz, 1H, Ar-H), 
7.54 – 7.49 (m, 1H, Ar-H), 7.41 (d, J = 8.6 Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, J = 9.0 
Hz, 2H, Ar-H), 6.98 – 6.87 (m, 6H, Ar-H), 4.39 (t, J = 6.6 Hz, 2H, COOCH2), 4.02 (q, J = 6.5 
Hz, 4H, OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 1.88 – 1.75 (m, 8H, OCH2CH2, 
COOCH2CH2), 1.61 – 1.54 (m, 4H, CH2), 1.49 – 1.41 (m, 4H, CH2), 1.39 – 1.23 (m, 20H, 
CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.67, 165.35, 164.83, 164.18, 163.83, 163.66, 163.50, 156.70, 155.17, 
151.02, 148.72, 148.13, 144.52, 135.23, 132.69, 132.34, 132.23, 132.05, 131.93, 131.15, 
130.28, 129.83, 127.22, 126.94, 123.57, 122.82, 122.54, 122.53, 122.08, 121.69, 121.38, 
115.11, 114.38, 114.29, 68.40, 68.20, 65.64, 31.96, 31.58, 29.69, 29.67, 29.62, 29.59, 29.38, 
29.21, 29.14, 29.10, 28.67, 26.02, 25.86, 25.69, 22.73, 22.62, 14.15, 14.05. 

EA: calculated: C: 73.08 %, H: 6.64 %; found: C: 72.89 %, H: 6.79 % 
 
 

1-[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl] 4-{4-[3-(4-{[4-(dodecyloxy)-
phenyl]carbonyloxy}phenoxycarbonyl)phenoxycarbonyl]phenyl}benzene-1,4-dicarboxylate 21 
(n = 12, m = 6, p = 12) 
 
Formula: C78H90O15, M = 1267.58 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  200 mg (0.31 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
200 mg (0.31 mmol) 4-({[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,12) 
70 mg (0.34 mmol) DCC 
5 mg DMAP  
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 280 mg (71 %), colorless solid 
Transition temp.: Cr 130 ColxPFE 146 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (d, J = 8.8 Hz, 2H, Ar-H), 8.27 (d, J = 8.7 Hz, 2H, Ar-H, Ar-

H), 8.18 (d, J = 8.7 Hz, 2H, Ar-H, Ar-H), 8.15 – 8.05 (m, 6H, Ar-H), 7.59 (t, J = 7.9 Hz, 1H, 
Ar-H), 7.54 – 7.50 (m, 1H, Ar-H), 7.41 (d, J = 8.8 Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.08 (d, 
J = 9.1 Hz, 2H, Ar-H), 6.98 – 6.91 (m, 4H, Ar-H), 6.90 (d, J = 9.1 Hz, 2H, Ar-H), 4.39 (t, J = 
6.6 Hz, 2H, COOCH2), 4.02 (q, J = 14.1, 6.6 Hz, 4H, OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 
1.88 – 1.75 (m, 8H, OCH2CH2, COOCH2CH2), 1.60 – 1.54 (m, 4H, CH2), 1.50 – 1.40 (m, 4H, 
CH2), 1.39 – 1.22 (m, 32H, CH2), 0.90 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.66, 165.21, 164.69, 164.05, 163.70, 163.57, 163.40, 156.61, 155.08, 
150.94, 148.64, 148.06, 144.52, 135.16, 132.63, 132.25, 132.14, 131.95, 131.09, 130.18, 
129.74, 127.75, 127.11, 126.88, 123.48, 122.72, 122.46, 122.43, 121.98, 121.65, 121.35, 
115.06, 114.32, 114.23, 68.37, 68.33, 68.19, 65.59, 31.94, 29.67, 29.65, 29.60, 29.57, 29.38, 
29.36, 29.20, 29.13, 28.67, 26.01, 25.88, 25.85, 22.71, 14.13. 

EA: calculated: C: 73.91 %, H: 7.16 %; found: C: 73.87 %, H: 7.15 % 
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1-{4-[3-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenoxycarbonyl]phenyl} 
4-[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]benzene-1,4-dicarboxylate 22  
(n = 12, m = 11, p = 6)  
 
Formula: C77H88O15, M = 1253.55 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  200 mg (0.32 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
200 mg (0.32 mmol) 4-({[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
carbonyl)benzoic acid i17(6,12) 
70 mg (0.35 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 280 mg (70 %), colorless solid 
Transition temp.: Cr 135 (N 123) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.6 Hz, 2H, Ar-H), 8.25 (d, J = 8.3 Hz, 2H, Ar-H), 8.15 

(d, J = 8.3 Hz, 2H, Ar-H), 8.13 – 8.05 (m, 5H, Ar-H), 8.05 – 8.02 (m, 1H, Ar-H), 7.57 (t, J = 
7.9 Hz, 1H, Ar-H), 7.52 – 7.47 (m, 1H, Ar-H), 7.38 (d, J = 8.7 Hz, 2H, Ar-H), 7.22 (s, 4H, Ar-
H), 7.05 (d, J = 8.9 Hz, 2H, Ar-H), 6.96 – 6.84 (m, 6H, Ar-H), 4.34 (t, J = 6.7 Hz, 2H, 
COOCH2), 4.00 (q, J = 12.1, 6.5 Hz, 4H, OCH2), 3.92 (t, J = 6.5 Hz, 2H, OCH2), 1.83 – 1.70 
(m, 8H, OCH2CH2, COOCH2CH2), 1.48 – 1.39 (m, 8H, CH2), 1.38 – 1.21 (m, 30H, CH2), 0.91 
– 0.82 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.51, 165.17, 164.65, 164.01, 163.67, 163.54, 163.36, 156.69, 155.07, 
150.94, 148.64, 148.05, 144.40, 135.26, 132.61, 132.25, 132.13, 131.96, 131.11, 130.16, 
129.74, 127.74, 127.11, 126.92, 123.48, 122.72, 122.43, 122.42, 121.99, 121.74, 121.39, 
115.10, 114.35, 114.26, 68.53, 68.45, 68.41, 65.86, 32.05, 31.68, 29.79, 29.76, 29.72, 29.69, 
29.66, 29.63, 29.49, 29.47, 29.44, 29.40, 29.25, 29.22, 28.83, 26.19, 26.17, 26.13, 25.80, 
22.83, 22.72, 14.25, 14.15. 

EA: calculated: C: 73.78 %, H: 7.08 %; found: C: 73.72 %, H: 7.12 % 
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4-{[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 23  
(n = 12, m = 5, p = 6)  
 
Formula: C71H76O15, M = 1169.39 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  330 mg (0.51 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
280 mg (0.51 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,6) 
120 mg (0.56 mmol) DCC 
5 mg DMAP 
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40 ml dichloromethane  
Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 

EtOAc/EtOH (10/0.2) 
Yield: 390 mg (65 %), colorless solid 
Transition temp.: Cr 176 (N 173) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.9 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 Hz, 4H, Ar-H), 8.12 

– 8.08 (m, 3H, Ar-H), 8.06 – 8.04 (m, 1H, Ar-H), 7.58 (t, J = 7.9 Hz, 1H, Ar-H), 7.53 – 7.49 
(m, 1H, Ar-H), 7.38 (d, J = 8.9 Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.20 (d, J = 9.2 Hz, 2H, Ar-
H), 7.11 (d, J = 9.1 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 4.08 (t, J = 6.3 Hz, 2H, OCH2), 
4.05 – 4.00 (m, 4H, OCH2), 2.61 (t, J = 7.4 Hz, 2H, CH2COO), 1.94 – 1.76 (m, 8H, OCH2CH2, 
CH2CH2COO), 1.68 – 1.59 (m, 2H, CH2), 1.50 – 1.42 (m, 4H, CH2), 1.39 – 1.23 (m, 20H, 
CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.88, 164.81, 164.79, 164.29, 164.25, 164.17, 163.70, 163.63, 155.62, 
151.04, 148.69, 148.47, 148.12, 148.02, 132.48, 132.32, 132.30, 131.91, 131.09, 129.79, 
127.77, 127.24, 126.43, 123.56, 122.78, 122.67, 122.51, 122.37, 122.22, 121.37, 121.33, 
121.10, 114.45, 114.35, 68.37, 67.98, 34.21, 31.93, 31.56, 29.67, 29.65, 29.60, 29.57, 29.38, 
29.36, 29.12, 29.07, 28.81, 26.00, 25.67, 25.60, 24.62, 22.71, 22.60, 14.14, 14.04. 

EA: calculated: C: 72.93 %, H: 6.55 %; found: C: 72.83 %, H: 6.55 % 
 
 

4-{[3-({4-[(4-{[6-(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-(dodecyloxy)benzoate 24  
(n = 12, m = 5, p = 12) 
 
Formula: C77H88O15, M = 1253.55 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.47 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

(dodecyloxy)benzoate i37(12) 
300 mg (0.47 mmol) 4-{[6-(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}-
benzoic acid i20(5,12) 
110 mg (0.52 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 380 mg (64 %), colorless solid 
Transition temp.: Cr 142 (SmC’’sPAF 118 SmC’sPAF 125) SmCsPAF 175 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.9 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 Hz, 4H, Ar-H), 8.12 

– 8.08 (m, 3H, Ar-H), 8.06 – 8.04 (m, 1H, Ar-H), 7.58 (t, J = 8.1 Hz, 1H, Ar-H), 7.53 – 7.49 
(m, 1H, Ar-H), 7.37 (d, J = 8.9 Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.19 (d, J = 9.1 Hz, 2H, Ar-
H), 7.11 (d, J = 9.1 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 6H, Ar-H), 4.08 (t, J = 6.3 Hz, 2H, OCH2), 
4.05 – 4.00 (m, 4H, OCH2), 2.61 (t, J = 7.4 Hz, 2H, CH2COO), 1.94 – 1.75 (m, 8H, OCH2CH2, 
CH2CH2COO), 1.68 – 1.58 (m, 2H, CH2), 1.50 – 1.40 (m, 4H, CH2), 1.40 – 1.19 (m, 32H, 
CH2), 0.87 (t, J = 6.5 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.64, 167.01, 164.63, 164.10, 163.63, 163.56, 163.52, 151.03, 149.42, 
147.98, 145.02, 132.41, 132.24, 132.22, 131.82, 129.68, 127.67, 127.12, 126.44, 123.50, 
122.69, 122.58, 122.42, 122.28, 122.14, 121.43, 114.47, 114.37, 68.46, 68.07, 35.17, 34.34, 
32.03, 29.76, 29.74, 29.69, 29.67, 29.47, 29.45, 29.24, 28.93, 26.11, 25.74, 24.75, 22.80,  
14.60, 14.20. 

EA: calculated: C: 73.78 %, H: 7.08 %; found: C: 73.85 %, H: 7.14 % 
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4-[(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenyl 4-cyanobenzoate 25a (m = 3, p = 6)  
 
Formula: C57H47O13N, M = 954.01 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.73 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

cyanobenzoate i49 
360 mg (0.73 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
170 mg (0.80 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 520 mg (75 %), colorless solid 
Transition temp.: Cr 166 (SmCx 127 N 132) I 
1H-NMR: (CDCl3, J/Hz, 500 MHz) δ 8.23 (d, J = 8.5 Hz, 2H, Ar-H), 8.10 (d, J = 8.7 Hz, 2H, Ar-H), 8.08 

– 8.01 (m, 6H, Ar-H), 7.55 (t, J = 7.9 Hz, 1H, Ar-H), 7.50 – 7.48 (m, 1H, Ar-H), 7.35 (d, J = 
8.5 Hz, 2H, Ar-H), 7.32, (s, 4H, Ar-H), 7.26 (d, J = 8.3 Hz, 2H, Ar-H), 7.06 (d, J = 8.9 Hz, 
2H, Ar-H), 6.98 (d, J = 8.8 Hz, 2H, Ar-H), 6.91 (d, J = 8.8 Hz, 2H, Ar-H), 6.90 (d, J = 8.8 Hz, 
2H, Ar-H), 5.00 (t, J = 6.1 Hz, 2H, OCH2), 4.15 (t, J = 6.0 Hz, 2H, OCH2), 4.00 (t, J = 6.5 Hz, 
2H, OCH2), 2.29 – 2.24 (m, 2H, OCH2CH2), 1.79 – 1.73 (m, 2H, OCH2CH2), 1.79 – 1.73 (m, 
2H, CH2), 1.45 – 1.40 (m, 2H, CH2), 1.33 – 1.30 (m, 4H, CH2), 0.87 (t, J = 7.1 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 164.85, 164.49, 163.91, 163.85, 163.81, 163.35, 163.30, 156.17, 155.44, 
150.90, 148.43, 148.00, 144.64, 144.26, 132.16, 131.86, 131.53, 130.85, 129.92, 129.50, 
129.06, 127.36, 126.90, 126.46, 126.22, 123.20, 122.39, 122.30, 122.20, 121.90, 121.47, 
121.12, 114.99, 114.34, 114.13, 114.13, 68.13, 64.70, 64.55, 31.20, 28.96, 28.77, 25.32, 22.20, 
21.38, 13.62. 

EA: calculated: C: 71.76 %, H: 4.97 %, N 1.47 %; found: C: 71.72 %, H: 5.07 %, N 1.40 % 
 
 

4-{[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-cyanobenzoate 25b  
(m = 6, p = 6) 
 
Formula: C60H53O13N, M = 996.09 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  360 mg (0.70 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

cyanobenzoate i49 
370 mg (0.70 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
160 mg (0.77 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 490 mg (70 %), colorless solid 
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Transition temp.: Cr 162 (M5 131) N 184 I 
1H-NMR: (CDCl3, J/Hz, 500 MHz) δ 8.22 (d, J = 8.7 Hz, 2H, Ar-H), 8.08 (d, J = 8.8 Hz, 2H, Ar-H), 8.04 

(d, J = 8.8 Hz, 2H, Ar-H), 8.03 – 8.00 (m, 4H, Ar-H), 7.53 (t, J = 7.9 Hz, 1H, Ar-H), 7.48 – 
7.47 (m, 1H, Ar-H), 7.33 (d, J = 8.7 Hz, 2H, Ar-H), 7.26 – 7.22 (m, 6H, Ar-H), 7.03 (d, J = 9.0 
Hz, 2H, Ar-H), 6.93 (d, J = 8.8 Hz, 2H, Ar-H), 6.89 (d, J = 8.8 Hz, 2H, Ar-H), 6.85 (d, J = 8.9 
Hz, 2H, Ar-H), 4.02 (t, J = 6.4 Hz, 2H, OCH2), 3.98 (t, J = 6.6 Hz, 2H, OCH2), 3.93 (t, J = 6.3 
Hz, 2H, OCH2), 1.81 – 1.73 (m, 6H, OCH2CH2), 1.53 – 1.50 (m, 4H, CH2), 1.42 – 1.40 (m, 
2H, CH2), 1.31 – 1.28 (m, 4H, CH2), 0.85 (t, J = 7.1 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 165.10, 164.88, 164.10, 164.09, 163.98, 163.76, 163.42, 156.63, 155.61, 
151.04, 148.58, 148.15, 144.53, 144.39, 132.30, 132.04, 131.72, 131.03, 130.10, 129.63, 
129.20, 127.55, 127.05, 126.63, 126.36, 123.39, 122.55, 122.36, 122.06, 121.69, 121.00, 
115.07, 114.43, 114.24, 68.27, 68.20, 68.16, 31.38, 29.08, 28.95, 28.91, 25.71, 25.65, 25.50, 
22.39, 21.55, 13.79. 

EA: calculated: C: 72.35 %, H: 5.36 %, N 1.41 %; found: C: 72.22 %, H: 5.42 %, N 1.37 % 
 
 

4-{[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenyl 4-cyanobenzoate 25c  
(m = 11, p = 6)  
 
Formula: C65H63O13N, M = 1066.23 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  320 mg (0.66 mmol) 4-({3-[(4-hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-

cyanobenzoate i49 
400 mg (0.66 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
150 mg (0.73 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 510 mg (72 %), colorless solid 
Transition temp.: Cr 136 (M6 109 Nx 115) N 145 I 
1H-NMR: (CDCl3, J/Hz, 500 MHz) δ 8.24 (d, J = 8.8 Hz, 2H, Ar-H), 8.09 (d, J = 8.8 Hz, 2H, Ar-H), 8.07 

– 8.02 (m, 6H, Ar-H), 7.57 (t, J = 8.0 Hz, 1H, Ar-H), 7.51 – 7.49 (m, 1H, Ar-H), 7.37 (s, 4H, 
Ar-H), 7.35 (d, J = 8.7 Hz, 2H, Ar-H), 7.27 (d, J = 9.0 Hz, 2H, Ar-H), 7.03 (d, J = 8.8 Hz, 2H, 
Ar-H), 6.95 (d, J = 8.8 Hz, 2H, Ar-H), 6.91 (d, J = 8.9 Hz, 2H, Ar-H), 6.86 (d, J = 8.8 Hz, 2H, 
Ar-H), 4.03 – 3.98 (m, 4H, OCH2), 3.92 (t, J = 6.4 Hz, 2H, OCH2), 1.80 – 1.71 (m, 6H, 
OCH2CH2), 1.44 – 1.39 (m, 6H, CH2), 1.31 – 1.29 (m, 14H, CH2), 0.87 (t, J = 7.0 Hz, 3H, 
CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 164.74, 164.55, 163.76, 163.66, 163.52, 163.11, 156.39, 155.30, 150.72, 
148.26, 147.82, 144.15, 144.10, 131.96, 131.69, 131.38, 130.63, 129.76, 129.40, 128.94, 
127.22, 126.80, 126.23, 126.00, 123.05, 122.27, 122.08, 121.79, 121.31, 120.53, 114.73, 
114.15, 113.96, 68.10, 68.04, 67.95, 31.05, 29.02, 29.00, 28.97, 28.86, 28.83, 28.63, 28.61, 
25.56, 25.50, 25.17, 22.06, 21.26, 13.51. 

EA: calculated: C: 73.22 %, H: 5.96 %, N 1.31 %; found: C: 73.25 %, H: 6.08 %, N 1.37 % 
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4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 3-chloro-4-(dodecyloxy)benzoate 26a  
(n = 12, m = 3, p = 6)  
 
Formula: C68H71ClO14, M = 1147.77 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  500 mg (0.75 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 3-chloro-

4-(dodecyloxy)benzoate i56 
370 mg (0.75 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
170 mg (0.83 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 520 mg (60 %), colorless solid 
Transition temp.: Cr 149 (ColrPAF 139) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 – 8.24 (m, 4H, Ar-H), 8.21 (d, J = 2.1 Hz, 1H, Ar-H), 8.15 (d, 

J = 8.9 Hz, 2H, Ar-H), 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 8.06 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 
7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (dd, J = 8.8, 2.5 Hz, 4H, Ar-H), 7.21 – 7.14 (m, 3H, Ar-
H), 7.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.03 – 6.91 (m, 7H, Ar-H), 4.26 (t, J = 6.1 Hz, 2H, OCH2), 
4.17 (t, J = 6.0 Hz, 2H, OCH2), 4.11 (t, J = 6.5 Hz, 2H, OCH2), 4.02 (t, J = 6.5 Hz, 2H, OCH2), 
2.34 – 2.27 (m, 2 H, OCH2CH2), 1.92 – 1.76 (m, 4H, OCH2CH2), 1.55 – 1.42 (m, 4H, CH2), 
1.41 – 1.21 (m, 20H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.10, 164.07, 163.93, 163.86, 163.42, 163.21, 159.11, 156.30, 155.44, 
155.17, 151.40, 144.79, 132.41, 132.35, 132.23, 132.14, 131.82, 131.77, 130.55, 129.79, 
126.88, 126.66, 123.29, 122.57, 122.07, 121.97, 121.83, 121.70, 121.39, 119.20, 115.75, 
115.17, 114.50, 114.30, 112.33, 69.62, 68.43, 64.96, 64.78, 32.04, 31.67, 29.77, 29.76, 29.69, 
29.65, 29.46, 29.41, 29.38, 29.22, 29.06, 26.04, 25.80, 22.81, 22.70, 14.23, 14.12. 

EA: calculated: C: 71.16 %, H: 6.24 %; found: C: 71.30 %, H: 6.21 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 3-chloro-4-(dodecyloxy)benzoate 26b  
(n = 12, m = 6, p = 6) 
 
Formula: C71H77ClO14, M = 1189.85 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  500 mg (0.75 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 3-chloro-

4-(dodecyloxy)benzoate i56 
400 mg (0.75 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
170 mg (0.83 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
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EtOAc/EtOH (10/0.2) 
Yield: 550 mg (62 %), colorless solid 
Transition temp.: Cr 145 (N 133) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 – 8.23 (m, 4H, Ar-H), 8.21 (d, J = 2.2 Hz, 1H, Ar-H), 8.14 (d, 

J = 8.9 Hz, 2H, Ar-H), 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 8.06 (dd, J = 8.7, 2.2 Hz, 1H, Ar-H), 
7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.39 – 7.33 (m, 4H, Ar-H), 7.21 – 7.15 (m, 3H, Ar-H), 7.08 (d, 
J = 9.0 Hz, 2H, Ar-H), 7.01 – 6.88 (m, 7H, Ar-H), 4.11 (t, J = 6.5 Hz, 2H, OCH2), 4.06 (t, J = 
6.4 Hz, 2H, OCH2), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.97 (t, J = 6.4 Hz, 2H, OCH2), 1.92 – 
1.76 (m, 8H, OCH2CH2), 1.59 – 1.53 (m, 4H, CH2), 1.53 – 1.42 (m, 4H, CH2), 1.41 – 1.22 (m, 
20H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.14, 164.12, 163.93, 163.86, 163.70, 163.39, 163.20, 159.11, 156.62, 
155.46, 155.17, 151.43, 144.53, 132.37, 132.22, 132.13, 131.82, 131.76, 130.55, 129.79, 
126.88, 126.63, 123.28, 122.46, 122.08, 121.97, 121.71, 121.10, 119.23, 119.19, 115.75, 
115.13, 114.47, 114.29, 112.33, 69.62, 68.42, 68.31, 32.04, 31.67, 29.77, 29.68, 29.64, 29.46, 
29.41, 29.35, 29.22, 29.19, 29.05, 26.04, 26.00, 25.94, 25.79, 22.81, 22.70, 14.23, 14.12.  

