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A series of K-shaped bolapolyphiles, consisting of a p -terphenyl core, two polar glycerol end-groups 
and a swallow-tailed alkyl side-chain were synthesized and investigated. By increasing the side-chain 

volume an astonishing variety of very different liquid crystalline (LC) phases was observed, ranging 

from a rectangular (Colrec / c 2 mm ) and a square honeycomb (Colsqu / p 4 mm ) via a highly complex zeolite- 
like octagon/pentagon honeycomb filled with additional strings of rod-bundles (Colrec 

Z / c 2 mm ), a 

new 3D-hexagonal ( R3 c ) double network phase, a double and even a single network cubic phase 

(double gyroid Cub/ Ia3 d and single diamond Cub/ Fd3 m , respectively) to a correlated lamellar phase 

(LamSm 

/ c 2 mm ). Though these LC structures are highly complex and there is a delicate balance of steric 

and geometric frustration determining the phase formation, there is only a small effect of permanent 
molecular chirality in the glycerol groups (( R,R )-configuration) on them, which is attributed to a slightly 

different packing density of uniformly chiral and racemic glycerols, but not to an effect of induced 

helicity. Compared to related T-shaped bolapolyphiles with a single linear n -alkyl side-chain, which 

form exclusively honeycomb phases, the complexity of self-assembly is enhanced for the K-shaped 

compounds due to a competition between the requirements of space filling, chain stretching and 

geometric frustration, and affected by the shape of the polar glycerol domains at the junctions. 

 

 

 

 

 

 

 

1 Introduction 

The spontaneous formation of functional structures at the
nanoscale requires a combination of short-range attractive and
long-range repulsive forces as well as a certain degree of dynamics
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[ 1 , 2 ]. On the molecular level this process is important for materials
chemistry and it represents an important step of abiogenesis at
the transition from molecular chemistry to biological evolution
[ 3 , 4 ]. An important state, permanently combining long range
order with translational, rotational and vibrational mobility, is
found in the liquid crystalline (LC) mesophases [5] . Early work
on LCs lead to simple modes of organization, like nematic
phases, known from display technology [6] , in which the
molecules have exclusively orientational long range (LR) order.
ense ( http://creativecommons.org/licenses/by-nc/4.0/ ) https://doi.org/10.1016/j.giant.2024.100254 
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evertheless, even spontaneous polar order is possible in these 
imple phases, leading to the recently discovered amazing 
erronematic phases [7–10] . Positional order in the lamellar, 
olumnar and cubic phases with 1D, 2D or 3D periodicity,
espectively [11–15] , further widens the number of phase 
tructures and applications of LCs. They can, for example, be used
s organic semiconductors [16–19] , in photovoltaics [20] , as light
mitting diodes (OLEDs) [21] and sensors [22] , offering functional
tructures for applications in photonics, nanotechnology and 

anomedicine [23–27] . Moreover, LC research leads to insights 
nto the basic principles of the organization of molecules at
he nanoscale and provides fundamental understandings of 
hase transitions and the development of molecular order, 
olar order, uniform chirality and complexity in soft condensed 

atter [28–30] . 
Mesophases composed of self-assembled layers, columns and 

pheres with LR positional order are known for different soft
atter systems, like aqueous micellar solutions, block copolymer 
orphologies and the LC phases of anisometric (e.g. rod-like 

r disk-like) molecules or intermolecular aggregates [31–36] . In 

hese systems the combination of two different and mutually 
Fig. 1 

hase sequences of the T-shaped bolapolyphiles 1/ m depending on the length o
he distinct mesophases (indicated by color) are shown; abbreviations: Cr = crysta
ars represent LC honeycomb phases formed by polygonal prismatic cells: c 2 mm 

 6 mm = hexagonal; the striped area of 1/9 indicates the coexistence of p 4 mm a
nterpretation of the references to color in this figure legend, the reader is referred t