EA: calculated: C: 71.67 %, H: 6.52 %; found: C: 71.75 %, H: 6.50 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 3-chloro-4-(dodecyloxy)benzoate 
26c (n = 12, m = 11, p = 6) 
 
Formula: C76H87ClO14, M = 1259.99 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  440 mg (0.66 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 3-chloro-

4-(dodecyloxy)benzoate i56 
400 mg (0.66 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
150 mg (0.73 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 540 mg (65 %), colorless solid 
Transition temp.: Cr 118 ColrPFE 123 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 – 8.23 (m, 4H, Ar-H), 8.21 (d, J = 2.2 Hz, 1H, Ar-H), 8.13 (d, 

J = 8.7 Hz, 2H, Ar-H), 8.10 (d, J = 9.0 Hz, 2H, Ar-H), 8.06 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 
7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.20 – 7.15 (m, 3H, Ar-H), 7.08 
(d, J = 8.8 Hz, 2H, Ar-H), 7.00 – 6.93 (m, 4H, Ar-H), 6.93 – 6.87 (m, 3H, Ar-H), 4.11 (t, J = 
6.5 Hz, 2H, OCH2), 4.06 – 3.99 (m, 4H, OCH2), 3.94 (t, J = 6.5 Hz, 2H, OCH2), 1.91 – 1.73 
(m, 8H, OCH2CH2), 1.53 – 1.41 (m, 8H, CH2), 1.40 – 1.22 (m, 30H, CH2), 0.93 – 0.84 (m, 6H, 
CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.12, 164.11, 163.92, 163.84, 163.77, 163.38, 163.19, 159.12, 156.71, 
155.47, 155.17, 151.45, 151.40, 144.47, 132.35, 132.23, 132.11, 131.81, 131.75, 130.53, 
129.77, 126.90, 126.64, 123.31, 122.40, 122.06, 121.95, 119.17, 115.73, 115.14, 114.47, 
114.29, 112.34, 69.63, 68.58, 68.51, 68.42, 32.03, 31.66, 29.76, 29.75, 29.67, 29.64, 29.45, 
29.40, 29.24, 29.22, 29.06, 26.18, 26.12, 26.03, 25.79, 22.80, 22.69, 14.20, 14.10. 

EA: calculated: C: 72.45 %, H: 6.96 %; found: C: 72.44 %, H: 6.97 % 
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Compounds 27 
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dimer series 27
27a: m = 3
27b: m = 6
27c: m = 11

CH3

 
 

4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}-2-methylphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 27a  
(n = 12, m = 3, p = 6)  
 
Formula: C69H74O14, M = 1127.35 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  400 mg (0.62 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]-2-methylphenoxycarbonyl}phenyl 

4-(dodecyloxy)benzoate i60 
300 mg (0.62 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
140 mg (0.68 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2) and further 
recrystallisation from EtOAc/EtOH (10/0.2) 

Yield: 420 mg (60 %), colorless solid 
Transition temp.: Cr 159 I 

1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.7 Hz, 4H, Ar-H), 8.18 – 8.08 (m, 6H, Ar-H), 7.37 
(dd, J = 8.6, 1.5 Hz, 4H, Ar-H), 7.32 (t, J = 8.1 Hz, 1H, Ar-H), 7.15 – 7.07 (m, 4H, Ar-H), 
7.03 – 6.91 (m, 8H, Ar-H), 4.26 (t, J = 6.1 Hz, 2H, OCH2), 4.18 (t, J = 5.9 Hz, 2H, OCH2), 
4.03 (q, J = 6.6 Hz, 4H, OCH2), 2.35 – 2.27 (m, 2H, OCH2CH2), 2.11 (s, 3H, Ar-CH3), 1.85 – 
1.76 (m, 4H, OCH2CH2), 1.51 – 1.40 (m, 4H, CH2), 1.39 – 1.22 (m, 20H, CH2), 0.94 – 0.84 
(m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.31, 164.36, 164.30, 163.95, 163.88, 163.53, 163.52, 156.39, 155.54, 
150.31, 144.76, 132.51, 132.46, 132.24, 131.90, 126.68, 126.59, 124.02, 122.65, 122.23, 
121.64, 121.32, 120.96, 120.00, 115.15, 114.50, 114.46, 114.30, 68.44, 68.35, 64.84, 64.61, 
31.95, 31.57, 29.68, 29.66, 29.61, 29.58, 29.38, 29.21, 29.12, 29.10, 26.01, 25.69, 22.72, 
22.61, 14.15, 14.05, 12.13. 

EA: calculated: C: 73.51 %, H: 6.62 %; found: C: 73.63 %, H: 6.64 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)-2-methylphenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 27b  
(n = 12, m = 6, p = 6) 
 
Formula: C72H80O14, M = 1169.43 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  390 mg (0.60 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]-2-methylphenoxycarbonyl}phenyl 

4-(dodecyloxy)benzoate i60 
320 mg (0.60 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
140 mg (0.66 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2) and further 
recrystallisation from EtOAc/EtOH (10/0.2) 
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Yield: 510 mg (73 %), colorless solid 
Transition temp.: Cr 164 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.6 Hz, 4H, Ar-H), 8.17 – 8.08 (m, 6H, Ar-H), 7.37 (d, 

J = 8.7 Hz, 4H, Ar-H), 7.32 (t, J = 8.2 Hz, 1H, Ar-H), 7.12 (d, J = 8.2 Hz, 2H, Ar-H), 7.09 (d, 
J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.88 (m, 8H, Ar-H), 4.09 – 4.00 (m, 6H, OCH2), 3.97 (t, J = 6.3 
Hz, 2H, OCH2), 2.11 (s, 3H, Ar-CH3), 1.90 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.53 (m, 4H, 
CH2), 1.51 – 1.42 (m, 4H, CH2), 1.39 – 1.23 (m, 20H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.36, 164.36, 163.96, 163.81, 163.49, 156.71, 155.54, 150.31, 144.51, 
132.48, 132.46, 132.23, 131.90, 126.59, 124.02, 122.54, 122.24, 121.70, 121.04, 120.00, 
115.11, 114.47, 114.29, 68.44, 68.35, 68.22, 31.95, 31.58, 29.69, 29.66, 29.62, 29.59, 29.38, 
29.24, 29.10, 26.01, 25.89, 25.83, 25.69, 22.72, 22.61, 14.15, 14.05, 12.13. 

EA: calculated: C: 73.95 %, H: 6.90 %; found: C: 74.05 %, H: 6.90 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)-2-methylphenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate 
27c (n = 12, m = 11, p = 6) 
 
Formula: C77H90O14, M = 1239.57 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  370 mg (0.56 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]-2-methylphenoxycarbonyl}phenyl 

4-(dodecyloxy)benzoate i60 
340 mg (0.56 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
130 mg (0.62 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2) and further 
recrystallisation from EtOAc/EtOH (10/0.2) 

Yield: 490 mg (71 %), colorless solid 
Transition temp.: Cr 125 ColobPFE 132 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.29 (d, J = 8.6 Hz, 4H, Ar-H), 8.17 – 8.08 (m, 6H, Ar-H), 7.37 (d, 

J = 8.6 Hz, 4H, Ar-H), 7.32 (t, J = 8.2 Hz, 1H, Ar-H), 7.12 (d, J = 8.1 Hz, 2H, Ar-H), 7.08 (d, 
J = 9.0 Hz, 2H, Ar-H), 7.01 – 6.87 (m, 8H, Ar-H), 4.08 – 3.99 (m, 6H, OCH2), 3.94 (t, J = 6.5 
Hz, 2H, OCH2), 2.11 (s, 3H, Ar-CH3), 1.86 – 1.73 (m, 8H, OCH2CH2), 1.46 (d, J = 4.6 Hz, 
8H, CH2), 1.40 – 1.21 (m, 30H, CH2), 0.94 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.35, 164.36, 163.95, 163.87, 163.47, 156.79, 155.53, 150.31, 144.43, 
132.46, 132.22, 131.90, 126.67, 126.58, 124.02, 122.49, 122.23, 121.72, 120.96, 120.00, 
115.10, 114.46, 114.28, 68.43, 68.34, 31.95, 31.57, 29.68, 29.66, 29.61, 29.58, 29.56, 29.51, 
29.38, 29.38, 29.31, 29.12, 29.10, 26.06, 26.01, 25.69, 22.72, 22.61, 14.14, 14.04, 12.12. 

EA: calculated: C: 74.61 %, H: 7.32 %; found: C: 74.80 %, H: 7.35 % 
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4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-{[4-(dodecyloxy)phenyl]carbonyloxy}-
benzoate 28a (n = 12, m = 6, p = 6) 
 
Formula: C78H82O16, M = 1275.51 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  400 mg (0.53 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-{[4-

dodecyloxy)phenyl]carbonyloxy}benzoate i66 
280 mg (0.53 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
120 mg (0.58 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2 – 10/0.5) and further 
recrystallisation from EtOAc/EtOH (10/0.2) 

Yield: 470 mg (70 %), colorless solid 
Transition temp.: Cr 159 ColrPAF 186 N 197 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 – 8.24 (m, 6H, Ar-H), 8.14 (d, J = 8.7 Hz, 4H, Ar-H), 8.11 (d, 

J = 8.9 Hz, 2H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 – 7.34 (m, 6H, Ar-H), 7.22 – 7.15 
(m, 3H, Ar-H), 7.09 (d, J = 9.0 Hz, 2H, Ar-H), 7.01 – 6.88 (m, 8H, Ar-H), 4.10 – 4.00 (m, 6H, 
OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 1.91 – 1.76 (m, 8H, OCH2CH2), 1.60 – 1.52 (m, 4H, 
CH2), 1.51 – 1.42 (m, 4H, CH2), 1.40 – 1.22 (m, 20H, CH2), 0.93 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.35, 164.31, 164.12, 164.05, 163.91, 163.80, 163.49, 156.71, 155.70, 
155.53, 155.24, 151.47, 144.51, 132.46, 132.23, 131.95, 131.88, 129.92, 126.96, 126.64, 
126.36, 122.54, 122.27, 122.17, 122.10, 121.69, 121.06, 120.91, 119.30, 115.84, 115.11, 
114.47, 114.29, 68.45, 68.35, 68.21, 42.90, 31.95, 31.57, 29.69, 29.66, 29.62, 29.58, 29.38, 
29.23, 29.10, 29.07, 26.01, 25.89, 25.83, 25.69, 22.72, 22.61, 14.15, 14.05. 

EA: calculated: C: 73.45 %, H: 6.48 %; found: C: 73.30 %, H: 6.60 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-{[4-(dodecyloxy)phenyl]-
carbonyloxy}benzoate 28b (n = 12, m = 11, p = 6) 
 
Formula: C83H92O16, M = 1345.65 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  350 mg (0.46 mmol) 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-{[4-

dodecyloxy)phenyl]carbonyloxy}benzoate i66 
280 mg (0.46 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
100 mg (0.51 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2 – 10/0.5) and further 
recrystallisation from EtOAc/EtOH (10/0.2) 

Yield: 410 mg (66 %), colorless solid 
Transition temp.: Cr 127 ColxPAF 132 N 143 I 
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1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.32 – 8.24 (m, 6H, Ar-H), 8.14 (dd, J = 8.9, 1.7 Hz, 4H, Ar-H), 
8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.53 – 7.46 (m, 1H, Ar-H), 7.43 – 7.34 (m, 6H, Ar-H), 7.21 – 
7.15 (m, 3H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.94 (m, 4H, Ar-H), 6.94 – 6.84 (m, 
4H, Ar-H), 4.07 – 4.00 (m, 6H, OCH2), 3.99 – 3.92 (m, 2H, OCH2), 1.86 – 1.73 (m, 8H, 
OCH2CH2), 1.53 – 1.41 (m, 8H, CH2), 1.40 – 1.23 (m, 30H, CH2), 0.94 – 0.84 (m, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.18, 164.14, 163.96, 163.89, 163.79, 163.75, 163.73, 163.36, 156.69, 
155.62, 155.45, 155.16, 151.40, 151.37, 144.40, 132.38, 132.14, 131.95, 131.87, 131.79, 
129.82, 129.01, 126.93, 126.61, 126.33, 122.43, 122.19, 122.10, 122.03, 121.73, 120.99, 
120.92, 119.27, 119.23, 115.78, 115.10, 114.46, 114.45, 114.32, 114.27, 77.38, 77.07, 76.75, 
68.53, 68.51, 68.41, 32.57, 32.06, 31.68, 31.02, 29.79, 29.77, 29.73, 29.69, 29.67, 29.62, 
29.50, 29.44, 29.25, 28.98, 26.47, 26.19, 26.14, 25.81, 24.67, 22.84, 22.73, 14.26, 14.16. 

EA: calculated: C: 74.09 %, H: 6.89 %; found: C: 73.96 %, H: 7.03 % 
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1-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[2-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)ethyl]benzene-1,4-
dicarboxylate 30a (n = 12, m = 2)  
 
Formula: C67H62N4O12, M = 1115.26 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  480 mg (0.61 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-

phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
210 mg (0.61 mmol) 2-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)ethan-1-ol 
(m = 2) 
140 mg (0.67 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 460 mg (68 %), colorless solid 
Transition temp.: Cr 192 (SmCaPAF 184) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 6H, Ar-H), 8.19 (d, J = 8.8 Hz, 2H, Ar-H), 8.13 (d, 

J = 9.0 Hz, 2H, Ar-H), 8.00-7.97 (m, 4H, Ar-H), 7.98 – 7.91 (m, 4H, Ar-H), 7.54 – 7.44 (m, 
4H, Ar-H), 7.40 – 7.33 (m, 4H, Ar-H), 7.20 – 7.14 (m, 3H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-
H), 6.97 (d, J = 9.0 Hz, 2H, Ar-H), 4.78 – 4.74 (m, 2H, COOCH2), 4.46 – 4.42 (m, 2H, OCH2), 
4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.85 – 1.77 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 
1.39 – 1.22 (m, 16H, CH2), 0.89 – 0.85 (m, 3H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.37, 164.17, 163.97, 163.81, 163.76, 163.71, 163.59, 161.16, 155.45, 
154.89, 153.79, 153.37, 152.70, 151.39, 151.31, 147.51, 134.42, 132.99, 132.37, 131.92, 
131.79, 131.26, 130.22, 129.95, 129.84, 129.10, 127.15, 126.59, 125.07, 123.73, 123.47, 
123.00, 122.11, 121.91, 120.96, 119.30, 119.21, 115.76, 115.02, 114.44, 68.50, 66.31, 63.82, 
32.05, 31.08, 29.79, 29.77, 29.72, 29.69, 29.50, 29.48, 29.24, 26.13, 22.84, 14.27. 

EA: calculated: C: 72.16 %, H: 5.60 %, N: 5.02 %; found: C: 72.16 %, H: 5.67 %, N: 5.05 % 
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1-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[4-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)butyl]benzene-1,4-
dicarboxylate 30b (n = 12, m = 4)  
 
Formula: C69H66N4O12, M = 1143.31 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  480 mg (0.61 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-

phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
230 mg (0.61 mmol) 4-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)butan-1-ol 
i73(4) 
140 mg (0.67 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 470 mg (67 %), colorless solid 
Transition temp.: Cr 176 (SmCsPFE 161) SmCaPAF 184 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 – 8.22 (m, 6H, Ar-H), 8.17 – 8.11 (m, 4H, Ar-H), 8.05-7.98 

(m, 4H, Ar-H), 7.95 – 7.91 (m, 4H, Ar-H), 7.53 – 7.43 (m, 4H, Ar-H), 7.38 – 7.33 (m, 4H, Ar-
H), 7.19 – 7.13 (m, 3H, Ar-H), 7.01 (d, J = 9.1 Hz, 2H, Ar-H), 6.97 (d, J = 9.0 Hz, 2H, Ar-H), 
4.47 (t, J = 6.0 Hz, 2H, COOCH2), 4.15 (t, J = 5.7 Hz, 2H, OCH2), 4.03 (t, J = 6.6 Hz, 2H, 
OCH2), 2.06 – 1.99 (m, 4H, COOCH2CH2), 1.85 – 1.77 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 
2H, CH2), 1.39 – 1.23 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.45, 164.17, 163.96, 163.80, 163.76, 163.62, 161.63, 155.45, 154.90, 
153.85, 153.28, 152.70, 151.38, 151.31, 147.16, 134.91, 132.75, 132.37, 131.90, 131.79, 
131.22, 130.18, 129.83, 129.73, 129.09, 127.12, 126.60, 125.05, 123.72, 123.41, 122.99, 
122.11, 121.90, 120.96, 119.20, 115.75, 114.81, 114.44, 68.49, 67.69, 65.29, 32.06, 31.02, 
29.79, 29.77, 29.73, 29.69, 29.50, 29.24, 26.13, 25.65, 25.19, 22.84, 14.84, 14.27.  

EA: calculated: C: 72.49 %, H: 5.82 %, N: 4.90 %; found: C: 72.45 %, H: 5.82 %, N: 4.89 % 
 
 

1-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenyl) 4-[6-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)hexyl]benzene-1,4-
dicarboxylate 30c (n = 12, m = 6)  
 
Formula: C71H70N4O12, M = 1171.37 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  1.00 g (1.27 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-

phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
0.51 g (1.27 mmol) 6-(4-{2-[4-(2-phenyldiazen-1-yl)phenyl]diazen-1-yl}phenoxy)hexan-1-ol 
i73(6) 
0.29 g (1.40 mmol) DCC 
10 mg DMAP 
100 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 0.90 g (60 %), colorless solid 
Transition temp.: Cr 160 (SmCsPFE 151) SmCaPAF 175 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 6H, Ar-H), 8.17 (d, J = 8.5 Hz, 2H, Ar-H), 8.13 (d, 

J = 8.9 Hz, 2H, Ar-H), 8.06 – 7.97 (m, 4H, Ar-H), 7.93 (d, J = 8.9 Hz, 4H, Ar-H), 7.54 – 7.44 
(m, 4H, Ar-H), 7.40 – 7.34 (m, 4H, Ar-H), 7.20 – 7.14 (m, 3H, Ar-H), 7.00 (d, J = 9.0 Hz, 2H, 
Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 4.40 (t, J = 6.6 Hz, 2H, COOCH2), 4.10 – 4.01 (m, 4H, 
OCH2), 1.91 – 1.77 (m, 6H, COOCH2CH2, OCH2CH2), 1.64 – 1.54 (m, 4H, CH2), 1.51 – 1.42 
(m, 2H, CH2), 1.39 – 1.23 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.51, 164.17, 163.96, 163.76, 163.65, 161.89, 155.45, 154.92, 153.89, 
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153.26, 152.72, 151.39, 151.32, 147.07, 135.10, 132.71, 132.37, 131.91, 131.79, 131.20, 
130.18, 129.83, 129.73, 129.08, 127.13, 126.60, 125.03, 123.72, 123.39, 122.99, 122.11, 
121.91, 120.97, 119.28, 119.20, 115.76, 114.79, 114.45, 68.50, 68.24, 65.60, 52.23, 32.05, 
29.79, 29.77, 29.72, 29.69, 29.48, 29.24, 28.77, 26.13, 25.96, 25.93, 22.83, 14.26.  

EA: calculated: C: 72.80 %, H: 6.02 %, N: 4.78 %; found: C: 72.77 %, H: 6.23 %, N: 4.69 % 
 
 

Compounds 31 
 

H25C12O

O

O O

O

OC12H25

O

OO

O
dimer series 31
31a: m = 6
31b: m = 11

OO (CH2)m-O O

O
OC6H13

 
 

6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 3,5-bis[(4-{[4-(dodecyloxy)phenyl]-
carbonyloxy}phenyl)carbonyloxy]benzoate 31a (m = 6) 
 
Formula: C84H102O16, M = 1367.74 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  770 mg (1.82 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

500 mg (0.91 mmol) 6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 3,5-
dihydroxybenzoate i75(6), L-5-T 
410 mg (2.00 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 850 mg (68 %), colorless solid 
Transition temp.: Cr 95 (ColrPFE 84) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.13 (d, J = 8.8 Hz, 4H, Ar-H), 8.10 

(d, J = 8.8 Hz, 2H, Ar-H), 7.84 (d, J = 2.2 Hz, 2H, Ar-H), 7.42 (t, J = 2.2 Hz, 1H, Ar-H), 7.37 
(d, J = 8.7 Hz, 4H, Ar-H), 7.07 (d, J = 8.9 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.95 
– 6.86 (m, 4H, Ar-H), 4.36 (t, J = 6.6 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 6H, OCH2), 3.95 (t, J 
= 6.4 Hz, 2H, OCH2), 1.86 – 1.75 (m, 10H, COOCH2CH2, OCH2CH2), 1.51 – 1.41 (m, 8H, 
CH2), 1.40 – 1.21 (m, 38H, CH2), 0.93 – 0.84 (m, 9H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.18, 164.86, 164.16, 163.83, 163.79, 163.36, 156.64, 155.62, 151.24, 
144.43, 132.79, 132.37, 132.13, 131.86, 126.22, 122.41, 122.16, 120.93, 120.47, 115.06, 
114.42, 114.22, 68.42, 68.32, 68.25, 65.60, 31.94, 31.57, 29.67, 29.65, 29.60, 29.57, 29.38, 
29.36, 29.23, 29.12, 28.67, 26.01, 25.88, 25.83, 25.69, 22.71, 22.60, 14.13, 14.03. 

EA: calculated: C: 73.77 %, H: 7.52 %; found: C: 73.73 %, H: 7.52 % 
 
 

11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl 3,5-bis[(4-{[4-(dodecyloxy)-
phenyl]carbonyloxy}phenyl)carbonyloxy]benzoate 31b (m = 11) 
 
Formula: C89H112O16, M = 1437.88 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  620 mg (1.45 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

450 mg (0.73 mmol) 11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl 3,5-
dihydroxybenzoate i75(11), L-5-T 
330 mg (1.61 mmol) DCC 
10 mg DMAP 



 Appendix A43 

 

40 ml dichloromethane  
Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 

EtOAc/EtOH (10/0.2) 
Yield: 720 mg (69 %), colorless solid 
Transition temp.: Cr 76 ColrPFE 89 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.6 Hz, 4H, Ar-H), 8.13 (d, J = 8.8 Hz, 4H, Ar-H), 8.10 

(d, J = 8.8 Hz, 2H, Ar-H), 7.83 (d, J = 2.2 Hz, 2H, Ar-H), 7.41 (t, J = 2.1 Hz, 1H, Ar-H), 7.37 
(d, J = 8.7 Hz, 4H, Ar-H), 7.06 (d, J = 8.9 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.95 
– 6.86 (m, 4H, Ar-H), 4.33 (t, J = 6.7 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 6H, OCH2), 3.92 (t, J 
= 6.5 Hz, 2H, OCH2), 1.86 – 1.71 (m, 10H, COOCH2CH2, OCH2CH2), 1.51 – 1.40 (m, 10H, 
CH2), 1.39 – 1.22 (m, 46H, CH2), 0.93 – 0.84 (m, 9H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.14, 164.83, 164.11, 163.78, 163.34, 156.71, 155.61, 151.22, 144.38, 
132.89, 132.37, 132.13, 131.85, 126.26, 122.38, 122.16, 120.96, 120.45, 115.11, 114.46, 
114.25, 68.56, 68.50, 68.40, 65.85, 32.05, 31.68, 29.78, 29.76, 29.71, 29.68, 29.63, 29.60, 
29.49, 29.47, 29.44, 29.39, 29.24, 28.82, 26.18, 26.13, 25.80, 22.82, 22.72, 14.24, 14.14. 