 

ncompatible types of intermolecular interactions within the 
olecules leads to amphiphilicity [33] , i.e. to the segregation of

he incompatible molecular parts into separate nano-spaces, and 

his is a fundamental basis of emergence of LR positional order in
oft matter [ 37 , 38 ]. Polyphilicity, i.e. the incompatibility between
ore than just two incompatible units combined with the shape- 

nisometry is a powerful route to new complex modes of soft
elf-assembly if they compete with each other and generate steric 
nd geometric frustration [ 28 , 39 ]. Among them, the T-shaped
nd X-shaped bolapolyphiles (BPs; “bola” refers to molecules 
ith polar groups at each end of a lipophilic segment [40] )
ith flexible side-chains were found to assemble into complex 

esophases with unique structures and properties [41–45] . The 
ffects of rigid core length and length of linear alkyl chains has
een investigated in previous work [ 41 , 42 , 46–48 ]. As shown in
ig. 1 , T-shaped bolapolyphiles, consisting of a rigid p -terphenyl
ore with two terminally attached polar glycerol groups and a 
inear alkyl side-chain are capable of organizing into a variety of
C honeycomb phases where the end-to-end connected rod-like 
romatic cores stack on top of each other and form prismatic cells
f polygonal cross section shape ( Fig. 1 , right) [49–52] . The polar
f the linear side-chain; at the right models of the molecular organization in 
lline solid; SmA+ = distorted lamellar phase (random mesh phase); colored 
= rhombic, p 4 mm = square, p 2 mm = rectangular, p 2 gg = pentagonal, and 
nd p 2 mm ; the isotropic liquid (Iso) is at the right side of the bars [49] . (For 

o the web version of this article.) 
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glycerol-groups, which organize in extended intermolecular
hydrogen bonding networks [53] segregate from the polyaromatic
cores and form columns (blue) along the c -direction, thus
connecting the rod-like cores at the edges, and leading to
honeycomb frameworks, while the flexible side-chains fill the
interior of the resulting polygonal prismatic cells. 

Even longer chains can lead to honeycombs composed of
giant polygons and to lamellar (Lam) phases [ 48 , 54–56 ]. It
was also shown that branching the side-chains provides new
types of cubic network phases composed of coaxial bundles of
the rods interconnected by glycerol spheres as junctions and
having different junction geometries [57–64] . This design concept
was expanded to facial polyphiles with alkyl chains forming
the junctions [65] , and recently to giant sphere-rod conjugates
[66] . Moreover, this chemistry based molecular design work is
accompanied by simulation work from several groups [ 67–75 ].
Among the reported structures, the K-shaped bolapolyphilic p -
terphenyls with a branched side-chain (compounds 2/ n ) arose
special interest. In previous communications the formation of a
new complex pentagon-octagon tiling pattern [ 76 ] and the first
example of a single network cubic phase with 4-way junctions,
the single diamond (SD) phase, were discovered for this kind of
compounds [61] . 

However, all bolapolyphiles with two glycerol end-groups
involve two stereogenic centres with either ( R )- or ( S )-
Scheme 1 

Synthesis of the compounds 2/ n∗ ; note that the absolute configuration of the stereo
the stereochemical descriptors change. 
configuration (indicated by asterisks), thus representing mixtures
of four stereoisomers (in the following abbreviated as “racemic
mixtures” or “racemates”). In all previously reported cases
the compounds were synthesized as such racemic mixtures
of ( R,S )/( S,R )- and ( R,R )/( S,S )-diastereomers. It is known that
stereochemical purity can induce new structures in lyotropic and
thermotropic mesophases of amphiphilic [ 77 ] as well as rod-like
molecules [ 78 ]. 

Thus, the purpose of this work is twofold. Firstly,
bolapolyphiles with uniform ( R,R )-configuration of their
stereogenic centres were synthesized for the first time and the
self-assembly of these enantiomeric pure compounds is compared
with that of the corresponding “racemic” mixtures. Secondly, the
series of racemic compounds was completed and the previously
not considered low temperature LC phases of compounds 2/ n
were investigated and their structures determined. Thus, the
full sequence of complex nanostructures evolving for K-shaped
molecules at the transition from honeycombs via a combination
of honeycombs with columns to interwoven double and even
single networks of branched columns is uncovered. This also
leads to the discovery of a new double network LC phase with
hexagonal symmetry based on a gyroid-like interface. Finally, the
differences between the self-assembly of molecules with linear
and branched side-chains will be worked out and explained,
providing general rules for tailoring of complex soft matter
nanoscale structures based on side-chain engineering. 

2 Methods 
2.1 Materials 
As shown in Scheme 1 , the synthesis of compounds 2/ n∗ with
( R )-configuration of the glycerol units starts with the alkylation
of 2,5-dibromophenol [ 79 ] with 1–bromo-2-alkylalkanes [52] ,
yielding the dibromophenylethers 3/ n , which were then coupled
genic centers in ( R)−7∗ , ( S,S )- A2/ n∗ and ( R,R )−2/ n∗ remains the same though 

3 
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Scheme 2 

Synthesis of the “racemic” compounds 2/ n . 
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4

ith 4-(triisopropylsilyloxy)phenylboronic acid ( 4 ) [ 80 ] in a
uzuki cross coupling reaction to the corresponding 2′ -substituted 

,4´-́bis(triisopropylsilyloxy)- p -terphenyls 5/ n . After desilylation 

ith Bu4 NF [ 81 ], the obtained 2′ -substituted p -terphenyl-4,4′ ’-
iols 6/ n were alkylated with two equivalents of ( R )−2,2-
imethyl-1,3-dioxolane-4-methanol- p -toluenesulfonate (( R )−7∗, 
 α]D − 4.9 °, c = 1 mol/L in EtOH, > 99% ee, Aldrich) to give the
cetonides A2/ n∗. The following deprotection with diluted HCl 
n MeOH/THF yielded the desired ( R,R )-compounds 2/ n∗. During
he reactions the stereogenic center of ( R )−7∗ was not touched
nd therefore the enantiomeric purity of compounds 2/ n∗ should 

orresponds to that of the employed ( R )−7∗. 
The synthesis of the “racemates” 2/ n with even numbers 

 = 10–22 has been reported previously [ 61 , 76 ]. All new “racemic”
ompounds 2/ n , i.e. those with n < 10 and those with odd
umbered n were synthesized in an analogous way by alkylation
f “racemic” 4,4′ ’-bis(2,2-dimethyl-1,3-dioxolane-4-yl–methoxy)- 
 -terphenyl-2-́ol ( 9 ) [ 76 ] with appropriate branched 1–bromo-
-alkylalkanes, followed by deprotection of the glycerol end 

roups (see Scheme 2 ) [52] . The procedures and analytical data
f compounds 2/ n∗ and all new compounds 2/ n are collated in
ection S5 of the Supplementary Materials. 

.2 Techniques 
ll compounds were heated for 3 min to the isotropic liquid state

at least to 140 °C) prior to investigation to remove all water traces
dsorbed by the glycerol units, and were immediately covered or
ealed. 

Polarizing optical microscopy (POM) was conducted with 

 Leica DMR XP polarizing microscope in conjunction with 

 heating stage (FP 82 HT, Mettler) and controller (FP 90,
ettler). Optical investigation was carried out under equilibrium 

onditions between glass slides which were used without further 
reatment, sample thickness was ∼15 μm. A full wavelength 

etardation plate was used to determine the sign of birefringence.
ptical micrographs were taken using a Leica MC120HD camera; 

ee Sections S1.2 and S2.2 in the Supplementary Materials for
epresentative textures. 

Differential scanning calorimetry (DSC) scans were 
erformed with a DSC-7, Perkin Elmer in sealed aluminum pans
30 μL) under dry N2 at heating/cooling rates of 10 K min−1 ; peak
 

emperatures are given in the Tables 1 and 2 : for DSC traces, see
igs. S1, S2 in the Supplementary Materials. 

In-house small-angle and wide-angle X-ray scattering 

SAXS and WAXS) was carried out using Ni filtered CuK α radiation
Kristalloflex 760H, Siemens, 15 to 30 min exposure time). Aligned 

amples were obtained on a glass plate. Alignment was achieved 

pon slow cooling (rate: 1 K min−1 – 0.01 K min−1 ) of a small
roplet of the sample. The aligned samples were held on a
emperature-controlled heating stage and the diffraction patterns 
ere recorded with a 2D detector (Vantec 500, Bruker). The 

ample-detector distance for the samples was 9.00 cm for WAXS 
nd 26.70 cm for SAXS measurements. 