EA: calculated: C: 74.35 %, H: 7.85 %; found: C: 74.27 %, H: 7.74 % 
 
 

Compounds 32 
 

H25C12O
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dimer series 32
32a: m = 6
32b: m = 11

OO (CH2)m-O O

O
OC6H13

 
 
 

6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 2,4-bis[(4-{[4-(dodecyloxy)phenyl]-
carbonyloxy}phenyl)carbonyloxy]benzoate 32a (m = 6)  
 
Formula: C84H102O16, M = 1367.74 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  210 mg (0.51 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

500 mg (0.51 mmol) 6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 2,4-
dihydroxybenzoate i75(6), L-4-T 
120 mg (0.56 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 510 mg (73 %), colorless solid 
Transition temp.: Cr 107 SmCxPAF 119 SmAPAF 121 N 123 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.23 (d, J = 8.7 Hz, 2H, Ar-H), 8.13 (d, J = 8.9 Hz, 2H, Ar-H), 8.09 

(d, J = 8.9 Hz, 4H, Ar-H), 7.89 (d, J = 8.7 Hz, 1H, Ar-H), 7.35 (d, J = 8.7 Hz, 2H, Ar-H), 7.08 
(d, J = 9.0 Hz, 4H, Ar-H), 6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.93 (d, J = 8.9 Hz, 2H, Ar-H), 6.90 
(d, J = 9.0 Hz, 4H, Ar-H), 6.86 (d, J = 2.2 Hz, 1H, Ar-H), 6.76 (dd, J = 8.7, 2.2 Hz, 1H, Ar-H), 
4.37 (t, J = 6.5 Hz, 2H, COOCH2), 4.07 – 3.99 (m, 4H, OCH2), 3.97 (t, J = 6.3 Hz, 2H, OCH2), 
1.87 – 1.75 (m, 10H, COOCH2CH2, OCH2CH2), 1.51 – 1.41 (m, 8H, CH2), 1.39 – 1.22 (m, 
38H, CH2), 0.93 – 0.84 (m, 9H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 169.58, 165.13, 164.11, 163.78, 163.51, 163.36, 162.93, 156.60, 156.39, 
155.54, 144.51, 132.36, 132.13, 131.82, 131.04, 126.43, 122.46, 122.10, 121.77, 120.98, 
115.11, 114.46, 114.27, 113.16, 112.39, 112.26, 68.51, 68.41, 68.28, 65.52, 32.04, 31.68, 
29.78, 29.76, 29.71, 29.68, 29.48, 29.47, 29.30, 29.24, 29.23, 28.70, 26.13, 25.93, 25.92, 
25.80, 22.82, 22.71, 14.23, 14.13. 

EA: calculated: C: 73.77 %, H: 7.52 %; found: C: 73.66 %, H: 7.46 % 
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11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl 2,4-bis[(4-{[4-(dodecyloxy)-
phenyl]carbonyloxy}phenyl)carbonyloxy]benzoate 32b (m = 11) 
 
Formula: C89H112O16, M = 1437.88 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  240 mg (0.49 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

480 mg (0.49 mmol) 11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl 2,4-
dihydroxybenzoate i75(11), L-4-T 
110 mg (0.54 mmol) DCC 
5 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 490 mg (68 %), colorless solid 
Transition temp.: Cr 105 SmAPAF 144 N 151 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.24 (d, J = 8.8 Hz, 2H, Ar-H), 8.17 – 8.05 (m, 6H, Ar-H), 7.90 (d, 

J = 8.7 Hz, 1H, Ar-H), 7.35 (d, J = 8.8 Hz, 2H, Ar-H), 7.07 (d, J = 9.0 Hz, 5H, Ar-H), 7.01 – 
6.83 (m, 10H, Ar-H), 6.77 (dd, J = 8.7, 2.3 Hz, 1H, Ar-H), 4.35 (t, J = 6.7 Hz, 2H, COOCH2), 
4.09 – 3.87 (m, 8H, OCH2), 1.89 – 1.68 (m, 10H, COOCH2CH2, OCH2CH2), 1.51 – 1.19 (m, 
56H, CH2), 0.95 – 0.80 (m, 9H, CH3). 

13C-NMR: (CDCl3, 125 MHz) δ 169.69, 165.28, 164.23, 163.81, 163.63, 163.39, 162.95, 156.73, 156.35, 
155.55, 144.35, 132.38, 132.15, 131.86, 131.08, 126.37, 122.41, 122.14, 121.74, 121.67, 
120.87, 115.04, 114.39, 114.20, 113.11, 112.35, 112.28, 68.37, 68.27, 65.62, 31.88, 31.51, 
29.61, 29.59, 29.55, 29.51, 29.49, 29.44, 29.31, 29.24, 29.18, 29.03, 28.53, 26.00, 25.94, 
25.91, 25.62, 22.65, 22.54, 14.07, 13.98. 

EA: calculated: C: 74.35 %, H: 7.85 %; found: C: 74.48 %, H: 7.92 % 
 
 

Compounds 33 and 35a 
 

O O

O O

O O

O O

H2p+1CpO

O

O O (CH2)mO

OCpH2p+1

O

OO(CH2)mO

trimer series 33 and trimer 35a
33a: m = 3; p = 6
33b: m = 6; p = 6
33c: m =11; p = 6
35a: m = 11; p = 16  

 

4-(3-{[4-({4-[3-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyl-
oxy}phenoxy)propoxy]benzoate 33a (m = 3, p = 6)  
 
Formula: C78H74O18, M = 1299.45 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  190 mg (0.54 mmol) 3-[(4-hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77 

530 mg (1.08 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
240 mg (1.19 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/PE (10/0.2) 

Yield: 470 mg (67 %), colorless solid 
Transition temp.: Cr 156 (SmCxPAF 144) I 
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1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.8 Hz, 4H, Ar-H), 8.15 (d, J = 8.9 Hz, 4H, Ar-H), 8.11 
(d, J = 8.9 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.8 Hz, 4H, Ar-H), 7.21 
– 7.15 (m, 3H, Ar-H), 7.10 (d, J = 9.0 Hz, 4H, Ar-H), 7.00 (d, J = 8.9 Hz, 4H, Ar-H), 6.97 – 
6.91 (m, 8H, Ar-H), 4.26 (t, J = 6.1 Hz, 4H, OCH2), 4.18 (t, J = 5.9 Hz, 4H, OCH2), 4.02 (t, J 
= 6.6 Hz, 4H, OCH2), 2.35 – 2.27 (m, 4H, OCH2CH2), 1.85 – 1.76 (m, 4H, OCH2CH2), 1.51 – 
1.42 (m, 4H, CH2), 1.39 – 1.31 (m, 8H, CH2), 0.90 (t, J = 7.0 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.12, 164.09, 163.94, 163.41, 156.30, 155.42, 151.41, 144.76, 132.41, 
132.15, 131.78, 129.79, 126.66, 122.57, 122.08, 121.68, 121.38, 119.22, 115.77, 115.16, 
114.49, 114.29, 68.43, 64.94, 64.76, 31.67, 29.37, 29.22, 25.80, 22.71, 14.14. 

EA: calculated: C: 72.10 %, H: 5.74 %; found: C: 72.21 %, H: 5.80 % 
 
 

4-[3-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyl-
oxy}phenoxy)hexyl]oxy}benzoate 33b (m = 6, p = 6)  
 
Formula: C84H86O18, M = 1383.61 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  180 mg (0.50 mmol) 3-[(4-hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77 

530 mg (1.00 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-
benzoic acid i14(6,6) 
230 mg (1.10 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/PE (10/0.2) 

Yield: 450 mg (65 %), colorless solid 
Transition temp.: Cr 176 SmCxPAF 185 N 193 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.14 (d, J = 8.9 Hz, 4H, Ar-H), 8.11 

(d, J = 8.9 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.21 
– 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.2 Hz, 1H, Ar-H), 7.09 (d, J = 9.0 Hz, 4H, Ar-H), 6.98 (d, 
J = 8.9 Hz, 4H, Ar-H), 6.94 (d, J = 8.9 Hz, 4H, Ar-H), 6.90 (d, J = 9.0 Hz, 4H, Ar-H), 4.07 (t, 
J = 6.4 Hz, 4H, OCH2), 4.02 (t, J = 6.6 Hz, 4H, OCH2), 3.97 (t, J = 6.4 Hz, 4H, OCH2), 1.91 – 
1.76 (m, 12H, OCH2CH2), 1.61 – 1.52 (m, 8H, CH2), 1.51 – 1.42 (m, 4H, CH2), 1.38 – 1.31 
(m, 8H, CH2), 0.90 (t, J = 7.0 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.19, 164.17, 163.98, 163.73, 163.42, 156.65, 155.48, 151.44, 144.53, 
132.38, 132.14, 131.77, 129.78, 126.64, 122.45, 122.07, 121.74, 121.09, 119.20, 115.74, 
115.11, 114.44, 114.27, 68.35, 68.24, 31.56, 29.24, 29.11, 29.08, 25.89, 25.83, 25.68, 22.59, 
14.00. 

EA: calculated: C: 72.92 %, H: 6.27 %; found: C: 72.94 %, H: 6.34 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-{[11-(4-{[4-(hexyloxy)phenyl]-
carbonyloxy}phenoxy)undecyl]oxy}benzoate 33c (m = 11, p = 6) 
 
Formula: C94H106O18, M = 1523.88 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  160 mg (0.46 mmol) 3-[(4-hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77 

560 mg (0.92 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
210 mg (1.01 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
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CHCl3/PE (10/0.2) 
Yield: 460 mg (66 %), colorless solid 
Transition temp.: Cr 130 SmCcPAF 161 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 8.9 Hz, 4H, Ar-H), 7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.20 
– 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.2 Hz, 1H, Ar-H), 7.08 (d, J = 9.0 Hz, 4H, Ar-H), 6.97 (d, 
J = 9.0 Hz, 4H, Ar-H), 6.94 (d, J = 8.9 Hz, 4H, Ar-H), 6.90 (d, J = 9.0 Hz, 4H, Ar-H), 4.07 – 
3.99 (m, 8H, OCH2), 3.94 (t, J = 6.5 Hz, 4H, OCH2), 1.86 – 1.73 (m, 12H, OCH2CH2), 1.51 – 
1.41 (m, 12H, CH2), 1.40 – 1.29 (m, 28H, CH2), 0.90 (t, J = 7.1 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.17, 164.16, 163.96, 163.75, 163.36, 156.70, 155.44, 151.39, 144.41, 
132.36, 132.13, 131.78, 129.78, 126.62, 122.42, 122.09, 121.01, 119.22, 115.78, 115.10, 
114.45, 114.27, 68.53, 68.49, 68.41, 31.67, 29.64, 29.61, 29.47, 29.43, 29.22, 26.18, 26.12, 
25.80, 22.71, 14.14. 

EA: calculated: C: 74.09 %, H: 7.01 %; found: C: 74.20 %, H: 7.08 % 
 
 

4-[3-({4-[(4-{[11-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenoxycarbonyl]phenyl 4-{[11-(4-{[4-(hexadecyloxy)-
phenyl]carbonyloxy}phenoxy)undecyl]oxy}benzoate 35a (m = 11, p = 16)  
 
Formula: C114H146O18, M = 1804.42 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  160 mg (0.46 mmol) 3-[(4-hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77 

680 mg (0.92 mmol) 4-{[11-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]-
oxy}benzoic acid i14(11,16) 
210 mg (1.01 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 530 mg (64 %), colorless solid 
Transition temp.: Cr 126 (SmC’aPAF 125) SmCaPAF 130 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.7 Hz, 4H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 8.10 

(d, J = 8.9 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.7 Hz, 4H, Ar-H), 7.21 
– 7.17 (m, 2H, Ar-H), 7.16 (d, J = 2.3 Hz, 1H, Ar-H), 7.08 (d, J = 8.9 Hz, 4H, Ar-H), 6.97 (d, 
J = 8.9 Hz, 4H, Ar-H), 6.94 (d, J = 8.9 Hz, 4H, Ar-H), 6.90 (d, J = 9.0 Hz, 4H, Ar-H), 4.07 – 
3.99 (m, 8H, OCH2), 3.94 (t, J = 6.5 Hz, 4H, OCH2), 1.86 – 1.73 (m, 12H, OCH2CH2), 1.51 – 
1.41 (m, 12H, CH2), 1.40 – 1.20 (m, 68H, CH2), 0.86 (t, J = 6.7 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.17, 165.15, 163.37, 161.36, 156.71, 154.71, 144.44, 132.12, 129.00, 
122.40, 115.12, 114.34, 114.28, 68.56, 68.42, 68.35, 57.79, 49.68, 32.56, 32.04, 31.01, 29.87, 
29.80, 29.77, 29.70, 29.67, 29.65, 29.61, 29.47, 29.43, 29.26, 26.46, 26.18, 26.12, 25.57, 
25.47, 24.64, 22.81, 14.21. 

EA: calculated: C: 75.88 %, H: 8.16 %; found: C: 75.73 %, H: 8.13 % 
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Compounds 34 and 35b 
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OO(CH2)mO

trimer series 34 and trimer 35b
34a: m = 3; p = 6
34b: m = 6; p = 6
34c: m =11; p = 6
35b: m = 11; p = 16

O O

 
 

1,3-Bis[4-({4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]phenyl}carbonyl-
oxy)phenyl]benzene-1,3-dicarboxylate 34a (m = 3, p = 6)  
 
Formula: C78H74O18, M = 1299.45 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  140 mg (0.41 mmol) 1,3-bis(4-hydroxyphenyl)benzene-1,3-dicarboxylate i79 

200 mg (0.82 mmol) 4-[3-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)propoxy]benzoic 
acid i14(3,6) 
180 mg (0.90 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 390 mg (73 %), colorless solid 
Transition temp.: Cr 186 (N 174) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 9.01 (s, 1H, Ar-H), 8.46 (dd, J = 7.8, 1.7 Hz, 2H, Ar-H), 8.15 (d, J 

= 8.9 Hz, 5H, Ar-H), 8.11 (d, J = 8.9 Hz, 5H, Ar-H), 7.69 (t, J = 7.8 Hz, 1H, Ar-H), 7.25 (d, J 
= 12.5 Hz, 2H, Ar-H), 7.10 (d, J = 9.0 Hz, 5H, Ar-H), 7.00 (d, J = 8.9 Hz, 5H, Ar-H), 6.97 – 
6.91 (m, 10H, Ar-H), 4.26 (t, J = 6.1 Hz, 4H, OCH2), 4.18 (t, J = 5.9 Hz, 4H, OCH2), 4.02 (t, J 
= 6.6 Hz, 4H, OCH2), 2.31 (p, J = 5.9 Hz, 4H, OCH2CH2), 1.85 – 1.76 (m, 4H, OCH2CH2), 
1.51 – 1.42 (m, 4H, CH2), 1.39 – 1.29 (m, 8H, CH2), 0.90 (t, J = 7.0 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.13, 164.57, 163.97, 163.40, 163.22, 156.31, 148.71, 148.01, 144.74, 
134.93, 132.31, 132.15, 131.75, 130.26, 129.09, 122.77, 122.57, 122.42, 121.74, 121.68, 
115.16, 114.41, 114.29, 68.42, 64.91, 64.79, 31.68, 29.38, 29.23, 25.81, 22.72, 14.15. 

EA: calculated: C: 72.10 %, H: 5.74 %; found: C: 72.09 %, H: 5.76 % 
 
 
1,3-Bis({4-[(4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyl-
oxy]phenyl})benzene-1,3-dicarboxylate 34b (m = 6, p = 6) 
 
Formula: C84H86O18, M = 1383.61 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  0.35 g (1.00 mmol) 1,3-bis(4-hydroxyphenyl)benzene-1,3-dicarboxylate i79 

1.07 g (2.00 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}benzoic 
acid i14(6,6) 
 mg (2.20 mmol) DCC 
0.45 g DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 870 mg (63 %), colorless solid 
Transition temp.: Cr 186 (SmCx 166) N 220 I 
1H-NMR: Due to the low solubility of the compound the 1H-NMR could not be measured. 
13C-NMR: Due to the low solubility of the compound 13C-NMR could not be measured. 
EA: calculated: C: 72.92 %, H: 6.27 %; found: C: 72.96 %, H: 6.37 % 
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1,3-Bis({4-[(4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl})benzene-1,3-dicarboxylate 34c (m = 11, p = 6)  
 
Formula: C94H106O18, M = 1523.88 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  160 mg (0.46 mmol) 1,3-bis(4-hydroxyphenyl)benzene-1,3-dicarboxylate i79 

560 mg (0.92 mmol) 4-{[11-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}-
benzoic acid i14(11,6) 
210 mg (1.01 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 480 mg (68 %), colorless solid 
Transition temp.: Cr 143 (SmCxPAF 131) N 171 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 9.01 (s, 1H, Ar-H), 8.45 (dd, J = 7.8, 1.7 Hz, 2H, Ar-H), 8.16 – 

8.07 (m, 10H, Ar-H), 7.68 (t, J = 7.8 Hz, 1H, Ar-H), 7.32 – 7.25 (m, 2H, Ar-H), 7.07 (d, J = 
9.0 Hz, 5H, Ar-H), 7.00 – 6.87 (m, 15H, Ar-H), 4.06 – 3.99 (m, 8H, OCH2), 3.94 (t, J = 6.5 
Hz, 4H, OCH2), 1.86 – 1.72 (m, 12H, OCH2CH2), 1.52 – 1.41 (m, 12H, CH2), 1.40 – 1.28 (m, 
28H, CH2), 0.90 (t, J = 7.0 Hz, 6H, CH3).  

13C-NMR: (CDCl3, 100 MHz) δ 165.14, 164.61, 163.95, 163.57, 163.37, 156.71, 148.74, 148.00, 144.45, 
134.90, 132.24, 132.12, 131.73, 130.29, 129.05, 122.75, 122.40, 122.39, 121.80, 121.41, 
115.13, 114.38, 114.28, 68.57, 68.46, 68.42, 31.67, 29.65, 29.61, 29.48, 29.44, 29.26, 29.22, 
26.19, 26.13, 25.79, 22.70, 14.12. 

EA: calculated: C: 74.09 %, H: 7.01 %; found: C: 74.10 %, H: 6.93 % 
 
 

1,3-Bis({4-[(4-{[11-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]oxy}phenyl)-
carbonyloxy]phenyl})benzene-1,3-dicarboxylate 35b (m = 11, p = 16)  
 
Formula: C114H146O18, M = 1804.42 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  160 mg (0.46 mmol) 1,3-bis(4-hydroxyphenyl)benzene-1,3-dicarboxylate i79 

690 mg (0.92 mmol) 4-{[11-(4-{[4-(hexadecyloxy)phenyl]carbonyloxy}phenoxy)undecyl]-
oxy}benzoic acid i14(11,16) 
210 mg (1.01 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 590 mg (71 %), colorless solid 
Transition temp.: Cr 142 SmC’x 146 SmCx 149 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 9.01 (s, 1H, Ar-H), 8.46 (dd, J = 7.8, 1.7 Hz, 2H, Ar-H), 8.15 – 

8.08 (m, 10H, Ar-H), 7.68 (t, J = 7.8 Hz, 1H, Ar-H), 7.28 (d, J = 2.0 Hz, 2H, Ar-H), 7.07 (d, J 
= 9.0 Hz, 5H, Ar-H), 6.99 – 6.91 (m, 10H, Ar-H), 6.89 (d, J = 9.0 Hz, 5H, Ar-H), 4.06 – 3.99 
(m, 8H, OCH2), 3.94 (t, J = 6.6 Hz, 4H, OCH2), 1.85 – 1.73 (m, 12H, OCH2CH2), 1.50 – 1.40 
(m, 12H, CH2), 1.39 – 1.22 (m, 68H, CH2), 0.86 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 171.31, 165.16, 163.51, 161.52, 156.85, 154.81, 144.64, 132.15, 129.06, 
122.41, 115.26, 114.46, 114.38, 68.66, 68.47, 68.42, 57.88, 49.67, 32.52, 31.97, 31.00, 29.72, 
29.68, 29.62, 29.56, 29.52, 29.40, 29.21, 26.44, 26.12, 26.06, 25.55, 25.44, 24.56, 22.70, 
14.05. 

EA: calculated: C: 75.88 %, H: 8.16 %; found: C: 75.77 %, H: 8.07 % 
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4-(3-{[4-({4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)-
carbonyloxy]phenyl}carbonyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-[(4-{[6-(4-
{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyloxy]benzoate 36  
(m = 6, p = 6) 
 
Formula: C98H94O22, M = 1623.83 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  300 mg (0.46 mmol) 4-[(4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}-

phenyl)carbonyloxy]benzoic acid i81 
80 mg (0.23 mmol) 3-[(4-hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77 
100 mg (0.51 mmol) DCC 
10 mg DMAP 
40 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 260 mg (70 %), colorless solid 
Transition temp.: Cr 165 SmCxPAF 200 N 267 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 – 8.25 (m, 8H, Ar-H), 8.14 (d, J = 8.8 Hz, 4H, Ar-H), 8.11 (d, 

J = 8.8 Hz, 4H, Ar-H), 7.49 (t, J = 8.2 Hz, 1H, Ar-H), 7.38 (dd, J = 8.7, 2.4 Hz, 8H, Ar-H), 
7.22 – 7.16 (m, 3H, Ar-H), 7.09 (d, J = 9.0 Hz, 4H, Ar-H), 6.98 (d, J = 8.9 Hz, 4H, Ar-H), 
6.94 (d, J = 8.8 Hz, 4H, Ar-H), 6.90 (d, J = 9.0 Hz, 4H, Ar-H), 4.07 (t, J = 6.4 Hz, 4H, OCH2), 
4.02 (t, J = 6.6 Hz, 4H, OCH2), 3.97 (t, J = 6.4 Hz, 4H, OCH2), 1.91 – 1.76 (m, 12H, 
OCH2CH2), 1.61 – 1.55 (m, 8H, CH2), 1.51 – 1.42 (m, 4H, CH2), 1.39 – 1.30 (m, 8H, CH2), 
0.90 (t, J = 7.0 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.17, 164.12, 163.88, 163.72, 163.39, 156.62, 155.63, 155.18, 151.39, 
144.51, 132.40, 132.14, 131.85, 126.94, 126.34, 122.47, 122.18, 122.02, 121.73, 121.03, 
119.25, 115.76, 115.12, 114.48, 114.28, 68.42, 68.32, 31.67, 29.36, 29.23, 29.19, 26.00, 25.94, 
25.80, 22.71, 14.14. 