Synchrotron small-angle X-ray scattering 

xperiments were conducted at beamline BL16B1 at Shanghai 
ynchrotron Radiation Facility (SSRF). For powder SAXS the 
amples were filled into evacuated 1 mm diameter capillaries. 
 modified Linkam hot stage and a Pilatus 2M CCD are used

n SSRF. Heating and cooling process were conducted with a 
ate of 10 K min−1 , in line with DSC. Data calibration was
onducted by a series of n -alkanes and silver-borohydride (AgB). 
he transformation of 2D data to 1D plot is carried out by
rena and Nika macro on Igor64 platform with Gauss equation. 

ith proper indexing from space group and integrated peak 
ntensities, the 2D&3D electron density ( ρ(x, y )& ρ(x, y, z ) ) maps 
ere reconstruct via Fourier transform (FT) as: 

ρ( x, y ) =
∑ 

hk 

√ 

I( hk ) exp [ 2 π i( hx + ky ) + iφhk ] 

ρ( x, y, z ) =
∑ 

hkl 

√ 

I( hkl ) exp [ 2 π i( hx + ky + lz ) + iφhkl ] 

For centrosymmetric structures with the electron density 
(x, y, z ) = ρ(x̄ , ȳ , z̄ ) , the phase φhkl is either 0 or π . This
llows an exhaustive approach by comparing all possible 
hase combinations. The best combination is determined by 
hysical merit of reconstructed electron density (ED) map 

nd other information from the system, like volume ratio of 
romatic/aliphatic region and ED distribution histogram. This 
ethod works well for LC system with only few intense peaks. For

etails, see Sections S1.3 and S2.3 in the Supplementary Materials. 



Giant, 18, 2024, 100254 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

Table 1 

Data of the enantiomers 2/ n∗ with ( R )-configuration of both stereogenic centers. a 

Compd. T / °C, [ �H /kJ ·mol−1 ] a,b /nm ( T / °C) ncell nwall / nbundle 

2/10∗ Cr 82 [8.1] Colrec 
Z / c 2 mm 146 [4.4] Iso 15.92, 6.34 (100) 37.6 b 1.9/9 b 

2/12∗ H: Cr 76 [29.8] Colrec 
Z / c 2 mm 118 [2.6] Cub/ Ia3 d 143 [1.4] Iso 

C: Iso 135 [1.1] Cub/ Ia3 d 107 [1.1] Hex/ R3 c 100–93 [1.2] 
Colrec 

Z / c 2 mm 45 [5.4] Cr 

16.04, 6.32 (80) 34.5 b 1.7/9 b 

7.72 (122) 348 c 15 c 

10.65, 7.53 
(106, cooling) 

526 d 15 d 

2/14∗ Cr 104 [30.8] LamSm 

/ c 2 mm 108 [2.4] Cub/ Ia3 d 161 [2.2] Iso 7.71 (136) 320 c 13 c 

5.89, 2.20 (62) 4.1 e 2.1 e 

2/16∗ Cr 79 [19.5] LamSm 

/ c 2 mm 114 [4.2] Cub/ Ia3 d 161 [2.1] Iso 7.69 (130) 294 c 12 c 

6.18, 2.22 (80) 4.0 e 2.0 e 

2/18∗ Cr 65 [49.6] LamSm 

/ c 2 mm 104 [4.1] Cub/ Fd3 m 131 [0.8] 
Cub/ Ia3 d 143 [0.7] Iso 

6.53, 2.22 (75) 3.9 e 2.0 e 

6.41 (100) 159 f 10 f 

7.65 (135) 270 c 11 c 

2/20∗ Cr 51 [32.7] Cub/ Fd3 m 166 [2.8] Iso 6.45 (100) 151 f 9 f 

a Transition temperatures were taken from the second DSC heating scan (10 K ·min−1 , peak temperature, see Figure S1); phase sequences on 2nd cooling are 
only shown for cases with different phase sequences on heating (H) and cooling (C); for all other compounds the transitions on cooling are listed in Table S1; the 
highest observed melting point and the total of all Cr-Cr transition and melting enthalpies are shown; Abbreviation: Colrec 

Z / c 2 mm = giant rectangular honeycomb 
LC phase combining pentagonal and filled octagonal cells ( Fig. 2 h); LamSm / c 2 mm = lamellar phase with AB correlated layers; Cub/ Ia3 d = unicontinuous cubic 
network phase with segmented double gyroid structure (DG), Hex/ R3 c = unicontinuous hexagonal network phase with distorted double gyroid structure; 
Cub/ Fd3 m = unicontinuous cubic network phase with segmented single diamond network (SD) structure; the crystallographic space groups are shown after 
the slash; ncell = number of molecules in one unit cell; nwall = number of molecules in the lateral cross section of the individual honeycomb walls dividing the 
prismatic cells; nbundle = number of molecules forming one molecular bundle; for DSCs, see Figs. 2 a, 6 a and S1. 

b Values of Colrec 
Z / c 2 mm (see Section S4.2 for estimation of the nwall / nbundle values, note that each molecule organized in the rod-bundles contributes to the 

space filling in a stack of approximately 5 unit cells, 0.45 nm per cell). 
c Cub/ Ia3 d . 
d Hex/ R3 c . 
e LamSm /c2 mm . 
f Cub/ Fd3 m phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Results and discussion 

The phase sequences and transition temperatures of the ( R,R )-
enantiomers 2/ n∗ and the racemic mixtures of diastereomers 2/ n ,
are collected in Tables 1 and 2 , respectively. 

3.1 Homochiral compounds 2/ n∗

In this section the LC phases of the ( R,R )-enantiomers
2/10∗−2/20∗ ( Table 1 ) with even numbered n will be analysed
and compared with the related phases of the racemic mixtures
2/10–2/20 ( Table 2 ), while in the next section the focus will
be on compounds with shorter chains and the effects of chain
branching in comparison to linear chains. 

3.1.1 Zeolite like pentagon-octagon tessellation with filled octagons 
(Colrec Z / c 2 mm ) 

For compound 2/10∗ and 2/12∗ a biaxial birefringent
mesophase with c 2 mm plane group and large lattice was found as
the first mesophase formed upon melting the crystalline samples.
As representative example, compound 2/12∗ is described here in
more detail ( Fig. 2 ). The SAXS pattern is indexed to a rectangular
lattice with large lattice parameters of arec = 16.04 nm ( ∼7 Lmol )
and brec = 6.32 nm ( ∼3 Lmol ; Lmol = molecular length between
the ends of the glycerol groups = 2.1–2.6 nm, see Fig. S25a) at
80 °C, indicating the formation of a complex superlattice structure
( Fig. 2 c, Tables S2, S3). The diffuse WAXS with a maximum at
d = 0.45 nm ( Figs. 2 c, d and S5) and the fluidity of the sample
upon shearing confirms the LC character of this mesophase with
2D lattice. It shows a spherulitic texture with large domains and
negative birefringence ( Figs. 2 g), typical for a columnar phase with
an alignment of the π -conjugated p -terphenyl rods predominately
in the lattice plane ( a/b plane) and perpendicular to the column
main axis ( c direction), in line with a honeycomb LC phase. 

The ED map, reconstructed from the diffraction pattern of
2/12∗ ( Fig. 2 c) is displayed in Fig. 2 e. It shows a high ED network
(purple-blue-green) involving the p -terphenyl cores and glycerol
end-groups separating cells filled by the low ED alkyl chains (red-
yellow-green) with the larger cells containing additional high ED
ellipses. Considering the molecular dimensions, the ED map of
2/12∗ can be interpreted as composed of pentagonal prismatic
cells arranged in parallel ribbons where adjacent pentagons
assume an antiparallel orientation, and the pentagonal prismatic
cells are filled by the alkyl side-chains ( Fig. 2 e, h). These ribbons
of pentagons are interconnected at the apexes of the pentagons
to form octagonal cells between them. The excess space in these
giant octagonal cells is filled by additional columns of end-to-
end connected bundles of coaxial aligned molecules [ 82 ], leading
to the additional ED maxima (blue/purple) in the middle of
the octagonal cells. This LC structure, corresponding to that
reported for racemic 2/10 [ 76 ], combines two different types
of rod-orientations. The majority of p -terphenyls forming the
5 
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Table 2 

Phase transitions and structural data of the racemic mixtures of diastereomers 2/ n . a 

Compd. T / °C, [ �H /kJ ·mol−1 ] a,b /nm ( T / °C) ncell nwall / nbundle 

2/4 Cr 131 [7.2] Colrec / p 2 mm 141 [0.49] Colsqu / p 4 mm 158 [3.7] Iso 2.63 (150) 3.6 b 1.8 b 

3.03, 2.38 (135) 3.8 c 1.9 c 

2/6 Cr 95 [3.7] Colrec / p 2 mm 107 [0.6] Colsqu / p 4 mm 175 [7.3] Iso 2.64 (160) 3.2 b 1.6 b 