EA: calculated: C: 72.49 %, H: 5.83 %; found: C: 72.61 %, H: 5.84 % 
 
 

Compound 37 
 

1-{4-[4-(4-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxy-
carbonyl}phenoxycarbonyl)phenyl]carbonyloxy}butoxy)phenoxy]butyl} 4-(4-{3-[(4-{[4-
(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}phenyl)benzene-1,4-
dicarboxylate 37a (m = 4, p = 12) 
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Formula: C108H110O24, M = 1792.07 g/mol 



 Appendix A50 

 

Synthesis: according to the general procedure 10.3.3 
Reagents:  130 mg (0.49 mmol) 4-[4-(4-hydroxybutoxy)phenoxy]butan-1-ol  

770 mg (0.98 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
220 mg (1.08 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 0.58 mg (66 %), colorless solid 
Transition temp.: Cr 162 SmCaPAF 189 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.31 (s, 3H, Ar-H), 8.30 – 8.23 (m, 10H, Ar-H), 8.18 – 8.15 (m, 

2H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 7.51 – 7.45 (m, 2H, Ar-H), 7.42 – 7.33 (m, 8H, Ar-
H), 7.21 – 7.12 (m, 8H, Ar-H), 6.99 – 6.92 (m, 6H, Ar-H), 6.82 (s, 1H, Ar-H), 4.49 – 4.41 (m,  
4H, OCH2), 4.09 – 4.01 (m, 8H, OCH2), 2.06 – 1.90 (m, 8H, OCH2CH2), 1.85 – 1.77 (m, 4H, 
OCH2CH2), 1.51 – 1.42 (m, 4H, CH2), 1.40 – 1.22 (m, 32H), 0.87 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 164.20, 164.00, 163.84, 163.78, 160.31, 155.47, 154.95, 151.42, 151.34, 
132.41, 132.37, 131.91, 131.80, 130.28, 130.20, 129.85, 129.75, 126.59, 122.30, 122.10, 
121.92, 119.20, 115.76, 115.21, 114.43, 96.53, 68.45, 65.31, 31.98, 29.71, 29.69, 29.64, 29.61, 
29.42, 29.16, 26.05, 22.75, 14.17. 

EA: calculated: C: 72.39 %, H: 6.19 %; found: C: 72.32 %, H: 6.23 % 
 
 

1-(4-{4-[4-(4-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}butoxy)phenyl]phenoxy}butyl) 4-(4-
{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}phenyl)-
benzene-1,4-dicarboxylate 37b (m = 4, p = 12) 
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Formula: C114H114O24, M = 1868.17 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  120 mg (0.49 mmol) 4-{4-[4-(4-hydroxybutoxy)phenyl]phenoxy}butan-1-ol (m = 4) 

770 mg (0.98 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
220 mg (1.08 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 670 mg (73 %), colorless solid 
Transition temp.: Cr 153 SmCaPAF 191 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) ) δ 8.28 (d, J = 8.8 Hz, 8H, Ar-H), 8.23 (d, J = 8.6 Hz, 8H, Ar-H), 

8.18 – 8.10 (m, 6H, Ar-H), 7.53 – 7.41 (m, 4H, Ar-H), 7.36 (dd, J = 8.6, 4.0 Hz, 8H, Ar-H), 
7.23 – 7.14 (m, 6H, Ar-H), 7.01 – 6.89 (m, 8H, Ar-H), 4.45 (t, J = 5.9 Hz, 4H, OCH2), 4.10 – 
4.00 (m, 8H, OCH2), 2.08 – 1.94 (m, 8H, OCH2CH2), 1.87 – 1.77 (m, 4H, OCH2CH2), 1.52 – 
1.41 (m, 4H, CH2), 1.41 – 1.23 (m, 32H, CH2), 0.87 (t, J = 6.7 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.49, 163.86, 163.79, 154.95, 151.42, 151.34, 146.42, 132.38, 131.91, 
131.80, 130.16, 129.86, 129.74, 127.67, 122.11, 121.93, 119.31, 115.76, 114.77, 114.43, 
68.45, 67.35, 65.36, 31.98, 29.71, 29.65, 29.61, 29.42, 29.16, 26.15, 26.05, 25.60, 22.75, 
14.17. 
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EA: calculated: C: 73.29 %, H: 6.15 %; found: C: 73.16 %, H: 6.32 % 
 
 

1-[6-(4-{4-[(6-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}hexyl)oxy]phenyl}phenoxy)hexyl] 4-
(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}phenyl) 
benzene-1,4-dicarboxylate 37c (m = 6, p = 12) 
 
Formula: C128H142O24, M = 2064.54 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  250 mg (0.47 mmol) 6-(4-{4-[(6-hydroxyhexyl)oxy]phenyl}phenoxy)hexan-1-ol (m = 6) 

740 mg (0.94 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
210 mg (1.03 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 710 mg (73 %), colorless solid 
Transition temp.: Cr 158 (M7 153) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (t, J = 8.5 Hz, 12H, Ar-H), 8.17 (d, J = 8.4 Hz, 4H, Ar-H), 

8.13 (d, J = 8.8 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 2H, Ar-H), 7.43 (d, J = 8.7 Hz, 4H, Ar-H), 
7.41 – 7.34 (m, 8H, Ar-H), 7.21 – 7.15 (m, 6H, Ar-H), 6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.91 (d, 
J = 8.7 Hz, 4H, Ar-H), 4.35 (t, J = 6.7 Hz, 4H, OCH2), 4.04 (t, J = 6.5 Hz, 4H, OCH2), 3.96 (t, 
J = 6.5 Hz, 4H, OCH2), 1.86 – 1.74 (m, 12H, OCH2CH2), 1.51 – 1.41 (m, 12H, CH2), 1.40 – 
1.22 (m, 54H, CH2), 0.87 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) 165.57, 164.22, 164.01, 163.87, 155.51, 154.99, 151.38, 151.36, 147.16, 
135.25, 133.35, 132.66, 132.38, 131.92, 131.80, 130.45, 130.17, 129.84, 129.74, 127.61, 
127.15, 126.61, 122.10, 121.92, 119.19, 115.76, 114.77, 114.45, 68.44, 68.13, 65.77, 31.94, 
29.66, 29.61, 29.57, 29.52, 29.37, 29.28, 29.13, 28.71, 26.11, 26.01, 22.71, 14.12. 

EA: calculated: C: 74.47 %, H: 6.93 %; found: C: 74.40 %, H: 6.83 % 
 
 

Compounds 38 
 

H25C12O

O

O O

O

O

O

O

O

O

O-(CH2)m-O O-(CH2)m-O OC12H25

O

OO

O

O

O

O

O

O

N N

trimer series 38
38a: m = 2; 38b: m = 4
38c: m = 5; 38d: m = 6  

 

1-[2-(4-{2-[4-(2-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}ethoxy)phenyl]diazen-1-yl}-
phenoxy)ethyl] 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate 38a (m = 2, p = 12) 
 
Formula: C110H106N2O24, M = 1840.07 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  100 mg (0.35 mmol) 2-(4-{2-[4-(2-hydroxyethoxy)phenyl]diazen-1-yl}phenoxy)ethan-1-ol (m 

= 2) 
550 mg (0.70 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
160 mg (0.77 mmol) DCC 
10 mg DMAP 
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60 ml dichloromethane  
Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 

CHCl3/CH3CN (10/0.2) 
Yield: 480 mg (75 %), colorless solid 
Transition temp.: Cr 216 (M8 203) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.32 – 8.22 (m, 12H, Ar-H), 8.19 (d, J = 8.3 Hz, 4H, Ar-H), 8.13 

(d, J = 8.8 Hz, 4H, Ar-H), 7.88 (d, J = 8.8 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.36 
(t, J = 8.3 Hz, 8H, Ar-H), 7.21 – 7.14 (m, 7H, Ar-H), 7.04 (d, J = 8.9 Hz, 4H, Ar-H), 6.96 (d, J 
= 8.8 Hz, 4H, Ar-H), 4.79 – 4.71 (m, 4H, OCH2), 4.45 – 4.38 (m, 4H, OCH2), 4.03 (t, J = 6.5 
Hz, 4H, OCH2), 1.86 – 1.76 (m, 4H, OCH2CH2), 1.51 – 1.41 (m, 6H, CH2), 1.40 – 1.20 (m, 
30H, CH2), 0.87 (t, J = 6.7 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.38, 164.37, 164.17, 164.02, 163.75, 163.59, 160.42, 155.44, 154.90, 
151.40, 151.31, 134.45, 132.37, 131.91, 131.79, 130.21, 129.94, 129.85, 127.14, 126.59, 
124.44, 122.72, 122.11, 121.91, 120.96, 119.31, 115.76, 114.93, 114.44, 68.49, 66.26, 63.87, 
32.05, 31.02, 29.79, 29.77, 29.72, 29.69, 29.49, 29.48, 29.24, 26.13, 22.83, 14.26. 

EA: calculated: C: 71.80 %, H: 5.81 %, N: 1.52 %; found: C: 71.77 %, H: 5.84 %, N: 1.41 % 
 
 

1-[4-(4-{2-[4-(4-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}butoxy)phenyl]diazen-1-yl}-
phenoxy)butyl] 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate 38b (m = 4, p = 12) 
 
Formula: C114H114N2O24, M = 1896.18 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  100 mg (0.35 mmol) 4-(4-{2-[4-(4-hydroxybutoxy)phenyl]diazen-1-yl}phenoxy)butan-1-ol (m 

= 4) 
550 mg (0.70 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
160 mg (0.77 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 460 mg (69 %), colorless solid 
Transition temp.: Cr 185 (M9 181) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 – 8.21 (m, 12H, Ar-H), 8.16 – 8.11 (m, 8H, Ar-H), 7.83 (d, J 

= 9.0 Hz, 4H, Ar-H), 7.48 (t, J = 8.2 Hz, 1H, Ar-H), 7.35 (d, J = 8.5 Hz, 8H, Ar-H), 7.21 – 
7.15 (m, 7H, Ar-H), 6.96 (d, J = 9.1 Hz, 8H, Ar-H), 4.46 (t, J = 6.2 Hz, 4H, OCH2), 4.12 (t, J = 
5.5 Hz, 4H, OCH2), 4.03 (t, J = 6.6 Hz, 4H, OCH2), 2.05 – 1.94 (m, 8H, OCH2CH2), 1.85 – 
1.76 (m, 4H, OCH2CH2), 1.49 – 1.41 (m, 4H, CH2), 1.39 – 1.22 (m, 32H), 0.87 (t, J = 6.9 Hz, 
6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.45, 164.17, 163.97, 163.83, 163.76, 163.63, 160.78, 155.45, 154.91, 
151.40, 151.33, 134.93, 132.72, 132.37, 131.89, 131.80, 130.17, 129.85, 129.73, 127.08, 
126.59, 124.33, 122.72, 122.11, 121.92, 120.95, 119.31, 115.77, 114.67, 114.44, 68.50, 67.60, 
65.35, 32.05, 31.02, 29.79, 29.77, 29.72, 29.69, 29.48, 29.24, 26.13, 25.62, 22.84, 14.27. 

EA: calculated: C: 72.21 %, H: 6.06 %, N: 1.48 %; found: C: 72.17 %, H: 6.17 %, N: 1.30 % 
 
 

1-{6-[4-(2-{4-[(6-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}hexyl)oxy]phenyl}diazen-1-yl)-
phenoxy]hexyl} 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate 38c (m = 6, p = 12)  
 
Formula: C116H118N2O24, M = 1924.23 g/mol 
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Synthesis: according to the general procedure 10.3.3 
Reagents:  140 mg (0.35 mmol) 6-[4-(2-{4-[(6-hydroxyhexyl)oxy]phenyl}diazen-1-yl)phenoxy]hexan-1-

ol (m = 6) 
550 mg (0.70 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
160 mg (0.77 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 490 mg (73 %), colorless solid 
Transition temp.: Cr 187 (SmC’x 162 SmCx 176) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 12H, Ar-H), 8.16 (d, J = 8.5 Hz, 4H, Ar-H), 8.13 

(d, J = 8.9 Hz, 4H, Ar-H), 7.83 (d, J = 8.9 Hz, 4H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.40 
– 7.33 (m, 8H, Ar-H), 7.21 – 7.15 (m, 7H, Ar-H), 6.96 (d, J = 8.9 Hz, 8H, Ar-H), 4.41 (t, J = 
6.6 Hz, 4H, OCH2), 4.09 – 4.01 (m, 8H, OCH2), 1.95 – 1.85 (m, J = 14.8 Hz, 8H, OCH2CH2), 
1.85 – 1.77 (m, 4H, OCH2CH2), 1.50 – 1.41 (m, 4H, CH2), 1.38 – 1.21 (m, 36H, CH2), 0.87 (t, 
J = 6.9 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.49, 164.17, 163.97, 163.82, 163.76, 163.66, 160.91, 155.45, 154.93, 
151.39, 151.32, 147.00, 135.05, 132.70, 132.37, 131.91, 131.79, 130.18, 129.85, 129.74, 
127.11, 126.59, 124.30, 122.70, 122.11, 121.92, 120.95, 119.20, 115.77, 114.65, 114.44, 
68.49, 67.97, 66.02, 65.51, 32.05, 31.02, 29.79, 29.77, 29.72, 29.69, 29.48, 29.24, 29.01, 
28.60, 26.13, 22.84, 14.27. 

EA: calculated: C: 72.41 %, H: 6.18 %, N: 1.46 %; found: C: 72.21 %, H: 6.15 %, N: 1.38 % 
 
 

1-{8-[4-(2-{4-[(8-{[4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)phenyl]carbonyloxy}octyl)oxy]phenyl}diazen-1-yl)-
phenoxy]octyl} 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate 38d (m = 8, p = 12) 
 
Formula: C118H122N2O24, M = 1952.29 g/mol 
Synthesis: according to the general procedure 10.3.3 
Reagents:  210 mg (0.51 mmol) 8-[4-(2-{4-[(8-hydroxyoctyl)oxy]phenyl}diazen-1-yl)phenoxy]octan-1-ol 

(m = 8) 
800 mg (1.02 mmol) 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenoxycarbonyl)benzoic acid i70 
230 mg (1.12 mmol) DCC 
10 mg DMAP 
60 ml dichloromethane  

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5) and further recrystallisation from 
CHCl3/CH3CN (10/0.2) 

Yield: 620 mg (62 %), colorless solid 
Transition temp.: Cr 162 (SmCaPAF 157) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 9.0 Hz, 6H, Ar-H), 8.23 (d, J = 8.6 Hz, 6H, Ar-H), 8.17 

– 8.11 (m, 8H, Ar-H), 7.48 (t, J = 8.1 Hz, 1H, Ar-H), 7.44 (d, J = 8.7 Hz, 4H, Ar-H), 7.39 – 
7.33 (m, 8H, Ar-H), 7.21 – 7.15 (m, 7H, Ar-H), 6.97 (d, J = 8.9 Hz, 4H, Ar-H), 6.92 (d, J = 8.8 
Hz, 4H, Ar-H), 4.45 (t, J = 5.9 Hz, 4H, OCH2), 4.09 – 4.01 (m, 8H, OCH2), 2.07 – 1.94 (m, 
8H, OCH2CH2), 1.85 – 1.77 (m, 4H, OCH2CH2), 1.51 – 1.42 (m, 4H, CH2), 1.39 – 1.22 (m, 
40H, CH2), 0.87 (t, J = 6.8 Hz, 6H, CH3). 

13C-NMR: (CDCl3, 100 MHz) δ 165.50, 164.16, 163.96, 163.76, 163.65, 160.98, 155.45, 154.93, 151.41, 
151.33, 146.97, 135.12, 132.36, 131.89, 131.79, 130.17, 129.83, 129.72, 127.11, 126.60, 
124.28, 122.10, 121.91, 119.20, 115.76, 114.65, 114.45, 68.50, 68.15, 65.62, 32.05, 29.79, 
29.77, 29.72, 29.69, 29.48, 29.24, 28.76, 26.13, 25.97, 25.93, 22.83, 14.25. 

EA: calculated: C: 72.60 %, H: 6.30 %, N: 1.43 %; found: C: 72.41 %, H: 6.47 %, N: 1.27 % 
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Intermediate compounds 
 
4-(Dodecyloxy)benzoic acid i1(12) 

H25C12O

OH

O

 
 
Formula: C19H30O3, M = 306.44 g/mol 
Synthesis: according to the general procedure 11.3.1 methode C 
Reagents:  12.90 g (93.40 mmol) 4-hydroxybenzoic acid 

34.95 g (140.25 mmol) 1-bromododecane 
12.18 g (186.80 mmol) KOH 
40 ml ethanol 
20 ml water  

Purification: recrystallisation from EtOH/CH3COOH (5/1) 
Yield: 22.04 g (77 %), colorless solid 
Transition temp.: Cr 94 [61.2] SmC 132 [4.0] N 138 [4.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.02 (d, J = 9.0 Hz, 2H, Ar-H), 6.91 (d, J = 9.0 Hz, 2H, Ar-H), 4.00 

(t, J = 6.6 Hz, 2H, OCH2), 1.83 – 1.74 (m, 2H, OCH2CH2), 1.49 – 1.39 (m, 2H, CH2), 1.38 – 
1.22 (m, 16H, CH2), 0.86 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-[(Benzyloxy)carbonyl]phenyl 4-(dodecyloxy)benzoate i2(12) 

H25C12O

O

O OBn

O

 
 
Formula: C33H40O5, M = 516.67 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  7.00 g (22.84 mmol) 4-(dodecyloxy)benzoic acid i1(12) 

5.21 g (22.84 mmol) benzyl 4-hydroxybenzoate 
5.19 g (25.16 mmol) DCC 
0.05 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 10.05 g (85 %), colorless solid 
Transition temp.: Cr 64 [31.6] Iso 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.16 – 8.09 (m, 4H, Ar-H), 7.46 – 7.41 (m, 2H, Ar-H), 7.41 – 7.31 

(m, 3H, Ar-H), 7.30 – 7.23 (m, 2H, Ar-H), 6.95 (d, J = 8.8 Hz, 2H, Ar-H), 5.36 (s, 2H, 
CH2Ph), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.76 (m, 2H, OCH2CH2), 1.50 – 1.42 (m, 2H, 
CH2), 1.26 (s, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-{[4-(Dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12)  

H25C12O

O

O OH

O

 
 
Formula: C26H34O5, M = 426.55 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  10.00 g (19.35 mmol) 4-[(benzyloxy)carbonyl]phenyl 4-(dodecyloxy)benzoate i2(12) 

1 g Pd/C 
100 ml ethyl acetate 
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Purification: recrystallisation from CH3COOH 
Yield: 7.30 g (88 %), colorless solid 
Transition temp.: Cr 120 [27.1] SmC 211 [4.5] N 223 [4.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.17 (d, J = 8.6 Hz, 2H, Ar-H), 8.12 (d, J = 8.8 Hz, 2H, Ar-H), 7.32 

(d, J = 8.6 Hz, 2H, Ar-H), 6.96 (d, J = 8.9 Hz, 2H, Ar-H), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 1.86 
– 1.76 (m, 2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.26 (s, 16H, CH2), 0.87 (t, J = 6.8 Hz, 
3H, CH3). 

 
 

3-(Benzyloxy)phenyl benzoate i4 
 

BzO OBn  
 
Formula: C21H18O3, M = 318.37 g/mol 
Synthesis: according to the general procedure 11.3.1, methode B 
Reagents:  20.00 g (102.80 mmol) 3-(hydroxy)phenyl benzoate 

13 ml (107.80 mmol) benzyl bromide 
4.32 g (180.40 mmol) sodium hydrate (60% dispersion in mineral oil) 
150 ml dimethylformamide 

Purification: The crude compound i4 was then used into the next reaction without further purification. 
Yield: - 
Transition temp.: brown oil 
1H-NMR: - 
 
 

3-(Benzyloxy)phenol i5  
 

HO OBn  
 
Formula: C13H12O2, M = 200.23 g/mol 
Synthesis: according to the general procedure 11.3.7 
Reagents:  ~19.00 g (102.80 mmol) crude 3-(benzyloxy)phenyl benzoate i4 

16.00 g (400.00 mmol) sodium hydroxide 
100 ml methanol 
150 ml water 

Purification: column chromatography, eluent: n-heptane/EtOAc (1/1)  
Yield: 15.40 g (74.83 %), pinkish low-melting crystals 
Transition temp.: Cr 54 [4.0] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.43 – 7.28 (m, 5H, Ar-H), 7.11 (t, J = 8.2 Hz, 1H, Ar-H),), 6.57 – 

6.53 (m, 1H, Ar-H), 6.46 (t, J = 2.3 Hz, 1H, Ar-H),), 6.44 – 6.38 (m, 1H, Ar-H),), 5.02 (s, 2H, 
CH2Ph). 

 
 

4-[3-(Benzyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate i6(12) 
 

 H25C12O

O

O O

O

OBn

 
 
Formula: C39H44O6, M = 608.76 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (4.66 mmol) 3-(benzyloxy)phenol i5 

0.94 g (4.68 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 
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1.01 g (4.92 mmol) DCC 
0.05 g DMAP 
40 ml methylene chlorid 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 2.38 g (84 %), colorless solid 
Transition temp.: Cr 100 [58.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.25 (d, J = 8.8 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 Hz, 2H, Ar-H), 7.45 

– 7.29 (m, 8H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 6.91 – 6.85 (m, 2H, Ar-H), 6.85 – 6.81 
(m, 1H, Ar-H), 5.06 (s, 2H, CH2Ph), 4.04 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.77 (m, 2H, 
OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.40 – 1.22 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, 
CH3). 

 
 

4-(3-Hydroxyphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i7(12) 
 

H25C12O

O

O O

O

OH

 
 
Formula: C32H38O6, M = 518.66 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  2.10 g (3.44 mmol) 4-[3-(benzyloxy)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate i6(12) 

0.21 g Pd/C 
45 ml ethyl acetate 

Purification: recrystallisation from DMF/EtOH 
Yield: 1.48 g (83 %), colorless solid 
Transition temp.: Cr 127 [40.7] (N 117 [1.0]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.24 (d, J = 8.8 Hz, 2H, Ar-H), 8.13 (d, J = 8.9 Hz, 2H, Ar-H), 7.34 

(d, J = 8.8 Hz, 2H, Ar-H), 7.27 – 7.20 (m, 1H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 6.78 – 
6.73 (m, 1H, Ar-H), 6.71 – 6.66 (m, 2H, Ar-H), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.85 – 1.76 
(m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 1.40 – 1.20 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 
3H, CH3). 

 
 

4-(3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 
i8(12)  
 

H25C12O

O

O O

O

O

O

OBn

 
 
Formula: C46H48O8, M = 728.87 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.40 g (2.70 mmol) 4-(3-hydroxyphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i7(12) 

0.62 g (2.70 mmol) 4-(benzyloxy)benzoic acid 
0.67 g (3.24 mmol) DCC 
0.03 g DMAP 
40 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 1.56 g (79 %), colorless solid 
Transition temp.: Cr 123 [46.4] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.25 (d, J = 8.8 Hz, 2H, Ar-H), 8.13 (d, J = 8.9 Hz, 4H, Ar-H), 7.50 

– 7.31 (m, 9H, Ar-H), 7.18 – 7.11 (m, 2H, Ar-H), 7.05 (d, J = 9.0 Hz, 2H, Ar-H), 6.97 (d, J = 
8.9 Hz, 2H, Ar-H), 5.15 (s, 2H, CH2Ph), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 1.87 – 1.76 (m, 2H, 
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OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 1.40 – 1.19 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, 
CH3). 

 
 

4-{3-[(4-Hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-(dodecyloxy)benzoate i9(12)  
 

H25C12O

O

O O

O

O

O

OH

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  1.56 g (2.14 mmol) 4-(3-{[4-(benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 4-

(dodecyloxy)benzoate i8(12) 
0.16 g Pd/C 
30 ml ethyl acetate 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 0.98 g (72 %), colorless solid 
Transition temp.: Cr 187 [67.3] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.25 (d, J = 8.4 Hz, 2H, Ar-H), 8.14 (d, J = 8.6 Hz, 2H, Ar-H), 8.10 

(d, J = 8.4 Hz, 2H, Ar-H), 7.45 (t, J = 8.2 Hz, 1H, Ar-H), 7.36 (d, J = 8.4 Hz, 2H, Ar-H), 7.19 
– 7.13 (m, 3H, Ar-H), 6.97 (d, J = 8.6 Hz, 2H, Ar-H), 6.90 (d, J = 8.5 Hz, 2H, Ar-H), 4.05 (t, J 
= 6.7 Hz, 2H, OCH2), 1.86 – 1.78 (m, 2H, OCH2CH2), 1.51 – 1.43 (m, 2H, CH2), 1.40 – 1.24 
(m, 16H, CH2), 0.88 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(Benzyloxy)phenyl 4-(hexyloxy)benzoate i10 (6) 
 

OC6H13

O

OBnO

 
 
Formula: C26H28O4, M = 404.50 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  12.94 g (58.21 mmol) 4-(hexyloxy)benzoic acid 

11.66 g (58.21 mmol) 4-(benzyloxy)phenol 
12.60 g (61.07 mmol) DCC 
0.05 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc 
Yield: 20.01 g (85 %), colorless solid 
Transition temp.: Cr 124 [49.4] (N 99 [1.5]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.15 – 8.09 (m, 2H, Ar-H), 7.46 – 7.35 (m, 4H, Ar-H), 7.35 – 7.29 

(m, 1H, Ar-H), 7.10 (d, J = 9.0 Hz, 2H, Ar-H), 6.99 (d, J = 9.0 Hz, 2H, Ar-H), 6.95 (d, J = 8.9 
Hz, 2H, Ar-H), 5.06 (s, 2H, CH2Ph), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.76 (m, 2H, 
OCH2CH2), 1.52 – 1.43 (m, 2H, CH2), 1.39 – 1.30 (m, 4H, CH2), 0.91 (t, J = 6.9 Hz, 3H, 
CH3). 
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4-Hydroxyphenyl 4-(hexyloxy)benzoate i11(6)  
 

OC6H13

O

OHO

 
 
Formula: C19H22O4, M = 314.38 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  16.00 g (39.55 mmol) 4-(benzyloxy)phenyl 4-(hexyloxy)benzoate i10(6) 

1.60 g Pd/C 
300 ml THF 

Purification: recrystallisation from EtOH 
Yield: 11.15 g (90 %), colorless solid 
Transition temp.: Cr 115 [26.9] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.00 (d, J = 8.9 Hz, 2H, Ar-H), 6.95 

(d, J = 8.9 Hz, 2H, Ar-H), 6.78 (d, J = 8.9 Hz, 2H, Ar-H), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.85 
– 1.76 (m, 2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.39 – 1.29 (m, 4H, CH2), 0.90 (t, J = 
7.0 Hz, 3H, CH3). 

 
 

4-[(6-Bromohexyl)oxy]phenyl 4-(hexyloxy)benzoate i12(6,6)  
 

OC6H13

O

OO(CH2)6Br

 
 
Formula: C25H33BrO4, M = 477.43 g/mol 
Synthesis: according to the general procedure 11.3.2 
Reagents:  3.86 g (12.28 mmol) 4-hydroxyphenyl 4-(hexyloxy)benzoate i11(6)1eq 

2.45 g (13.51 mmol) 6-bromohexan-1-ol    1eq 
3.54 g (13.51 mmol) PPh3 
2.30 g (13.51 mmol) DEAD 
150 ml tetrahydrofurane 

Purification: column chromatography, eluent: CHCl3/CH2Cl2 (1/1) and further recrystallisation from n-
hexane 

Yield: 3.73 g (64 %), colorless solid 
Transition temp.: Cr 58 [38.8] N 82 [1.0] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.8 Hz, 2H, Ar-H), 7.08 (d, J = 8.9 Hz, 2H, Ar-H), 6.94 

(d, J = 8.8 Hz, 2H, Ar-H), 6.89 (d, J = 8.9 Hz, 2H, Ar-H), 4.02 (t, J = 6.5 Hz, 2H, OCH2), 3.95 
(t, J = 6.4 Hz, 2H, OCH2), 3.41 (t, J = 6.8 Hz, 2H, BrCH2), 1.94 – 1.74 (m, 6H, OCH2CH2, 
BrCH2CH2), 1.56 – 1.38 (m, 6H, CH2), 1.38 – 1.29 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-[(6-{4-[(Benzyloxy)carbonyl]phenoxy}hexyl)oxy]phenyl 4-(hexyloxy)benzoate i13(6,6)  
 

OC6H13

O

OO(CH2)6O
O

BnO

 
 
Formula: C39H44O7, M = 624.76 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  2.00 g (4.19 mmol) 4-[(6-bromohexyl)oxy]phenyl 4-(hexyloxy)benzoate i12(6,6) 

0.79 g (3.49 mmol) benzyl 4-hydroxybenzoate 
2.40 g (17.45 mmol) K2CO3 
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0.02 g (0.12 mmol) KI 
100 ml butan-2-one 

Purification: recrystallisation from EtOAc/EtOH (10/0.2) 
Yield: 1.95 g (89 %), colorless solid 
Transition temp.: Cr 102 [31.7] (SmA 76 [6.2] N 79 [2.8]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 8.00 (d, J = 8.9 Hz, 2H, Ar-H), 7.45 

– 7.40 (m, 2H, Ar-H), 7.39 – 7.28 (m, 3H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 6.94 (d, J = 
8.9 Hz, 2H, Ar-H), 6.89 (dd, J = 9.0, 2.5 Hz, 4H, Ar-H), 5.32 (s, 2H, CH2Ph), 4.01 (q, J = 6.4 
Hz, 4H, OCH2), 3.96 (t, J = 6.4 Hz, 2H, OCH2), 1.87 – 1.77 (m, 6H, OCH2CH2), 1.58 – 1.50 
(m, 4H, CH2), 1.50 – 1.42 (m, 2H, CH2), 1.39 – 1.30 (m, 4H, CH2), 0.90 (t, J = 7.1 Hz, 3H, 
CH3). 

 
 

4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}benzoic acid i14(6,6)  
 

OC6H13

O

OO(CH2)6O
HO

O

 
 
Formula: C32H38O7, M = 534.64 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  1.9 g (3.04 mmol) 4-[(6-{4-[(benzyloxy)carbonyl]phenoxy}hexyl)oxy]phenyl 4-(hexyloxy)-

benzoate i13(6,6) 
0.19 g Pd/C 
40 ml ethyl acetate 

Purification: recrystallisation from CH3COOH 
Yield: 1.24 g (77 %), colorless solid 
Transition temp.: Cr 185 [38.4] N 205 [13.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.05 (d, J = 8.7 Hz, 2H, Ar-H), 7.97 (d, J = 8.7 Hz, 2H, Ar-H), 7.02 

(d, J = 8.9 Hz, 2H, Ar-H), 6.88 (d, J = 8.8 Hz, 2H, Ar-H), 6.87 – 6.81 (m, 4H, Ar-H), 4.00 – 
3.94 (m, 4H, OCH2), 3.91 (t, J = 6.4 Hz, 2H), 1.82 – 1.70 (m, 6H, OCH2CH2), 1.53 – 1.46 (m, 
4H, CH2), 1.45 – 1.37 (m, 2H, CH2), 1.33 – 1.25 (m, 4H, CH2), 0.85 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-[(6-Hydroxyhexyl)oxy]phenyl 4-(hexyloxy)benzoate i15(6,6) 
  

H13C6O

O

O O (CH2)6 OH

 
 
Formula: C25H34O5, M = 414.53 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  1.00 g (3.18 mmol) 4-hydroxyphenyl 4-(hexyloxy)benzoate i11(6) 

0.69 g (3.81mmol) 6-bromohexan-1-ol 
2.19 g (15.90 mmol) K2CO3 
0.02 g (0.12 mmol) KI 
50 ml dimethylformamide 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.5 – 10/2) and further recrystallisation 
from EtOAc/PE (10/0.1) 

Yield: 0.81 g (62 %), colorless solid 
Transition temp.: Cr 84 [26.7] N 95 [1.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 6.94 

(d, J = 9.0 Hz, 2H, Ar-H), 6.89 (d, J = 9.1 Hz, 2H, Ar-H), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.95 
(t, J = 6.5 Hz, 2H, OCH2), 3.65 (t, J = 6.5 Hz, 2H, CH2OH), 1.84 – 1.75 (m, 4H, OCH2CH2), 
1.64 – 1.56 (m, 2H, HOCH2CH2), 1.53 – 1.40 (m, 6H, CH2), 1.37 – 1.30 (m, 4H, CH2), 0.90 (t, 
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J = 7.1 Hz, 3H, CH3). 
 
 

4-({6-[(4-Formylphenyl)carbonyloxy]hexyl}oxy)phenyl 4-(hexyloxy)benzoate i16(6,6)  
 

H13C6O

O

O O (CH2)6 OOC CHO

 
 
Formula: C33H38O7, M = 546.65 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (4.82 mmol) 4-[(6-hydroxyhexyl)oxy]phenyl 4-(hexyloxy)benzoate i15(6,6) 

0.72 g (4.82 mmol) 4-formylbenzoic acid 
1.09 g (5.30 mmol) DCC 
0.05 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOH 
Yield: 1.98 g (75 %), colorless solid 
Transition temp.: Cr 70 [45.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 10.08 (s, 1H, CHO), 8.18 (d, J = 8.2 Hz, 2H, Ar-H), 8.11 (d, J = 

9.0 Hz, 2H, Ar-H), 7.93 (d, J = 8.5 Hz, 2H, Ar-H), 7.07 (d, J = 9.1 Hz, 2H, Ar-H), 6.94 (d, J = 
9.0 Hz, 2H, Ar-H), 6.89 (d, J = 9.1 Hz, 2H, Ar-H), 4.37 (t, J = 6.6 Hz, 2H, COOCH2), 4.02 (t, 
J = 6.6 Hz, 2H, OCH2), 3.96 (t, J = 6.3 Hz, 2H, OCH2), 1.87 – 1.76 (m, 6H, OCH2CH2, 
COOCH2CH2), 1.61 – 1.42 (m, 6H, CH2), 1.38 – 1.30 (m, 4H, CH2), 0.90 (t, J = 7.1 Hz, 3H, 
CH3). 

 
 

4-({[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}carbonyl)benzoic acid 
i17(6,6) 
 

H13C6O

O

O O (CH2)6 OOC COOH

 
 
Formula: C33H38O8, M = 562.65 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  0.63 g (1.15 mmol) 4-({6-[(4-formylphenyl)carbonyloxy]hexyl}oxy)phenyl 4-(hexyloxy)-

benzoate i16(6,6) 
0.16 g (1.48 mmol) resorcinol 
0.59 g (6.63 mmol) NaClO2 
0.54 g (3.45 mmol) NaH2PO4·2H2O 
40 ml THF 
30 ml water 

Purification: recrystallisation from CH3COOH 
Yield: 0.57 g (88 %), colorless solid 
Transition temp.: Cr 157 [57.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.19 – 8.07 (m, 6H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 6.94 (d, 

J = 8.8 Hz, 2H, Ar-H), 6.89 (d, J = 9.0 Hz, 2H, Ar-H), 4.37 (t, J = 6.6 Hz, 2H, COOCH2), 4.01 
(t, J = 6.6 Hz, 2H, OCH2), 3.96 (t, J = 6.3 Hz, 2H, OCH2), 1.88 – 1.75 (m, 6H, OCH2CH2, 
COOCH2CH2), 1.60 – 1.41 (m, 6H, CH2), 1.39 – 1.28 (m, 4H, CH2), 0.90 (t, J = 7.0 Hz, 3H, 
CH3). 
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Benzyl 4-[(6-bromohexanoyl)oxy]benzoate i18(5)  
 

Br-(CH2)5-COO COOBn  
 
Formula: C20H21O4, M = 405.28 g/mol 
Synthesis: according to the general procedure 11.3.4 methode B 
Reagents:  12.39 g (46.83 mmol) benzyl 4-hydroxybenzoate 

10.00 g (46.83 mmol) 6-bromohexanoyl chloride 
6.16 g (60.88 mmol) TEA 
0.05 g DMAP 
200 ml toluene 

Purification: column chromatography, eluent: CHCl3 and further recrystallisation from EtOAc/EtOH 
(10/0.2) 

Yield: 12.52 g (66 %), oil at room temperature 
Transition temp.: oil at room temperature 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.09 (d, J = 8.8 Hz, 2H, Ar-H), 7.45 – 7.30 (m, 5H, Ar-H), 7.15 (d, 

J = 8.8 Hz, 2H, Ar-H), 5.35 (s, 2H, OCH2Ph), 3.42 (t, J = 6.7 Hz, 2H, BrCH2), 2.59 (t, J = 7.4 
Hz, 2H, CH2COO), 1.96 – 1.87 (m, 2H, BrCH2CH2), 1.82 – 1.73 (m, 2H, CH2CH2COO), 1.62 
– 1.51 (m, 2H, CH2). 

 
 

4-[(6-{4-[(Benzyloxy)carbonyl]phenoxy}-6-oxohexyl)oxy]phenyl 4-(hexyloxy)benzoate 
i19(5,6) 
 

H13C6O

O

O O (CH2)5 COO COOBn

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  6.46 g (20.55 mmol) 4-hydroxyphenyl 4-(hexyloxy)benzoate i11(6) 

9.99 g (24.66 mmol) benzyl 4-[(6-bromohexanoyl)oxy]benzoate i18(5) 
14.19 g (102.74 mmol) K2CO3 
0.05 g KI 
100 ml butan-2-one 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 7.22 g (55 %), colorless solid 
Transition temp.: Cr 88 [64.6] (SmA 81 [6.1] N 85 [2.7]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 9.0 Hz, 2H, Ar-H), 8.01 (d, J = 9.0 Hz, 2H, Ar-H), 7.45 

– 7.40 (m, 2H, Ar-H), 7.40 – 7.28 (m, 3H, Ar-H), 7.19 (d, J = 9.1 Hz, 2H, Ar-H), 7.11 (d, J = 
9.1 Hz, 2H, Ar-H), 6.95 (d, J = 9.0 Hz, 2H, Ar-H), 6.89 (d, J = 9.0 Hz, 2H, Ar-H), 5.32 (s, 2H 
OCH2Ph), 4.03 (t, J = 6.5 Hz, 4H, OCH2), 2.60 (t, J = 7.4 Hz, 2H, CH2COO), 1.91 – 1.76 (m, 
6H, CH2CH2COO, OCH2CH2), 1.66 – 1.56 (m, 2H, CH2), 1.52 – 1.42 (m, 2H, CH2), 1.39 – 
1.30 (m, 4H, CH2), 0.94 – 0.87 (m, 3H, CH3). 

 
 

4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexanoyl]oxy}benzoic acid i20(5,6) 
 

H13C6O

O

O O (CH2)5 COO COOH

 
 
Formula: C32H36O8, M = 548.62 g/mol 
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Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  4.44 g (6.95 mmol) 4-[(6-{4-[(benzyloxy)carbonyl]phenoxy}-6-oxohexyl)oxy]phenyl 4-

(hexyloxy)benzoate i19(5,6) 
0.44 g Pd/C 
100 ml THF 

Purification: recrystallisation from CH3COOH 
Yield: 2.77 g (73 %), colorless solid 
Transition temp.: Cr 173 [31.1] N 212 [14.8] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.8 Hz, 2H, Ar-H), 8.02 (d, J = 8.8 Hz, 2H, Ar-H), 7.20 

(d, J = 8.9 Hz, 2H, Ar-H), 7.11 (d, J = 8.9 Hz, 2H, Ar-H), 6.95 (d, J = 8.9 Hz, 2H, Ar-H), 6.92 
(d, J = 8.9 Hz, 2H, Ar-H), 4.08 – 4.01 (m, 4H, OCH2), 2.59 (t, J = 7.4 Hz, 2H, CH2COO), 1.91 
– 1.77 (m, 6H, CH2CH2COO, OCH2CH2), 1.66 – 1.58 (m, 2H, CH2), 1.51 – 1.44 (m, 2H, 
CH2), 1.38 – 1.32 (m, 4H, CH2), 0.91 (t, J = 7.1 Hz, 3H, CH3). 

 
 

4-[(16-Bromohexadecanoyl)oxy]phenyl 4-(hexadecyloxy)benzoate i21  
 

H32C16O

O

O OOC(CH2)15Br

 
 
Formula: C45H71BrO5, M = 771.95 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (4.39 mmol) 4-hydroxyphenyl 4-(hexadecyloxy)benzoate i11(16) 

1.47 g (4.39 mmol) 16-bromohexadecanoic acid 
0.98 g (4.84 mmol) DCC 
0.05 g DMAP 
50 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3 and further recrystallisation from n-heptane 
Yield: 2.64 g (78 %), colorless solid 
Transition temp.: Cr 85 [82.8] Cr 89 [23.9] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.19 (d, J = 8.8 Hz, 2H, Ar-H), 7.11 

(d, J = 8.9 Hz, 2H, Ar-H), 6.95 (d, J = 8.9 Hz, 2H, Ar-H), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.38 
(t, J = 6.9 Hz, 2H, BrCH2), 2.54 (t, J = 7.5 Hz, 2H, CH2COO), 1.88 – 1.69 (m, 6H, 
CH2CH2COO, OCH2CH2), 1.50 – 1.20 (m, 48H, CH2), 0.86 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-[(16-{4-[(Benzyloxy)carbonyl]phenoxy}hexadecanoyl)oxy]phenyl 4-(hexadecyloxy)-
benzoate i22 

H32C16O

O

O COOBnOOC(CH2)15O

 
 
Formula: C59H82O8, M = 919.28 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  2.00 g (2.59 mmol) 4-[(16-bromohexadecanoyl)oxy]phenyl 4-(hexadecyloxy)benzoate i21 

0.49 g (2.16 mmol) benzyl 4-hydroxybenzoate 
1.49 g (12.49 mmol) K2CO3 
0.02 g KI 
50 ml butan-2-one 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 1.23 g (62 %), colorless solid 
Transition temp.: Cr 107 [98.6] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz δ 8.17 – 8.08 (m, 2H, Ar-H), 8.05 – 7.97 (m, 2H, Ar-H), 7.47 – 7.30 
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(m, 5H, Ar-H), 7.23 – 7.17 (m, 2H, Ar-H), 7.15 – 7.05 (m, 2H, Ar-H), 7.01 – 6.93 (m, 2H, Ar-
H), 6.92 – 6.85 (m 2H, Ar-H), 5.34 (s, 2H, OCH2Ph), 4.08 – 3.95 (m, 4H, OCH2), 2.59 – 2.49 
(m, 2H, CH2COO), 1.88 – 1.69 (m, 6H, CH2CH2COO, OCH2CH2), 1.51 – 1.20 (m, 48H, 
CH2), 0.88 (t, J = 6.6 Hz, 3H, CH3). 

 
 

4-{[16-(4-{[4-(Hexadecyloxy)phenyl]carbonyloxy}phenoxy)-16-oxohexadecyl]oxy}benzoic 
acid i23 

H33C16O

O

O COOHOOC(CH2)15O

 
 
Formula: C52H76O8, M = 829.16 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  1.23 g (1.33 mmol) 4-[(16-{4-(benzyloxy)carbonyl]phenoxy}hexadecanoyl)oxy]phenyl 4-

(hexadecyloxy)benzoate i22 
0.12 g Pd/C 
100 ml THF 

Purification: recrystallisation from CH3COOH 
Yield: 0.75 g (68 %), colorless solid 
Transition temp.: Cr 124 [78.0] N 137 [5.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.16 – 8.07 (m, 2H, Ar-H), 8.01 (d, J = 8.4 Hz, 2H, Ar-H), 7.21 – 

7.17 (m, 2H, Ar-H), 7.13 – 7.04 (m, 2H), 6.98 – 6.88 (m, 4H), 4.03 (t, J = 6.5 Hz, 2H, OCH2), 
2.57 – 2.51 (m, 2H, CH2COO), 1.85 – 1.70 (m, 6H, CH2CH2COO, OCH2CH2), 1.50 – 1.40 (m, 
4H, CH2), 1.39 – 1.19 (m, 44H, CH2), 0.86 (t, J = 6.8 Hz, 4H, CH3). 

 
 

1-(Benzyloxy)-4-(dodecyloxy)benzene i24  
 

H25C12O

OBn

 
 
Formula: C25H36O2, M = 368.28 g/mol 
Synthesis: according to the general procedure 11.3.1 methode C 
Reagents:  8.00 g (40.00 mmol) 4-(benzyloxy)phenol 

12.66 g (44.00 mmol) 1-bromododecane 
2.54 g (46.00 mmol) KOH 
0.05 g KI 
100 ml dimethylformamide 

Purification: recrystallisation from EtOH 
Yield: 6.98 g (47 %), colorless solid 
Transition temp.: Cr 82 [21.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.43 – 7.39 (m, 2H, Ar-H), 7.39 – 7.33 (m, 2H, Ar-H), 7.32 – 7.27 

(m, 1H, Ar-H), 6.88 (d, J = 9.2 Hz, 2H, Ar-H), 6.81 (d, J = 9.2 Hz, 2H, Ar-H), 5.00 (s, 2H, , 
OCH2Ph), 3.88 (t, J = 6.6 Hz, 2H, OCH2), 1.78 – 1.69 (m, 2H, OCH2CH2), 1.46 – 1.38 (m, 2H, 
CH2), 1.37 – 1.21 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, CH3). 

 
 
4-(Dodecyloxy)phenol i25 
 

H25C12O

OH

 
 
Formula: C18H28O2, M = 276.20 g/mol 
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Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  6.5 g (17.65 mmol) 1-(benzyloxy)-4-(dodecyloxy)benzene i24 

0.65 g Pd/C 
50 ml ethyl acetate 

Purification: recrystallisation from EtOH 
Yield: 3.89 g (80 %), colorless solid 
Transition temp.: Cr 81 [12.1] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 6.79 – 6.70 (m, 4H, Ar-H), 3.87 (t, J = 6.6 Hz, 2H, OCH2), 1.77 – 

1.68 (m, 2H, OCH2CH2), 1.46 – 1.37 (m, 2H), 1.36 – 1.21 (m, 16H, CH2), 0.86 (t, J = 6.9 Hz, 
3H, CH3). 