3.09, 2.37 (105) 3.4 c 1.7 c 

2/8 Cr 128 [25.3] Colsqu / p 4 mm 157 [4.2] Iso 2.64 (150) 2.8 b 1.4 b 

2/9 Cr 120 [19.5] Colrec 
Z / c 2 mm 148 [4.3] Iso 15.82, 6.35 (135) 39.5 d n.d. k 

2/10 [ 76 ] Cr 75 [7.1] Colrec 
Z / c 2 mm 147 [4.5] Iso 15.94, 6.24 (140) 37.0 d 1.9/9 d 

2/11 Cr 97 [23.2] Colrec 
Z / c 2 mm 139 [4.3] Iso 15.94, 6.37 (125) 36.4 d n.d. k 

2/12 i [61] H: Cr 79 [18.8] Colrec 
Z / c 2 mm 120 [2.7] Cub/ Ia3 d 148 [1.6] Iso 

C: Iso 142 [1.2] Cub/ Ia3 d 111 [1.0] Hex/ R3 c 102–85 [1.4] 
Colrec 

Z / c 2 mm 48 [5.9] Cr 

16.01, 6.32 (80) 33.6 d 1.7/9 d 

7.76 (120) 354 e 15 e 

10.65, 7.68 (108, 
cooling) 

537 f 15 f 

2/13 Cr 102 [36.7] LamSm 

/ c 2 mm 109 [3.3] Cub/ Ia3 d 158 [1.9] Iso 5.63, 2.19 (90) 4.0 g 2.0 g 

7.76 (120) 339 e 14 e 

2/14 i [61] Cr 104 [30.8] LamSm 

/ c 2 mm 108 [2.2] Cub/ Ia3 d 161 [2.3] Iso 5.80, 2.20 (90) 4.0 g 2.0 g 

7.71 (130) 320 e 13 e 

2/15 Cr 86 [27.0] LamSm 

/ c 2 mm 112 [4.0] Cub/ Ia3 d 162 [2.3] Iso 5.96, 2.21 (90) 4.0 g 2.0 g 

7.62 (140) 297 e 12 e 

2/16 i [61] Cr 78 [18.6] LamSm 

/c2 mm 114 [4.0] Cub/ Ia3 d 160 [2.1] Iso 6.04, 2.19 (90) 3.9 g 1.9 g 

7.71 (120) 297 e 12 e 

2/18 i [61] Cr 62 [65.5] LamSm 

/ c 2 mm 103 [5.0] Cub/ Fd3 m 134 [0.8] 
Cub/ Ia3 d 139 [0.8] Iso 

6.52, 2.21 (70) 3.9 g 2.0 g 

6.39 (110) 157 h 10 h 

7.59 (135) 264 e 11 e 

2/20 j [61] Cr 71 [74.2] Cub/ Fd3 m 168 [2.7] Iso 6.32 (150) 143 h 9 h 

2/22 [61] 61 [51.7] Cub /Fd3 m 172 [3.9] Iso 6.32 (160) 134 h 8 h 

a Data were taken from the second DSC heating scans (10 K ·min−1 , peak temperatures); phase sequences on 2nd cooling are only shown for cases with different 
phase sequences on heating (H) and cooling (C); for all other compounds the transitions on cooling are listed in Table S11; only the highest melting point and the 
total of all Cr-Cr transition- and melting-enthalpies are shown. The DSCs of all new compounds are shown in Fig. S10a-g. Abbreviation: Colrec / p 2 mm = rectangular 
honeycomb, Colsqu / p 4 mm = square honeycomb, for other abbreviations, see Table 1. 

b Values of Colsqu / p 4 mm . 
c Colrec / p 2 mm . 
d Colrec 

Z / c 2 mm (see comments in Table 1 ). 
e Cub/ Ia3 d . 
f Hex/ R3 c . 
g LamSm . 
h Cub/ Fd3 m . 
i Focus of the previous report was only on the SD and DG phases while the low temperature phases (LamSm / c 2 mm , Colrec 

Z / c 2 mm and Hex/ R3 c ) were not 
investigated, for 2/18 an additional Fd3 m - Ia3 d transition was detected which was previously not recognized [61] ; the data of these compounds were revised 
accordingly. 