 
 

4-(Dodecyloxy)phenyl 4-formylbenzoate i26 
 

H25C12O

O

COOBn

O  
 
Formula: C33H40O5, M = 516.67 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  3.00 g (12.56 mmol) 4-(dodecyloxy)phenol i25 

1.63 g (12.56 mmol) 4-(benzyloxycarbonyl)benzoic acid 
2.46 g (11.95 mmol) DCC 
0.02 g DMAP 
50 ml dicloromethane 

Purification: recrystallisation from EtOH 
Yield: 2.81g (63 %), colorless solid 
Transition temp.: Cr 102 [67.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.23 (d, J = 8.7 Hz, 2H, Ar-H), 8.18 (d, J = 8.7 Hz, 2H, Ar-H), 7.48 

– 7.43 (m, 2H, Ar-H), 7.43 – 7.32 (m, 3H, Ar-H), 7.11 (d, J = 9.1 Hz, 2H, Ar-H), 6.92 (d, J = 
9.1 Hz, 2H, Ar-H), 5.39 (s, 2H, OCH2Ph), 3.94 (t, J = 6.6 Hz, 2H, OCH2), 1.82 – 1.73 (m, 2H, 
OCH2CH2), 1.49 – 1.40 (m, 2H, CH2), 1.39 – 1.22 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, 
CH3). 

 
 

4-[4-(Dodecyloxy)phenoxycarbonyl]benzoic acid i27 

H25C12O

O
OH

O

O  
 
Formula: C26H34O5, M = 426.55 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  2.50 g (6.08 mmol) 4-(dodecyloxy)phenyl 4-formylbenzoate i26 

0.86 g (7.84 mmol) resorcinol 
5.13 g (34.65 mmol) NaClO2 
2.85 g (18.24 mmol) NaH2PO4·2H2O 
100 ml THF 
50 ml water 

Purification: recrystallisation from CH3COOH 
Yield: 2.07 g (80 %), colorless solid 
Transition temp.: Cr 167 [22.9] N 232 [14.1] I 
1H-NMR: (DMSO, J/Hz, 400 MHz) δ 8.20 (d, J = 8.6 Hz, 2H, Ar-H), 8.12 (d, J = 8.6 Hz, 2H, Ar-H), 

7.12 (d, J = 9.0 Hz, 2H, Ar-H), 6.93 (d, J = 9.1 Hz, 2H, Ar-H), 3.96 (t, J = 6.5 Hz, 2H, OCH2), 
1.81 – 1.72 (m, 2H, OCH2CH2), 1.50 – 1.41 (m, 2H, CH2), 1.39 – 1.21 (m, 16H, CH2), 0.87 (t, 
J = 6.9 Hz, 3H, CH3). 
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1-[3-(Benzyloxy)phenyl] 4-[4-(dodecyloxy)phenyl]benzene-1,4-dicarboxylate i28 
 

H25C12O

O
O

O

OBn

O  
 
Formula: C39H44O6, M = 608.76 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  0.86 g (2.01 mmol) 4-[4-(dodecyloxy)phenoxycarbonyl]benzoic acid i27 

0.40 g (2.01 mmol) 3-(benzyloxy)phenol i5 
0.45 g (2.21 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH 10/0.1 
Yield: 0.95 g (78 %), colorless solid 
Transition temp.: Cr 109 [44.4] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (s, 4H, Ar-H), 7.44 – 7.30 (m, 6H, Ar-H), 7.13 (d, J = 9.1 Hz, 

2H, Ar-H), 6.93 (d, J = 9.1 Hz, 3H, Ar-H), 6.90 – 6.82 (m, 2H, Ar-H), 5.07 (s, 2H, OCH2Ph), 
3.95 (t, J = 6.6 Hz, 2H, OCH2), 1.83 – 1.73 (m, 2H, OCH2CH2), 1.50 – 1.40 (m, 2H, CH2), 
1.40 – 1.21 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, CH3). 

 
 

1-[4-(Dodecyloxy)phenyl] 4-(3-hydroxyphenyl)benzene-1,4-dicarboxylate i29 

H25C12O

O
O

O

OH

O  
 
Formula: C32H38O6, M = 518.64 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.9 g (1.47 mmol) 1-[3-(benzyloxy)phenyl] 4-[4-dodecyloxy)phenyl]benzene-1,4-

dicarboxylate i28 
0.09 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOH 
Yield: 0.51 g (67 %), colorless solid 
Transition temp.: Cr 141 [38.9] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.21 (s, 4H, Ar-H), 7.14 (t, J = 8.1 Hz, 1H, Ar-H), 7.06 (d, J = 9.1 

Hz, 2H, Ar-H), 6.86 (d, J = 9.1 Hz, 2H, Ar-H), 6.69 – 6.57 (m, 3H, Ar-H), 3.89 (t, J = 6.5 Hz, 
2H, OCH2), 1.75 – 1.65 (m, 2H, OCH2CH2), 1.42 – 1.33 (m, 2H, CH2), 1.32 – 1.14 (m, 16H, 
CH2), 0.80 (t, J = 6.9 Hz, 3H, CH3). 

 
 
1-(3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenyl) 4-[4-(dodecyloxy)phenyl]benzene-1,4-
dicarboxylate i30  
 

H25C12O

O
O

O

O

O

OBn
O  

 
Formula: C46H48O8, M = 728.87 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  0.33 g (0.63 mmol) 1-[4-(dodecyloxy)phenyl] 4-(3-hydroxyphenyl)benzene-1,4-dicarboxylate 
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i29 
0.14 g (0.63 mmol) 4-(benzyloxy)benzoic acid 
0.14 g (0.69 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.2) 

Yield: 0.39g (85 %), colorless solid 
Transition temp.: Cr 112 [24.4] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (s, 4H, Ar-H), 8.14 (d, J = 9.0 Hz, 2H, Ar-H), 7.50 – 7.31 (m, 

6H, Ar-H), 7.21 – 7.10 (m, 5H, Ar-H), 7.05 (d, J = 9.0 Hz, 2H, Ar-H), 6.93 (d, J = 9.1 Hz, 2H, 
Ar-H), 5.15 (s, 2H, OCH2Ph), 3.95 (t, J = 6.6 Hz, 2H, OCH2), 1.82 – 1.73 (m, 2H, OCH2CH2), 
1.51 – 1.40 (m, 2H, CH2), 1.39 – 1.23 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, CH3). 

 
 

1-[4-(Dodecyloxy)phenyl] 4-{3-[(4-hydroxyphenyl)carbonyloxy]phenyl}benzene-1,4-
dicarboxylate i31 
 

H25C12O

O
O

O

O

O

OH
O

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.35 g (0.48 mmol) 1-(3-{[4-(benzyloxy)phenyl]carbonyloxy}phenyl) 4-[4-(dodecyloxy)-

phenyl]benzene-1,4-dicarboxylate i30 
0.035 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOH 
Yield: 0.19 g (65 %), colorless solid 
Transition temp.: Cr 159 [35.3] (N 147 [9.9]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (s, 4H, Ar-H), 8.08 (d, J = 8.8 Hz, 2H, Ar-H), 7.47 (t, J = 8.2 

Hz, 1H, Ar-H), 7.21 – 7.09 (m, 5H, Ar-H), 6.93 (d, J = 9.1 Hz, 2H, Ar-H), 6.88 (d, J = 8.8 Hz, 
2H, Ar-H), 3.95 (t, J = 6.6 Hz, 2H, OCH2), 1.82 – 1.73 (m, 2H, OCH2CH2), 1.49 – 1.40 (m, 
2H, CH2), 1.39 – 1.21 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(Benzyloxy)phenyl 4-(dodecyloxy)benzoate i32(12)  
 

OC12H25

O

OBnO

 
 
Formula: C32H40O4, M = 488.66 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  5.00 g (16.31 mmol) 4-(dodecyloxy)benzoic acid i1(12) 

3.27 g (16.31 mmol) 4-(benzyloxy)phenol 
4.19 g (20.49 mmol) DCC 
0.05 g DMAP 
150 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH  
Yield: 6.81 g (86 %), colorless solid 
Transition temp.: Cr 103 [60.3] (SmA 90 [1.3] N 96 [2.4]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 9.0 Hz, 2H, Ar-H), 7.47 – 7.28 (m, 5H, Ar-H), 7.11 (d, 
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J = 9.1 Hz, 2H, Ar-H), 6.99 (d, J = 9.1 Hz, 2H, Ar-H), 6.95 (d, J = 9.0 Hz, 2H, Ar-H), 5.06 (s, 
2H, CH2Ph), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.77 (m, 2H, OCH2CH2), 1.55 – 1.42 (m, 
2H), 1.40 – 1.23 (m, 16H, CH2), 0.89 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-Hydroxyphenyl 4-(dodecyloxy)benzoate i33(12)  
 

OC12H15

O

OHO

 
 
Formula: C25H34O4, M = 398.54 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  6.80 g (13.91 mmol) 4-(benzyloxy)phenyl 4-(dodecyloxy)benzoate i32(12) 

0.68 g Pd/C 
60 ml ethyl acetate 

Purification: recrystallisation from EtOH 
Yield: 4.95 g (89 %), colorless solid 
Transition temp.: Cr 118 [53.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.10 (d, J = 8.9 Hz, 2H, Ar-H), 7.02 (d, J = 8.8 Hz, 2H, Ar-H), 6.94 

(d, J = 8.8 Hz, 2H, Ar-H), 6.79 (d, J = 8.8 Hz, 2H, Ar-H), 4.03 (t, J = 6.5 Hz, 2H, OCH2), 1.85 
– 1.75 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 1.39 – 1.20 (m, 16H, CH2), 0.87 (t, J = 
6.3 Hz, 3H, CH3). 

 
 

3-Formylphenyl 4-(benzyloxy)benzoate i34  
 

OHC O

O

OBn  
 
Formula: C21H16O4, M = 332.35 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (16.37 mmol) 3-hydroxybenzaldehyde 

3.74 g (16.37 mmol) 4-(benzyloxy)benzoic acid 
3.72 g (18.01 mmol) DCC 
0.02 g DMAP 
100 ml dichloromethane 

Purification: recrystallisation from DMF/EtOH and EtOAc/EtOH 
Yield: 2.99 g (55 %), colorless solid 
Transition temp.: Cr 133 [41.9] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 9.94 (s, 1H, CHO), 8.06 (d, J = 8.8 Hz, 2H, Ar-H), 7.69 (d, J = 7.6 

Hz, 1H, Ar-H), 7.66 – 7.63 (m, 1H, Ar-H), 7.50 (t, J = 7.8 Hz, 1H, Ar-H), 7.43 – 7.38 (m, 1H, 
Ar-H), 7.38 – 7.23 (m, 5H, Ar-H), 6.99 (d, J = 8.9 Hz, 2H, Ar-H), 5.09 (s, 2H, OCH2Ph). 

 
 

3-{[4-(Benzyloxy)phenyl]carbonyloxy}benzoic acid i35 
 

HOOC O

O

OBn  
 
Formula: C21H16O5, M = 348.35 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  2.00 g (6.02 mmol) 3-formylphenyl 4-(benzyloxy)benzoate i34 

0.86 g (7.76 mmol) resorcinol 
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3.13 g (34.65 mmol) NaClO2 
2.82 g (18.06 mmol) NaH2PO4·2H2O 
70 ml THF 
30 ml water 

Purification: recrystallisation from CH3COOH 
Yield: 1.93 g (92 %), colorless solid 
Transition temp.: Cr 197 [48.2] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.14 (d, J = 8.9 Hz, 2H, Ar-H), 7.99 (d, J = 7.5 Hz, 1H, Ar-H), 7.94 

– 7.92 (m, 1H, Ar-H), 7.54 – 7.31 (m, 7H, Ar-H), 7.06 (d, J = 8.9 Hz, 2H, Ar-H), 5.16 (s, 2H, 
OCH2Ph). 

 
 

4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl 3-{[4-(benzyloxy)phenyl]carbonyloxy}-
benzoate i36(12) 
 

H25C12O

O

O O

O

OBn

O
O

 
 
Formula: C46H48O8, M = 728.87 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.94 g (4.88 mmol) 4-hydroxyphenyl 4-(dodecyloxy)benzoate i33(12) 

1.70 g (4.88 mmol) 3-{[4-(benzyloxy)phenyl]carbonyloxy}benzoic acid i35 
1.11 g (5.37 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc7EtOH 
Yield: 2.45 g (69 %), colorless solid 
Transition temp.: Cr 57 [59.1] N 74 [1.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.19 – 8.07 (m, 5H, Ar-H), 8.04 – 8.01 (m, 1H, Ar-H), 7.56 (t, J = 

7.9 Hz, 1H, Ar-H), 7.52 – 7.46 (m, 1H, Ar-H), 7.46 – 7.31 (m, 5H, Ar-H), 7.27 – 7.24 (m, 4H, 
Ar-H), 7.06 (d, J = 9.0 Hz, 2H, Ar-H), 6.96 (d, J = 9.0 Hz, 2H, Ar-H), 5.16 (s, 2H, OCH2Ph), 
4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.76 (m, 2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 
1.39 – 1.20 (m, 16H, CH2), 0.87 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-({3-[(4-Hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-(dodecyloxy)benzoate 
i37(12) 
 

H25C12O

O

O O

O

OH

O
O

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  2.20 g (3.02 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl 3-{[4-(benzyloxy)phenyl]-

carbonyloxy}benzoate i36(12) 
0.22 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOAc/EtOH 
Yield: 1.29 g (67 %), colorless solid 
Transition temp.: Cr 181 [42.8] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.15 – 8.07 (m, 5H, Ar-H), 8.03 – 8.00 (m, 1H, Ar-H), 7.55 (t, J = 
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7.9 Hz, 1H, Ar-H), 7.50 – 7.46 (m, 1H, Ar-H), 7.25 (s, 4H, Ar-H), 6.95 (d, J = 8.9 Hz, 2H, Ar-
H), 6.90 (d, J = 8.8 Hz, 2H, Ar-H), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 1.85 – 1.76 (m, 2H, 
OCH2CH2), 1.50 – 1.41 (m, 2H, CH2), 1.25 (s, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(3-Formylphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i38(12) 
 

H25C12O

O

O O

O

CHO

 
 
Formula: C33H38O6, M = 530.65 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  12.07 g (28.29 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

3.46 g (28.29 mmol) 3-hydroxybenzaldehyde 
6.42 g (31.13 mmol) DCC 
0.02 g DMAP 
200 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH 
Yield: 13.29 g (89 %), colorless solid 
Transition temp.: Cr 101 [49.3] SmA 123 [4.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 10.03 (s, 1H, CHO), 8.27 (d, J = 8.7 Hz, 2H, Ar-H), 8.14 (d, J = 

8.9 Hz, 2H, Ar-H), 7.83 – 7.77 (m, 1H, Ar-H), 7.77 – 7.73 (m, 1H, Ar-H), 7.61 (t, J = 7.8 Hz, 
1H, Ar-H), 7.52 – 7.47 (m, 1H, Ar-H), 7.37 (d, J = 8.7 Hz, 2H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, 
Ar-H), 4.04 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.76 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, 
CH2), 1.39 – 1.20 (m, 16H, CH2), 0.86 (t, J = 6.8 Hz, 3H, CH3). 

 
 

3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]benzoic acid i39(12) 
 

H25C12O

O

O O

O

COOH

 
 
Formula: C33H38O7, M = 546.65 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  5.00 g (9.42 mmol) 4-(3-formylphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i38(12)  

1.34 g (12.17 mmol) resorcinol 
4.9 g (54.23 mmol) NaClO2 
4.41 g (28.27 mmol) NaH2PO4·2H2O 
150 ml THF 
50 ml water 

Purification: recrystallisation from CH3COOH 
Yield: 4.78 g (93 %), colorless solid 
Transition temp.: Cr 169 [23.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.8 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 Hz, 2H, Ar-H), 8.03 

(d, J = 7.6 Hz, 1H, Ar-H), 7.98 – 7.95 (m, J = 1.8 Hz, 1H, Ar-H), 7.54 (t, J = 7.9 Hz, 1H, Ar-
H), 7.51 – 7.47 (m, 1H, Ar-H), 7.37 (d, J = 8.8 Hz, 2H, Ar-H), 6.97 (d, J = 9.0 Hz, 2H, Ar-H), 
4.04 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.76 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 
1.40 – 1.22 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
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4-{3-[4-(Benzyloxy)phenoxycarbonyl]phenoxycarbonyl}phenyl 4-(dodecyloxy)benzoate 
i40(12) 
 

H25C12O

O

O O

O
O

O OBn

 
 
Formula: C46H48O8, M = 728.87 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.00 g (1.83 mmol) 3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]benzoic 

acid i39(12)  
0.37 g (1.83 mmol) 4-(benzyloxy)phenol 
0.42 g (2.01 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH 
Yield: 1.01 g (76 %), colorless solid 
Transition temp.: Cr 133 [55.2] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.9 Hz, 2H, Ar-H), 8.13 (d, J = 9.0 Hz, 2H, Ar-H), 8.12 

– 8.08 (m, 1H, Ar-H), 8.05 – 8.02 (m, 1H, Ar-H), 7.57 (t, J = 8.0 Hz, 1H, Ar-H), 7.52 – 7.47 
(m, 1H, Ar-H), 7.44 – 7.29 (m, 7H, Ar-H), 7.12 (d, J = 9.2 Hz, 2H, Ar-H), 7.02 – 6.95 (m, 4H, 
Ar-H), 5.06 (s, 2H, OCH2Ph), 4.04 (t, J = 6.6 Hz, 2H, OCH2), 1.86 – 1.77 (m, 2H, OCH2CH2), 
1.51 – 1.41 (m, 2H, CH2), 1.40 – 1.22 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-[3-(4-Hydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate i41(12) 
 

H25C12O

O

O O

O
O

O OH

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.90 g (1.23 mmol) 4-{3-[4-benzyloxy)phenoxycarbonyl]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i40(12) 
0.09 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOH 
Yield: 0.55 g (70 %), colorless solid 
Transition temp.: Cr 133 [48.4] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.8 Hz, 2H, Ar-H), 8.14 (d, J = 9.0 Hz, 2H, Ar-H), 8.10 

(dt, J = 7.7, 1.4 Hz, 1H, Ar-H), 8.05 – 8.03 (m, 1H, Ar-H), 7.56 (t, J = 7.9 Hz, 1H, Ar-H), 7.52 
– 7.49 (m, 1H, Ar-H), 7.38 (d, J = 8.9 Hz, 2H, Ar-H), 7.07 (d, J = 9.0 Hz, 2H, Ar-H), 6.98 (d, 
J = 9.0 Hz, 2H, Ar-H), 6.83 (d, J = 9.0 Hz, 2H, Ar-H), 4.05 (t, J = 6.6 Hz, 2H, OCH2), 1.85 – 
1.79 (m, 2H, OCH2CH2), 1.50 – 1.44 (m, 2H, CH2), 1.40 – 1.23 (m, 16H, CH2), 0.88 (t, J = 7.0 
Hz, 3H, CH3). 
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4-{3-[(4-Formylphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-(dodecyloxy)benzoate i42(12) 
 

H25C12O

O

O O

O

O

O

CHO

 
 
Formula: C40H42O8, M = 650.76 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.20 g (2.31 mmol) 4-(3-hydroxyphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i7(12) 

0.35 g (2.31 mmol) 4-formylbenzoic acid 
0.53 g (2.54 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH 
Yield: 0.97 g (65 %), colorless solid 
Transition temp.: Cr 134 [55.5] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 12.12 (s, 1H, CHO), 8.37 (d, J = 8.2 Hz, 2H, Ar-H), 8.27 (d, J = 

8.6 Hz, 2H, Ar-H), 8.15 (d, J = 8.8 Hz, 2H, Ar-H), 8.03 (d, J = 8.1 Hz, 2H, Ar-H), 7.51 (t, J = 
8.1 Hz, 1H, Ar-H), 7.38 (d, J = 8.6 Hz, 2H, Ar-H), 7.24 – 7.18 (m, 3H, Ar-H), 6.99 (d, J = 8.8 
Hz, 2H, Ar-H), 4.05 (t, J = 6.6 Hz, 2H, OCH2), 1.87 – 1.78 (m, 2H, OCH2CH2), 1.53 – 1.43 
(m, 2H, CH2), 1.42 – 1.23 (m, 16H, CH2), 0.88 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}benzoic 
acid i43(12) 
 

H25C12O

O

O O

O

O

O

COOH

 
 
Formula: C40H42O9, M = 666.76 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  0.56 g (0.86 mmol) 4-{3-[(4-formylphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i42(12) 
0.12 g (1.11 mmol) resorcinol 
0.45 g (4.94 mmol) NaClO2 
0.40 g (2.57 mmol) NaH2PO4·2H2O 
20 ml THF 
10 ml water 

Purification: recrystallisation from CH3COOH 
Yield: 0.52 g (90 %), colorless solid 
Transition temp.: Cr 198 [52.9] I 
1H-NMR: (DMSO-d6, J/Hz, 400 MHz) δ 8.23 (t, J = 7.1 Hz, 4H, Ar-H), 8.13 (d, J = 8.2 Hz, 2H, Ar-H), 

8.09 (d, J = 8.5 Hz, 2H, Ar-H), 7.58 (t, J = 8.1 Hz, 1H, Ar-H), 7.51 (d, J = 8.4 Hz, 2H, Ar-H), 
7.39 (s, 1H, Ar-H), 7.31 (d, J = 7.1 Hz, 2H, Ar-H), 7.11 (d, J = 8.6 Hz, 2H, Ar-H), 4.08 (t, J = 
6.3 Hz, 2H, OCH2), 1.79 – 1.68 (m, 2H, OCH2CH2), ), 1.47 – 1.36 (m, 2H, CH2), 1.36 – 1.16 
(m, 16H, CH2), 0.84 (t, J = 6.1 Hz, 3H, CH3). 
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4-({6-[4-(Benzyloxy)phenoxy]hexyl}oxy)phenyl 4-(hexyloxy)benzoate i44(6,6) 
 

H13C6O

O

O O (CH2)6 OBnO

 
 
Formula: C38H44O6, M = 596.75 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  2.00 g (4.18 mmol) 4-[(6-bromohexyl)oxy]phenyl 4-(hexyloxy)benzoate i12(6,6) 

0.49 g (2.46 mmol) 4-(benzyloxy)phenol 
1.70 g (12.32 mmol) K2CO3 
0.05 g KI 
100 ml butan-2-one 

Purification: recrystallisation from EtOH/EtOAc (10/0.1) 
Yield: 0.78 g (53 %), colorless solid 
Transition temp.: Cr 136 [65.4] (N 115 [5.8])I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.42 – 7.26 (m, 5H, Ar-H), 7.08 (d, 

J = 9.0 Hz, 2H, Ar-H), 6.94 (d, J = 8.9 Hz, 2H, Ar-H), 6.91 – 6.86 (m, 4H, Ar-H), 6.84 – 6.78 
(m, 2H, Ar-H), 5.00 (s, 2H, OCH2Ph), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.95 (t, J = 6.4 Hz, 2H, 
OCH2), 3.91 (t, J = 6.5 Hz, 2H, OCH2), 1.85 – 1.74 (m, 6H, OCH2CH2), 1.56 – 1.42 (m, 6H, 
CH2), 1.38 – 1.31 (m, 4H, CH2), 0.90 (t, J = 7.0 Hz, 3H, CH3). 