j Reinvestigation of 2/20 [61] indicated a crystalline modification with higher m.p. than previously reported (see Fig. 10 h). 
k Not determined because no ED maps were available. 
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oneycomb network are arranged in the a-b plane, where each
oneycomb wall contains about 2 molecules in the cross section
 nwall = 1.7–1.9, see Table 1 ), in line with other honeycomb
hases of compounds with a single side-chain. The remaining p -
erphenyls form the rod-bundle columns, which are organized 

n the perpendicular direction, i.e. parallel to the c -direction
 Fig. 2 h). Similar to Colhex phases formed by columns of end-
o-end connected rod-bundles on a hexagonal lattice [ 82 ], each
olumn involves about 9 molecules ( nbundle , see Section S4.2 for
stimation of these values). Because the number of molecules in
he honeycombs exceeds that in the rod-bundle columns ( ∼31:
.6), negative birefringence is retained, but slightly reduced if 
ompared with simple honeycombs [ 76 ]. This unique LC structure
esults from the competition between side-chain volume and side- 
 

hain length. The side-chain volume would require hexagonal 
oneycombs, as observed for the related T-shaped compound 

/22 (see Fig. 1 ) [49] . with approximately the same side-chain
olume ( m = 2 n + 2 CH2 units). However, as measured for the
 6 mm phase of 1/22 , the minimum requirement of alkyl chain
ength is ∼2.1 nm, exceeding the all - trans alkyl chain length
f 2/12∗ (distance between the terphenyl rod and the ends of 
he branches = 14 carbons ∼1.9 nm, see Fig. S26d). Thus, the
entagon is the largest possible polygon for which the side- 
hains can bridge the gap between the aromatic walls and the
entres of the polygons without significant chain stretching, 
hich would be entropically disfavoured. Because the chain 

olume exceeds the available space in the pentagons, some of 
he side-chains are forced to escape from these pentagons. This 
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Fig. 2 

Colrec 
Z / c 2 mm phase. a, b) DSC heating and cooling traces at a rate of 10 K min−1 a) of the ( R,R )-enantiomer 2/12∗, b) of racemic 2/12 , and c, d) SAXS diffractograms 

of c) ( R,R )-enantiomer 2/12∗ and d) racemic 2/12 at 80 °C upon cooling; insets: WAXS diffractograms with diffuse scattering maximum at 0.45 nm, indicating the 
liquid crystallinity; e, f ) ED maps calculated by the first 6 reflexes (phase combination: ππ0000, for ED maps using 12 scattering peaks, see Fig. S18). The lattice is 
indicated by black lines and p -terphenyl cores are arranged along the white and red lines; g) texture of ( R,R )-enantiomer 2/10∗ between crossed polarizers (left) 
and with additional full wave plate (right) at T = 145 °C; h) shows a perspective model of the honeycomb structure; for NMR spectra of rac - 2/12 and ( R,R )−2/12∗ , 
see Figs. S30-S33. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

inhibits the development of a uniform pentagonal honeycomb
and allows only the formation of ribbons with antiparallel
arranged pentagonal prismatic cells. Neighbouring ribbons are
interconnected by additional molecules via the pentagon-apexes
with formation of octagonal cells between them ( Fig. 2 e, f). At the
outside edges of the pentagon-ribbons the excess alkyl chains, not
fitting into the pentagons, contribute to the filling of the much
larger octagons. Again, the branched lateral chains are much too
7 
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hort to fill the interior of these octagons, leaving large voids.
hese voids provide sufficient space to accommodate additional 
olumns formed by the end-to-end connected coaxial rod-bundles 
ith their side-chains. 

In the honeycombs there are edges of two different lengths.
he shorter ones (along the white lines in Fig. 2 e, connecting
hree sides of each pentagon) is ∼2.2 nm, correspond to
he minimal molecular length ( Lmol = 2.1 nm, Fig. S25a) as

easured between the secondary OH groups of the glycerols 
n a compact conformation. The longer ones (red segments in
ig. 2 e), separating the octagons and the pentagons from the
ctagons are ∼2.6 nm, corresponding to the length of the rod-like
ore between the primary OH groups at the ends of the glycerol
roups in the most extended conformation. ( Lmol = 2.6 nm, 
ig. S25a). For comparison, the side length in the hexagonal
oneycomb of 1/22 with linear side-chain is 2.43 nm [49] , being