 
 

4-{[6-(4-Hydroxyphenoxy)hexyl]oxy}phenyl 4-(hexyloxy)benzoate i45(6,6) 
 

H13C6O

O

O O (CH2)6 OHO

 
 
Formula: C31H38O6, M = 506.63 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.6 g (1.01 mmol) 4-({6-[4-(benzyloxy)phenoxy]hexyl}oxy)phenyl 4-(hexyloxy)benzoate 

i44(6,6) 
0.06 g Pd/C 
50 ml ethyl acetate 

Purification: recrystallisation from EtOH 
Yield: 0.41 g (80 %), colorless solid 
Transition temp.: Cr 134 [54.0] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 9.0 Hz, 2H, Ar-H), 7.08 (d, J = 9.1 Hz, 2H, Ar-H), 6.94 

(d, J = 9.0 Hz, 2H, Ar-H), 6.89 (d, J = 9.1 Hz, 2H, Ar-H), 6.75 (d, J = 9.1 Hz, 2H, Ar-H), 6.69 
(d, J = 9.2 Hz, 2H, Ar-H), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.94 (t, J = 6.4 Hz, 2H, OCH2), 3.91 
(t, J = 6.4 Hz, 2H, OCH2), 1.85 – 1.73 (m, 6H, OCH2CH2), 1.57 – 1.43 (m, 6H, CH2), 1.39 – 
1.30 (m, 4H, CH2), 0.91 (t, J = 7.1 Hz, 3H, CH3). 

 
 

4-(Benzyloxy)phenyl 4-cyanobenzoate i46 
 

NC

O

O OBn

 
 
Formula: C21H15NO3, M = 329.35 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  12.50 g (84.95 mmol) 4-cyanobenzoic acid 
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17.01 g (84.95 mmol) 4-(benzyloxy)phenol 
19.28 g (93.45 mmol) DCC 
0.05 g DMAP 
250 ml dichloromethane 

Purification: recrystallisation fromEtOAc/EtOH 
Yield: 24.20 g (86 %), colorless solid 
Transition temp.: Cr 172 [43.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.2 Hz, 2H, Ar-H), 7.79 (d, J = 8.2 Hz, 2H, Ar-H), 7.45 

– 7.29 (m, 5H, Ar-H), 7.12 (d, J = 8.9 Hz, 2H, Ar-H), 7.01 (d, J = 9.0 Hz, 2H, Ar-H), 5.07 (s, 
2H, OCH2Ph). 

 
 

4-Hydroxyphenyl 4-cyanobenzoate i47 
 

NC

O

O OH

 
 
Formula: C14H9NO3, M = 239.23 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  22.00 g (66.79 mmol) 4-(benzyloxy)phenyl 4-cyanobenzoate i46 

2.20 g Pd/C 
250 ml THF 

Purification: recrystallisation from EtOAc/EtOH (10/0.2) 
Yield: 12.14 g (76 %), colorless solid 
Transition temp.: Cr 158 [28.8] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.87 (d, J = 8.2 Hz, 2H, Ar-H), 7.12 (d, J = 8.0 Hz, 2H, Ar-H), 6.82 

(d, J = 8.9 Hz, 2H, Ar-H), 6.69 (d, J = 8.9 Hz, 2H, Ar-H). 
 
 

4-[(3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenyl 4-cyanobenzoate i48 
 

NC

O

O O

O

OBn

O
O

 
 
Formula: C35H23NO7, M = 569.56 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  0.73 g (2.09 mmol) 3-{[4-(benzyloxy)phenyl]carbonyloxy}benzoic acid i35 

0.50 g (2.09 mmol) 4-hydroxyphenyl 4-cyanobenzoate i47 
0.47 g (2.29 mmol) DCC 
0.02 g DMAP 
100 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.2) 
Yield: 0.67 g (56 %), colorless solid 
Transition temp.: Cr 172 [54.3] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.16 (d, J = 8.9 Hz, 2H, Ar-H), 8.12 – 8.06 (m, 3H, Ar-H), 8.04 – 

8.02 (m, 1H, Ar-H), 7.56 (t, J = 7.9 Hz, 1H, Ar-H), 7.51– 7.47 (m, 1H, Ar-H), 7.45 – 7.33 (m, 
5H, Ar-H), 7.30 (d, J = 8.0 Hz, 2H, Ar-H), 7.26 (s, 4H, Ar-H), 7.06 (d, J = 8.9 Hz, 2H, Ar-H), 
5.16 (s, 2H, OCH2Ph). 
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4-({3-[(4-Hydroxyphenyl)carbonyloxy]phenyl}carbonyloxy)phenyl 4-cyanobenzoate i49 
 

NC

O

O O

O

OH

O
O

 
 
Formula: C28H17NO7, M = 479.44 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.60 g (1.05 mmol) 4-[(3-{[4-(benzyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenyl 4-

cyanobenzoate i48 
0.06 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOAc/EtOH (10/0.2) 
Yield: 0.41g (82 %), colorless solid 
Transition temp.: Cr 222 [49.8] I 
1H-NMR: (DMSO, J/Hz, 400 MHz) δ 8.02 – 7.91 (m, 6H, Ar-H), 7.50 (t, J = 7.9 Hz, 1H, Ar-H), 7.44 – 

7.40 (m, 1H, Ar-H), 7.24 (d, J = 8.0 Hz, 2H, Ar-H), 7.19 (s, 4H, Ar-H), 6.85 (d, J = 8.8 Hz, 
2H, Ar-H). 

 
 

3-Chloro-4-(dodecyloxy)benzoic acid i50 
 

H25C12O

OH

O
Cl

 
 
Formula: C19H29ClO3, M = 340.88 g/mol 
Synthesis: according to the general procedure 11.3.1 methode C 
Reagents:  10.00 g (57.94 mmol) 3-chloro-4-hydroxybenzoic acid  

15.88 g (63.73 mmol) 1-dodecylbromide 
6.50 g (115.88 mmol) KOH 
0.02 g KI 
200 ml ethanol 

Purification: recrystallisation from EtOH 
Yield: 11.26 g (57 %), colorless solid 
Transition temp.: Cr 106 [19.7] (SmC 85 [2.4] N 88 [0.9]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.10 (d, J = 2.1 Hz, 1H, Ar-H), 7.96 (dd, J = 8.6, 2.1 Hz, 1H, Ar-

H), 6.93 (d, J = 8.7 Hz, 1H, Ar-H), 4.09 (t, J = 6.5 Hz, 2H, OCH2), 1.90 – 1.81 (m, 2H, 
OCH2CH2), 1.53 – 1.44 (m, 2H, CH2), 1.40 – 1.19 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, 
CH3). 

 
 

4-[(Benzyloxy)carbonyl]phenyl 3-chloro-4-(dodecyloxy)benzoate i51  
 

H25C12O

O

O OBn

O

Cl

 
 
Formula: C33H39ClO5, M = 551.11 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  10.00 g (29.33 mmol) 3-chloro-4-(dodecyloxy)benzoic acid i50 

6.76 g (29.62 mmol) benzyl 4-hydroxybenzoate 
6.65 g (32.26 mmol) DCC 
0.02 g DMAP 
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200 ml dichloromethane 
Purification: recrystallisation from EtOH/EtOAc (10/0.1) 
Yield: 12.37g (66 %), colorless solid 
Transition temp.: Cr 71 [44.0] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.20 (d, J = 2.1 Hz, 1H, Ar-H), 8.16 (d, J = 8.8 Hz, 2H, Ar-H), 8.06 

(dd, J = 8.7, 2.2 Hz, 1H, Ar-H), 7.48 – 7.32 (m, 5H, Ar-H), 7.29 (d, J = 8.8 Hz, 2H, Ar-H), 
7.01 – 6.97 (m, 1H, Ar-H), 5.38 (s, 2H, OCH2Ph), 4.12 (t, J = 6.5 Hz, 2H, OCH2), 1.93 – 1.84 
(m, 2H, OCH2CH2), 1.56 – 1.47 (m, 2H, CH2), 1.42 – 1.23 (m, 16H, CH2), 0.89 (t, J = 6.8 Hz, 
3H, CH3). 

 
 

4-{[3-Chloro-4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i52  
 

H25C12O

O

O OH

O

Cl

 
 
Formula: C26H33ClO5, M = 460.99 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  10.00 g (18.15 mmol) 4-[(benzyloxy)carbonyl]phenyl 3-chloro-4-(dodecyloxy)benzoate i51 

1.00 g Pd/C 
200 ml ethyl acetate 

Purification: recrystallisation from CH3COOH 
Yield: 6.59 g (79 %), colorless solid 
Transition temp.: Cr 96 [9.2] Sm 153 [7.4] N 208 I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.20 (d, J = 2.1 Hz, 1H, Ar-H), 8.18 (d, J = 8.7 Hz, 2H, Ar-H), 8.06 

(dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.33 (d, J = 8.7 Hz, 2H, Ar-H), 6.99 (d, J = 8.8 Hz, 1H, Ar-H), 
4.12 (t, J = 6.5 Hz, 2H, OCH2), 1.91 – 1.84 (m, 2H, OCH2CH2), 1.55 – 1.48 (m, 2H, CH2), 
1.42 – 1.35 (m, 2H, CH2), 1.35 – 1.24 (m, 14H, CH2), 0.88 (t, J = 6.9 Hz, 3H, CH3). 

 
 

4-[3-(Benzyloxy)phenoxycarbonyl]phenyl 3-chloro-4-(dodecyloxy)benzoate i53 
 

H25C12O

O

O O

O

OBn
Cl

 
 
Formula: C39H43ClO6, M = 643.21 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  20 g (43.38 mmol) 4-{[3-chloro-4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i52 

8.69 g (43.38 mmol) 3-(benzyloxy)phenol i5 
9.85 g (47.72 mmol) DCC 
0.05 g DMAP 
200 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOH/EtOAc (10/0.2) 

Yield: 18.69 g (67 %), colorless solid 
Transition temp.: Cr 80 [35.8] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.9 Hz, 2H, Ar-H), 8.22 (d, J = 2.2 Hz, 1H, Ar-H), 8.07 

(dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.45 – 7.29 (m, 8H, Ar-H), 6.99 (d, J = 8.8 Hz, 1H, Ar-H), 
6.92 – 6.87 (m, 2H, Ar-H), 6.86 – 6.82 (m, 1H, Ar-H), 5.07 (s, 2H, OCH2Ph), 4.12 (t, J = 6.5 
Hz, 2H, OCH2), 1.93 – 1.84 (m, 2H, OCH2CH2), 1.56 – 1.47 (m, 2H, CH2), 1.43 – 1.22 (m, 
16H, CH2), 0.89 (t, J = 6.9 Hz, 3H, CH3). 
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4-(3-Hydroxyphenoxycarbonyl)phenyl 3-chloro-4-(dodecyloxy)benzoate i54 
 

H25C12O

O

O O

O

OH
Cl

 
 
Formula: C32H37ClO6, M = 553.09 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  18.00 g (27.98 mmol) 4-[3-(benzyloxy)phenoxycarbonyl]phenyl 3-chloro-4-(dodecyloxy)-

benzoate i53 
1.8 g Pd/C 
250 ml ethyl acetate 

Purification: recrystallisation from EtOH 
Yield: 12.69 g (82 %), colorless solid 
Transition temp.: Cr 119 [31.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.24 (d, J = 8.8 Hz, 2H, Ar-H), 8.20 (d, J = 2.1 Hz, 1H, Ar-H), 8.06 

(dd, J = 8.7, 2.2 Hz, 1H, Ar-H), 7.34 (d, J = 8.8 Hz, 2H, Ar-H), 7.24 (t, J = 8.5 Hz, 1H, Ar-H), 
6.98 (d, J = 8.7 Hz, 1H, Ar-H), 6.78 – 6.74 (m, 1H, Ar-H), 6.71 – 6.66 (m, 2H, Ar-H), 4.11 (t, 
J = 6.5 Hz, 2H, OCH2), 1.92 – 1.83 (m, 2H, OCH2CH2), 1.55 – 1.45 (m, 2H, CH2), 1.41 – 1.21 
(m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 3-chloro-4-(dodecyloxy)-
benzoate i55 
 

H25C12O

O

O O

O

O

O

OBnCl

 
 
Formula: C46H47ClO8, M = 763.31 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  5.70 g (10.31 mmol) 4-(3-hydroxyphenoxycarbonyl)phenyl 3-chloro-4-(dodecyloxy)benzoate 

i54 
2.35 g (10.31 mmol) 4-(benzyloxy)benzoic acid 
2.34 g (11.30 mmol) DCC 
0.02 g DMAP 
100 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.2) 
Yield: 5.35 g (68 %), colorless solid 
Transition temp.: Cr 99 [30.1] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.26 (d, J = 8.8 Hz, 2H, Ar-H), 8.21 (d, J = 2.1 Hz, 1H, Ar-H), 8.14 

(d, J = 8.9 Hz, 2H, Ar-H), 8.07 (dd, J = 8.7, 2.2 Hz, 1H, Ar-H), 7.49 – 7.32 (m, 8H, Ar-H), 
7.19 – 7.13 (m, 3H, Ar-H), 7.05 (d, J = 8.9 Hz, 2H, Ar-H), 6.99 (d, J = 8.8 Hz, 1H, Ar-H), 
5.15 (s, 2H, OCH2Ph), 4.12 (t, J = 6.5 Hz, 2H, OCH2), 1.92 – 1.83 (m, 2H, OCH2CH2), 1.55 – 
1.45 (m, 2H, CH2), 1.41 – 1.24 (m, 16H, CH2), 0.88 (t, J = 6.8 Hz, 3H, CH3). 
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4-{3-[(4-Hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 3-chloro-4-(dodecyloxy)-
benzoate i56 

H25C12O

O

O O

O

O

O

OHCl

 
 
Formula: C39H41ClO8, M = 673.19 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  5.00 g (6.55 mmol) 4-(3-{[4-(benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenyl 3-

chloro-4-(dodecyloxy)benzoate i55 
0.5 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOH 
Yield: 3.75 g (85 %), colorless solid 
Transition temp.: Cr 186 [59.5] I 
1H-NMR: (DMSO-d6, J/Hz, 400 MHz) δ 8.22 (dd, J = 8.9, 2.5 Hz, 2H, Ar-H), 8.13 (d, J = 2.2 Hz, 1H, 

Ar-H), 8.09 (d, J = 9.0 Hz, 2H, Ar-H), 7.99 (d, J = 8.8 Hz, 1H, Ar-H), 7.58 – 7.49 (m, 2H, Ar-
H), 7.34 (d, J = 8.8 Hz, 1H, Ar-H), 7.30 (t, J = 2.2 Hz, 1H, Ar-H), 7.28 – 7.20 (m, 2H, Ar-H), 
7.11 (d, J = 9.0 Hz, 1H, Ar-H), 6.93 (d, J = 8.8 Hz, 2H, Ar-H), 4.19 (t, J = 6.4 Hz, 2H, OCH2), 
1.82 – 1.69 (m, 2H, OCH2CH2), 1.49 – 1.37 (m, 2H, CH2), 1.36 – 1.18 (m, 16H, CH2), 0.84 (t, 
J = 6.8 Hz, 3H, CH3). 

 
 

4-(Carbonochloridoyl)phenyl 4-(dodecyloxy)benzoate i57  
 

H25C12O

O

O Cl

O

 
 
Formula: C26H33ClO4, M = 444.99 g/mol 
Synthesis: according to the general procedure 11.3.4 methode B 
Reagents:  1.03 g (2.41mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3 

3.59 ml (48.33 mmol) SOCl2 

40 ml dicloromethane  
Purification: The crude compound i57 was then used into the next reaction without further purification. 
 
 

4-(3-Hydroxy-2-methylphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate i58  

H25C12O

O

O O

O

OH
CH3

 
 
Formula: C33H40O6, M = 532.67 g/mol 
Synthesis: according to the general procedure 11.3.4 methode B 
Reagents:  ~ 1.00 g (~2.41mmol) 4-(carbonochloridoyl)phenyl 4-(dodecyloxy)benzoate i57 (the crude 

product was used without further purification) 
1.50 g (12.08 mmol) 2-methylresorcinol 
10 ml pyridine 
20 ml toluene  

Purification: column chromatography, eluent: CH2Cl2/MeOH (10/0.1) and further recrystallisation from 
EtOH/EtOAc (10/0.1) 

Yield: 0.71g (55 %), colorless solid 
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Transition temp.: Cr 123 [31.7] (N 101 [0.8]) I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.28 (d, J = 8.8 Hz, 2H, Ar-H), 8.14 (d, J = 8.9 Hz, 2H, Ar-H), 7.35 

(d, J = 8.6 Hz, 2H, Ar-H), 7.08 (t, J = 8.1 Hz, 1H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 6.73 
(d, J = 8.0 Hz, 1H, Ar-H), 6.67 (d, J = 7.8 Hz, 1H, Ar-H), 4.03 (t, J = 6.6 Hz, 2H, OCH2), 2.09 
(s, J = 2.7 Hz, 3H, PhCH3), 1.86 – 1.76 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 1.39 – 
1.20 (m, 16H, CH2), 0.86 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(3-{[4-(Benzyloxy)phenyl]carbonyloxy}-2-methylphenoxycarbonyl)phenyl 4-(dodecyloxy)-
benzoate i59 
 

H25C12O

O

O O

O

O

O

OBnCH3

 
 
Formula: C47H50O8, M = 742.90 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  0.40 g (0.75 mmol) 4-(3-hydroxy-2-methylphenoxycarbonyl)phenyl 4-(dodecyloxy)benzoate 

i58 
0.17 g (0.75 mmol) 4-(benzyloxy)benzoic acid 
0.17 g (0.83 mmol) DCC 
0.02 g DMAP 
30 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 0.41 g (74 %), colorless solid 
Transition temp.: Cr 109 [37.2] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 (d, J = 8.8 Hz, 2H, Ar-H), 8.20 – 8.13 (m, 4H, Ar-H), 7.48 – 

7.35 (m, 7H, Ar-H), 7.34 – 7.29 (m, 1H, Ar-H), 7.12 (d, J = 8.1 Hz, 2H, Ar-H), 7.08 (d, J = 8.9 
Hz, 2H, Ar-H), 6.99 (d, J = 8.9 Hz, 2H, Ar-H), 5.17 (s, 2H), 4.06 (t, J = 6.6 Hz, 2H, OCH2), 
2.11 (s, 3H, PhCH3), 1.87 – 1.78 (m, 2H, OCH2CH2), 1.51 – 1.43 (m, 2H, CH2), 1.42 – 1.24 
(m, 16H, CH2), 0.89 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-{3-[(4-Hydroxyphenyl)carbonyloxy]-2-methylphenoxycarbonyl}phenyl 4-(dodecyloxy)-
benzoate i60 
 

H25C12O

O

O O

O

O

O

OHCH3

 
 
Formula: C40H44O8, M = 652.77 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.40 g (0.54 mmol) 4-(3-{[4-(benzyloxy)phenyl]carbonyloxy}-2-methylphenoxycarbonyl)-

phenyl 4-(dodecyloxy)benzoate i59 
0.04 g Pd/C 
30 ml THF 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 0.29 g (84 %), colorless solid 
Transition temp.: Cr 205 [40.9] I 
1H-NMR: (DMSO-d6, J/Hz, 400 MHz) δ 8.26 (d, J = 8.5 Hz, 2H, Ar-H), 8.09 (d, J = 8.6 Hz, 2H, Ar-H), 

8.02 (d, J = 8.7 Hz, 2H, Ar-H), 7.53 (d, J = 8.5 Hz, 2H, Ar-H), 7.37 (t, J = 8.0 Hz, 1H, Ar-H), 
7.23 (d, J = 8.1 Hz, 1H, Ar-H), 7.19 (d, J = 8.2 Hz, 1H, Ar-H), 7.12 (d, J = 8.7 Hz, 2H, Ar-H), 
6.94 (d, J = 8.5 Hz, 2H, Ar-H), 4.09 (t, J = 6.2 Hz, 2H, OCH2) , 2.00 (s, 3H, PhCH3), 1.79 – 
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1.68 (m, 2H, CH2), 1.48 – 1.36 (m, 2H, CH2), 1.36 – 1.15 (m, 16H, CH2), 1.89 – 1.79 (m, 3H, 
CH3). 

 
 

4-{4-[(Benzyloxy)carbonyl]phenoxycarbonyl}phenyl 4-(dodecyloxy)benzoate i61  
 

H25C12O

O

O O

O COOBn

 
 
Formula: C40H44O7, M = 636.77 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.07 g (4.85 mmol) 4-{[4-(dodecyloxy)phenyl]carbonyloxy}benzoic acid i3(12) 

1.11 g (4.85 mmol) benzyl 4-hydroxybenzoate 
1.20 g (5.81 mmol) DCC 
0.05 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from DMF/EtOH (10/0.1) 
Yield: 2.83 g (92 %), colorless solid 
Transition temp.: Cr 100 [50.1] (SmC 106) SmA 138 [5.2] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.25 (d, J = 8.6 Hz, 2H, Ar-H), 8.17 – 8.10 (m, 4H, Ar-H), 7.46 – 

7.27 (m, 9H, Ar-H), 6.97 (d, J = 8.7 Hz, 2H, Ar-H), 5.36 (s, 2H, COOCH2), 4.04 (t, J = 6.5 Hz, 
2H, OCH2), 1.85 – 1.76 (m, 2H, OCH2CH2), 1.50 – 1.41 (m, 2H, CH2), 1.26 (s, 16H, CH2), 
0.87 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]benzoic acid i62  
 

H25C12O

O

O O

O COOH

 
 
Formula: C33H38O7, M = 546.65 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  2.80 g (4.39 mmol) 4-{4-[(benzyloxy)carbonyl]phenoxycarbonyl}phenyl 4-(dodecyloxy)-

benzoate i61 
0.28 g Pd/C 
50 ml THF 

Purification: recrystallisation from CH3COOH 

Yield: 2.08 g (87 %), colorless solid 
Transition temp.: Cr 186 [28.0] N 270 [7.1] N 288 [15.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.3 Hz, 2H, Ar-H), 8.18 (d, J = 8.4 Hz, 2H, Ar-H), 8.13 

(d, J = 8.8 Hz, 2H, Ar-H), 7.41 – 7.31 (m, 4H, Ar-H), 6.97 (d, J = 8.3 Hz, 2H, Ar-H), 4.04 (t, J 
= 6.3 Hz, 2H, OCH2), 1.87 – 1.75 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, CH2), 1.39 – 1.18 
(m, 16H, CH2), 0.87 (t, J = 6.6 Hz, 3H, CH3). 

 
 

4-{4-[3-(Benzyloxy)phenoxycarbonyl]phenoxycarbonyl}phenyl 4-(dodecyloxy)benzoate i63 

H25C12O

O

O O

O

O

O OBn
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Formula: C46H48O8, M = 728.87 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (3.66 mmol) 4-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]benzoic 

acid i62 
0.73 g (3.66 mmol) 3-(benzyloxy)phenol 
0.83 g (4.03 mmol) DCC 
0.03 g DMAP 
250 ml dichloromethane 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 2.11 g (79 %), colorless solid 
Transition temp.: Cr 133 [48.7] SmA 158 [0.8] N 162 [0.6] I 
1H-NMR: (DMSO, J/Hz, 400 MHz) δ 8.28 – 8.22 (m, 4H, Ar-H), 8.10 (d, J = 8.7 Hz, 2H, Ar-H), 7.44 – 

7.28 (m, 10H, Ar-H), 6.99 (d, J = 8.5 Hz, 2H, Ar-H), 6.92 – 6.79 (m, 3H, Ar-H), 5.07 (s, 2H, 
OCH2Ph), 4.05 (t, J = 6.5 Hz, 2H, OCH2), 1.84 – 1.76 (m, 2H, OCH2CH2), 1.51 – 1.41 (m, 2H, 
CH2), 1.39 – 1.20 (m, 16H, CH2), 0.86 (t, J = 6.6 Hz, 3H, CH3). 

 
 

4-[4-(3-Hydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-(dodecyloxy)benzoate i64 
 

H25C12O

O

O O

O

O

O OH

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  2.00 g (2.74 mmol) 4-{4-[3-benzyloxy)phenoxycarbonyl]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i63 
0.2 g Pd/C 
350 ml THF 

Purification: recrystallisation from EtOAc 
Yield: 1.42 g (81 %), colorless solid 
Transition temp.: Cr 135 [13.5] SmA 195 [0.3] N 224 [0.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.30 – 8.23 (m, 4H, Ar-H), 8.14 (d, J = 8.8 Hz, 2H, Ar-H), 7.37 

(dd, J = 8.8, 2.4 Hz, 4H, Ar-H), 7.26 (t, J = 7.4 Hz, 1H, Ar-H), 6.97 (d, J = 8.9 Hz, 2H, Ar-H), 
6.78 (d, J = 8.2 Hz, 1H, Ar-H), 6.74 – 6.69 (m, 2H, Ar-H), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 
1.87 – 1.77 (m, 2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.40 – 1.20 (m, 16H, CH2), 0.87 (t, 
J = 6.8 Hz, 3H, CH3). 

 
 

4-[4-(3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenoxycarbonyl]phenyl 4-
(dodecyloxy)benzoate i65 
 

H25C12O

O

O O

O

O

O O

O

OBn

 
 
Formula: C53H52O10, M = 848.97 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  0.50 g (0.78 mmol) 4-[4-(3-ydroxyphenoxycarbonyl)phenoxycarbonyl]phenyl 4-(dodecyloxy)-

benzoate i64 
0.17 g (0.78 mmol) 4-(benzyloxy)benzoic acid 
0.17 g (0.86 mmol) DCC 
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0.02 g DMAP 
100 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2 – 10/0.5) and further recrystallisation 
from EtOAc/EtOH (10/0.1) 

Yield: 0.49 g (75 %), colorless solid 
Transition temp.: Cr 148 [62.5] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.5 Hz, 4H, Ar-H), 8.14 (d, J = 8.9 Hz, 4H, Ar-H), 7.49 

– 7.31 (m, 10H, Ar-H), 7.15 (d, J = 8.5 Hz, 3H, Ar-H), 7.05 (d, J = 8.9 Hz, 2H, Ar-H), 6.97 (d, 
J = 8.8 Hz, 2H, Ar-H), 5.15 (s, 2H, OCH2Ph), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 1.86 – 1.77 (m, 
2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.40 – 1.22 (m, 16H, CH2), 0.87 (t, J = 6.8 Hz, 3H, 
CH3). 

 
 

4-(4-{3-[(4-Hydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenoxycarbonyl)phenyl 4-
(dodecyloxy)benzoate i66 
 

H25C12O

O

O O

O

O

O O

O

OH

 
 
Formula: C46H46O10, M = 758.85 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  0.45 g (0.53 mmol) 4-[4-(3-{[4-(benzyloxy)phenyl]carbonyloxy}phenoxycarbonyl)phenoxy-

carbonyl]phenyl 4-(dodecyloxy)benzoate  
i65 
0.05 g Pd/C 
200 ml THF 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 0.33 g (83 %), colorless solid 
Transition temp.: Cr 208 [52.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.27 (d, J = 8.7 Hz, 4H, Ar-H), 8.14 (d, J = 8.9 Hz, 2H, Ar-H), 8.11 

(d, J = 8.8 Hz, 2H, Ar-H), 7.46 (t, J = 8.2 Hz, 1H, Ar-H), 7.39 (d, J = 8.7 Hz, 4H, Ar-H), 7.20 
– 7.13 (m, 3H, Ar-H), 6.98 (d, J = 8.9 Hz, 2H, Ar-H), 6.91 (d, J = 8.9 Hz, 2H, Ar-H), 4.05 (t, J 
= 6.6 Hz, 2H, OCH2), 1.86 – 1.79 (m, 2H, OCH2CH2), 1.51 – 1.42 (m, 2H, CH2), 1.41 – 1.24 
(m, 16H), 0.88 (t, J = 7.0 Hz, 3H, CH3). 

 
 

Benzyl 4-formylbenzoate i67 
 

OHC COOBn  
 
Formula: C15H12O3, M = 240.25 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  10.00 g (66.60 mmol) 4-formylbenzoic acid 

12.9 g (73.26 mmol) K2CO3 
11.96 g (69.93 mmol) benzyl bromide 
0.05 g KI 
100 ml DMF 

Purification: The crude product was used without further purification 
Yield: 13.60 g (85 %), colorless solid 
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4-[(Benzyloxy)carbonyl]benzoic acid i68 
 

HOOC COOBn  
 
Formula: C15H12O4, M = 256.25 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  12.00 g (49.95 mmol) benzyl 4-formylbenzoate i67 

7.15 g (64.93 mmol) resorcinol 
25.97 g (287.21 mmol) NaClO2 
23.37 g (149.85 mmol) NaH2PO4·2H2O 
100 ml THF 

Purification: recrystallisation from CH3COOH 
Yield: 11.93 g (93 %), colorless solid 
Transition temp.: Cr 183 [13.0] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.15 (s, 4H, Ar-H), 7.47 – 7.42 (m, 2H, Ar-H), 7.42 – 7.31 (m, 3H, 

Ar-H), 5.38 (s, 2H, OCH2Ph). 
 
 

1-Benzyl 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]-
phenoxycarbonyl}phenyl) benzene-1,4-dicarboxylate i69 
 

H25C12O

O

O O

O

O

O

O

O

COOBn  
 
Formula: C54H52O11, M = 876.98 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  7.00 g (12.66 mmol) 4-{3-[(4-ydroxyphenyl)carbonyloxy]phenoxycarbonyl}phenyl 4-

(dodecyloxy)benzoate i9(12) 
2.81 g (12.66 mmol) 4-[(benzyloxy)carbonyl]benzoic acid i68 
2.48 g (12.05 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: recrystallisation from DMF/EtOH (10/0.1) and EtOAc/EtOH (10/0.1) 
Yield: 6.44 g (67 %), colorless solid 
Transition temp.: Cr 124 [36.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.33 – 8.26 (m, J = 9.0 Hz, 6H, Ar-H), 8.22 (d, J = 8.5 Hz, 2H, Ar-

H), 8.15 (d, J = 8.9 Hz, 2H, Ar-H), 7.54 – 7.46 (m, 3H, Ar-H), 7.46 – 7.35 (m, 7H, Ar-H), 7.23 
– 7.17 (m, 3H, Ar-H), 6.99 (d, J = 8.9 Hz, 2H, Ar-H), 5.42 (s, 2H, OCH2Ph), 4.06 (t, J = 6.6 
Hz, 2H, OCH2), 1.88 – 1.78 (m, 2H, OCH2CH2), 1.53 – 1.44 (m, 2H, CH2), 1.42 – 1.23 (m, 
16H, CH2), 0.89 (t, J = 6.8 Hz, 3H, CH3). 

 
 

4-(4-{3-[(4-{[4-(Dodecyloxy)phenyl]carbonyloxy}phenyl)carbonyloxy]phenoxycarbonyl}-
phenoxycarbonyl)benzoic acid i70 
 

H25C12O

O

O O

O

O

O

O

O

COOH  
 
Formula: C47H46O11, M = 786.86 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
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Reagents:  6.20 g (7.07 mmol) 1-benzyl 4-(4-{3-[(4-{[4-(dodecyloxy)phenyl]carbonyloxy}phenyl)-
carbonyloxy]phenoxycarbonyl}phenyl)benzene-1,4-dicarboxylate i69 
0.62 g Pd/C 
300 ml THF 

Purification: recrystallisation from CH3COOH 
Yield: 3.78 g (68 %), colorless solid 
Transition temp.: Cr 221 [45.3] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.33 – 8.26 (m, 6H, Ar-H), 8.20 (d, J = 8.2 Hz, 2H, Ar-H), 8.15 (d, 

J = 8.5 Hz, 2H, Ar-H), 7.55 (t, J = 8.0 Hz, 1H, Ar-H), 7.47 (d, J = 8.4 Hz, 2H, Ar-H), 7.42 (d, 
J = 8.4 Hz, 2H, Ar-H), 7.23 (d, J = 8.4 Hz, 3H, Ar-H), 7.03 (d, J = 8.6 Hz, 2H, Ar-H), 4.09 (t, 
J = 6.4 Hz, 2H, OCH2), 1.90 – 1.79 (m, 2H, OCH2CH2), 1.56 – 1.46 (m, 2H, CH2), 1.45 – 1.25 
(m, 16H, CH2), 0.90 (t, J = 6.5 Hz, 3H, CH3). 

 
 

Methyl 3,5-bis(benzyloxy)benzoate i71 
 

BnO OBn

COOCH3

 
 
Formula: C22H20O4, M = 348.39 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  1.5 g (8.92 mmol) methyl 3,5-dihydroxybenzoate 

4.58 g (27.00 mmol) benzylbromide 
6.17 g (44.00 mmol) K2CO3 
0.02 g Bu4NI 
50 ml butan-2-one 

Purification: recrystallisation from EtOAc/EtOH (10/0.1) 
Yield: 1.61 g (52 %), colorless solid 
Transition temp.: Cr 69 [28.8] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.44 – 7.31 (m, 10H, Ar-H), 7.30 (d, J = 2.4 Hz, 2H, Ar-H), 6.80 (t, 

J = 2.4 Hz, 1H, Ar-H), 5.06 (s, 4H, OCH2Ph), 3.90 (s, 3H, OCH3). 
 
 

3,5-Bis(benzyloxy)benzoic acid i72 
 

BnO OBn

COOH

 
 
Formula: C21H18O4, M = 334.37 g/mol 
Synthesis: according to the general procedure 11.3.7 
Reagents:  1.50 g (4.31 mmol) methyl 3,5-bis(benzyloxy)benzoate i71 

1.21 g (21.53 mmol) KOH 
50 ml ethanol 
50 ml water 

Purification: recrystallisation from EtOH/EtOAc (10/0.3) 
Yield: 0.72 g (50 %), colorless solid 
Transition temp.: Cr 218 [47.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.34 – 7.25 (m, 8H, Ar-H), 7.24 – 7.20 (m, 4H, Ar-H), 6.69 (t, J = 

2.4 Hz, 1H, Ar-H), 4.97 (s, 4H, OCH2Ph). 
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4-[(6-Hydroxyhexyl)oxy]phenyl 4-(hexyloxy)benzoate i73(6,6) 
 

H13C6O

O

O O (CH2)6 OH

 
 
Formula: C24H32O5, M = 400.51 g/mol 
Synthesis: according to the general procedure 11.3.1 methode A 
Reagents:  2.67 g (8.49 mmol 4-hydroxyphenyl 4-(hexyloxy)benzoate i11(6) 

2.00 g (11.04 mmol) 6-bromohexanole 
5.87 g (42.48 mmol) K2CO3 

0.02 g KI 
50 ml DMF 

Purification: column chromatography, eluent: CHCl3 and CHCl3/EtOAc (10/0.2 – 10/2) and further 
recrystallisation from EtOAc/PE (10/0.1)  

Yield: 1.80 g (53 %), colorless solid 
Transition temp.: Cr 84 [25.8] N 95 [1.5] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.10 (d, J = 8.8 Hz, 2H, Ar-H), 7.08 (d, J = 8.9 Hz, 2H, Ar-H), 6.94 

(d, J = 8.8 Hz, 2H, Ar-H), 6.89 (d, J = 9.0 Hz, 2H, Ar-H), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.95 
(t, J = 6.4 Hz, 2H, OCH2), 3.65 (t, J = 6.5 Hz, 2H, HOCH2), 1.84 – 1.75 (m, 4H, OCH2CH2), 
1.64 – 1.56 (m, 2H, HOCH2CH2), 1.54 – 1.29 (m, 8H, CH2), 0.90 (t, J = 7.0 Hz, 3H, CH3). 

 
 

6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 3,5-bis(benzyloxy)benzoate i74(6,6) 
 

BnO OBn

OO (CH2)6-O O

O
OC6H13

 
 
Formula: C46H50O8, M = 730.88 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.21 g (3.61 mmol) 3,5-bis(benzyloxy)benzoic acid i72 

1.50 g (3.61 mmol) 4-[(6-hydroxyhexyl)oxy]phenyl 4-(hexyloxy)benzoate i73(6,6) 
0.82 g (3.98 mmol) DCC 
0.02 g DMAP 
50 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc/EtOH (10/0.1)  

Yield: 1.93 g (73 %), colorless solid 
Transition temp.: Cr 103 [50.3] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.10 (d, J = 8.9 Hz, 2H, Ar-H), 7.44 – 7.26 (m, 10H, Ar-H), 7.06 

(d, J = 9.0 Hz, 2H, Ar-H), 6.94 (d, J = 8.9 Hz, 2H, Ar-H), 6.88 (d, J = 9.0 Hz, 2H, Ar-H), 6.78 
(t, J = 2.3 Hz, 1H, Ar-H), 6.71 (d, J = 2.2 Hz, 1H, Ar-H), 6.67-6.64 (m, 1H, Ar-H), 5.05 (s, 
4H, OCH2Ph), 4.30 (t, J = 6.6 Hz, 2H, COOCH2), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.95 (t, J = 
6.4 Hz, 2H, OCH2), 1.85 – 1.71 (m, 6H, OCH2CH2, COOCH2CH2), 1.60 – 1.42 (m, 4H, CH2), 
1.39 – 1.30 (m, 6H, CH2), 0.90 (t, J = 6.9 Hz, 3H, CH3). 
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6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 3,5-dihydroxybenzoate i75(6,6) 
 

HO OH

OO (CH2)6-O O

O
OC6H13

 
 
Formula: C32H38O8, M = 550.64 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  1.90 g (2.59 mmol) 6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl 3,5-

bis(benzyloxy)benzoate i74(6,6) 
0.19 g Pd/C 
100 ml THF 

Purification: recrystallisation from EtOH 
Yield: 1.10 g (77 %), colorless solid 
Transition temp.: Cr 109 [23.1] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 (d, J = 8.9 Hz, 2H, Ar-H), 7.08 – 7.01 (m, 4H, Ar-H), 6.94 (d, 

J = 8.9 Hz, 2H, Ar-H), 6.84 (d, J = 9.0 Hz, 2H, Ar-H), 6.50 – 6.45 (m, 1H, Ar-H), 4.30 (t, J = 
6.4 Hz, 2H, COOCH2), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.91 (t, J = 6.3 Hz, 2H, OCH2), 1.86 – 
1.70 (m, 6H, OCH2CH2, COOCH2CH2), 1.58 – 1.43 (m, 6H, CH2), 1.39 – 1.29 (m, 4H, CH2), 
0.90 (t, J = 7.0 Hz, 3H, CH3). 

 
 

3-{[4-(Benzyloxy)phenyl]carbonyloxy}phenyl 4-(benzyloxy)benzoate i76 
 

O O

O O

BnO OBn  
 
Formula: C34H26O6, M = 530.57 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  2.00 g (18.16 mmol) resorcinol 

8.29 mg (35.92 mmol) 4-(benzyloxy)benzoic acid 
8.24 mg (39.95 mmol) DCC 
0.02 g DMAP 
100 ml dichloromethane 

Purification: recrystallisation from EtAcO/EtOH 
Yield: 7.99 g (83 %), colorless solid 
Transition temp.: Cr 196 [64.3] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.12 (d, J = 9.0 Hz, 4H, Ar-H), 7.46 – 7.31 (m, 11H, Ar-H), 7.15 – 

7.09 (m, 3H, Ar-H), 7.04 (d, J = 9.0 Hz, 4H, Ar-H), 5.14 (s, 4H, OCH2Ph). 
 
 

3-[(4-Hydroxyphenyl)carbonyloxy]phenyl 4-hydroxybenzoate i77  
 

O O

O O

HO OH  
 
Formula: C20H14O6, M = 350.32 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  7.50 g (14.14 mmol) 3-{[4-(benzyloxy)phenyl]carbonyloxy}phenyl 4-(benzyloxy)benzoate i76 

0.75 g Pd/C 
400 ml THF 

Purification: recrystallisation from EtOAc 



 Appendix A86 

 

Yield: 3.91 g (79 %), colorless solid 
Transition temp.: Cr 230 [36.2] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 7.74 (d, J = 8.6 Hz, 4H, Ar-H), 7.20 – 7.13 (m, 1H, Ar-H), 6.83 (d, 

J = 6.6 Hz, 3H, Ar-H), 6.65 (d, J = 8.6 Hz, 4H, Ar-H). 
 
 

Bis[4-(benzyloxy)phenyl] isophthalate i78 
 

O O

BnO OBnO O  
 
Formula: C34H26O6, M = 530.57 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.16 g (6.99 mmol) isophthalic acid 

2.8 g (13.98 mmol) 4-(benzyloxy)phenol 
3.17 g (15.38 mmol) DCC 
0.02 g DMAP 
300 ml dichloromethane 

Purification: recrystallisation from EtAcO/EtOH 
Yield: 2.78 g (75 %), colorless solid 
Transition temp.: Cr 193 [67.9] I  
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.98 (t, J = 1.6 Hz, 1H, Ar-H), 8.42 (dd, J = 7.8, 1.7 Hz, 2H, Ar-

H), 7.65 (t, J = 7.8 Hz, 1H, Ar-H), 7.45 – 7.29 (m, 10H, Ar-H), 7.14 (d, J = 9.1 Hz, 4H, Ar-H), 
7.01 (d, J = 9.1 Hz, 4H, Ar-H), 5.07 (s, 4H, OCH2Ph). 

 
 

Bis(4-hydroxyphenyl) isophthalate i79  
 

O O

HO OHO O  
 
Formula: C20H14O6, M = 350.32 g/mol 
Synthesis: according to the general procedure 11.3.6 methode A 
Reagents:  2.50 g (4.71 mmol) bis[4-(benzyloxy)phenyl]isophthalate i78 

0.25 g Pd/C 
450 ml THF 

Purification: recrystallisation from EtOAc 
Yield: 1.14 g (69 %), colorless solid 
Transition temp.: Cr 223 [42.7] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.98 (t, J = 1.6 Hz, 1H, Ar-H), 8.42 (dd, J = 7.8, 1.7 Hz, 2H, Ar-

H), 7.65 (t, J = 7.8 Hz, 1H, Ar-H), 7.14 (d, J = 9.1 Hz, 4H, Ar-H), 7.01 (d, J = 9.1 Hz, 4H, Ar-
H). 

 
 

4-({6-[4-(4-Formylphenoxycarbonyl)phenoxy]hexyl}oxy)phenyl 4-(hexyloxy)benzoate i80 
 

OC6H13

O

OO(CH2)6O
O

O

OHC

 
 
Formula: C39H42O8, M = 638.75 g/mol 
Synthesis: according to the general procedure 11.3.3 
Reagents:  1.50 g (2.81 mmol) 4-{[6-(4-{[4-(hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}benzoic 
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acid i14(6,6) 
0.34 g (2.81 mmol) 4-hydroxybenzaldehyde 
0.64 g (3.09 mmol) DCC 
0.02 g DMAP 
150 ml dichloromethane 

Purification: column chromatography, eluent: CHCl3/EtOAc (10/0.2) and further recrystallisation from 
EtOAc  

Yield: 1.57 g (88 %), colorless solid 
Transition temp.: Cr 121 [54.8] N 180 [5.2] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 10.00 (s, 1H, CHO), 8.15 – 8.08 (m, 4H, Ar-H), 7.94 (d, J = 8.6 

Hz, 2H, Ar-H), 7.38 (d, J = 8.5 Hz, 2H, Ar-H), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.87 (m, 
6H, Ar-H), 4.06 (t, J = 6.4 Hz, 2H, OCH2), 4.02 (t, J = 6.6 Hz, 2H, OCH2), 3.97 (t, J = 6.4 Hz, 
2H, OCH2), 1.90 – 1.76 (m, 6H, OCH2CH2), 1.60 – 1.42 (m, 6H, CH2), 1.38 – 1.30 (m, 4H, 
CH2), 0.90 (t, J = 7.1 Hz, 3H, CH3). 

 
 

4-[(4-{[6-(4-{[4-(Hexyloxy)phenyl]carbonyloxy}phenoxy)hexyl]oxy}phenyl)carbonyloxy]-
benzoic acid i81 
 

OC6H13

O

OO(CH2)6O
O

O

HOOC

 
 
Formula: C39H42O9, M = 654.75 g/mol 
Synthesis: according to the general procedure 11.3.5 
Reagents:  1.06 g (1.66 mmol) 4-({6-[4-(4-formylphenoxycarbonyl)phenoxy]hexyl}oxy)phenyl 4-

(hexyloxy)benzoate i80 
0.24 g (2.14 mmol) resorcinol 
0.87 g (9.57 mmol) NaClO2 
0.77 g (4.8 mmol) NaH2PO4·2H2O 
10 ml THF 
10 ml H2O 

Purification: recrystallisation from CH3COOH 
Yield: 0.99 g (92 %), colorless solid 
Transition temp.: Cr 196 [40.2] N 244 [14.6] I 
1H-NMR: (CDCl3, J/Hz, 400 MHz) δ 8.11 – 8.03 (m, 6H, Ar-H), 7.25 (d, J = 8.7 Hz, 2H, Ar-H), 7.06 (d, 

J = 9.0 Hz, 2H, Ar-H), 7.00 – 6.92 (m, 4H, Ar-H), 6.89 (d, J = 9.0 Hz, 2H, Ar-H), 4.07 (t, J = 
6.4 Hz, 2H, OCH2), 4.03 (t, J = 6.5 Hz, 2H, OCH2), 3.97 (t, J = 6.4 Hz, 2H, OCH2), 1.89 – 
1.74 (m, 6H, OCH2CH2), 1.59 – 1.52 (m, 4H, CH2), 1.49 – 1.41 (m, 2H, CH2), 1.36 – 1.29 (m, 
4H, CH2), 0.89 (t, J = 7.1 Hz, 3H, CH3). 
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