n the middle between these two values. The shrinkage of the
hree neighbouring pentagon walls is attributed to the limited
hain length, favouring reduction of the pentagon size to be
ble to reach their centres at minimal entropy loss by chain
tretching. On the other hand, the pentagons are still too small
o accommodate the large chain volume (requiring hexagons). 
his requires expansion of some pentagon walls to a length of
.6 nm which appears to be easier for those forming the apexes
located on the red lines). Moreover, the majority of molecules
orming the apexes of the pentagons give their side-chains into
he octagons. This leads to a looser packing of the aromatics in
hese walls (due to collisions of the bulky side-chains at the same
ide), thus having a lower ED (green) compared to the others.
here is obviously no communication between the rod-bundle 
olumns in the octagonal cells and thus no correlation of the
eriodicities along neighbouring columns of coaxial rod-bundles. 
herefore, there is only 2D periodicity and no indication of any
dditional periodicity along the c -direction can be observed [ 82 ].
his unique LC phase combines different signs of the curvature of
he inter-material dividing surfaces (IMDS) between the polar and 

igid bolaamphiphilic cores and the flexible and lipophilic side- 
hains, being negative for the rod-bundle columns and positive 
or the surrounding honeycomb. Moreover, this 2D tiling pattern 

omposed of pentagons and octagons resembles the projection of 
he BIK -type [ 83 ] zeolites (okenite [ 84 ] and bikitaite [ 85 ]) if viewed
long their (001) axis and therefore this LC phase was designated
s Colrec 

Z / c 2 mm, where the superscript Z indicates the zeolite-like
uper-lattice structure of this honeycomb LC phase [ 76 ]. Even
he incorporation of additional molecules in the voids of the
arge octagonal cells is similar to the capability of zeolitic solid
tate frameworks to incorporate guest molecules. Interestingly, 
 similar structure combining strings of antiparallel pentagonal 
ells, but with hexagonal instead of the octagonal cells and
ithout additional columns filling the larger cells, has recently 
een reported for a block copolymer morphology [ 86 ]. 

The diffraction pattern and the lattice parameters of the 
olrec 

Z / c 2 mm phases of the enantiomer 2/12∗ correspond to those
f 2/10∗ and the racemic mixtures 2/12 & 2/10 [ 76 ] with only
inimal deviations (see Fig. 2 c, d and Tables 1 , 2 ). This means

hat there is no visible difference in the ED maps ( Fig. 2 e, f) or
ifference in molecular self-assembly between pure enantiomer 
 

nd racemate, and also no indication of any macroscopic helical 
uperstructure can be found. Small differences of some scattering 
ntensities were observed for the Colrec 

Z / c 2 mm phases of 2/12
nd 2/12∗ ( Fig. 2 c, d), which however have no visible influence
n the ED maps. These differences are not consistent features of
nantiomers/racemates and for example are inverted for the pair 
/10 [ 76 ] & 2/10∗. Though the origin of these small differences

s not yet clear, we attribute it more to differences in packing
ensities than to specific chirality effects. For 2/10∗ and the 
acemates 2/9-2/11 the Colrec 

Z / c 2 mm phase is the only LC phase,
hile for 2/12∗ it is accompanied at higher temperature by cubic 
nd non-cubic network phases ( R3 c, Ia3 d , see next Sections 3.1.2
nd 3.1.3 ), and for 2/14∗ the Colrec 

Z / c 2 mm phase is completely
eplaced by a lamellar phase at low temperature (LamSm 

/ c 2 mm ),
hile the cubic network phase at higher temperature is retained 

 Tables 1 and 2 ). 

.1.2 Double gyroid network phase (DG = Cub/Ia3 d) 
On heating 2/12∗ the birefringent Colrec 

Z / c 2 mm phase is 
t T = 118 °C replaced by an optically isotropic phase with
igh viscosity, as typically observed for cubic phases. For this 
ompound and the longer homologues 2/14∗ and 2/16∗ the q - 
alues of the SAXS patterns in this isotropic mesophase show 

 characteristic ratio of 
√ 

6 :
√ 

8 :
√ 

14 :
√ 

16 :
√ 

20 :
√ 

22 , which was 
ndexed as (211), (220), (321), (400), (420) and (332) reflections 
f a cubic Ia3 d lattice with lattice parameters around 7.7 nm ( ∼3
 Lmol ), remaining almost constant for all compounds 2/12∗- 
/16∗ ( Figs. 3 , S6-S8 and Tables S8, S10 and ref. [61] ). The
iffuse scattering at d = 0.46 nm ( Fig. 3 a, c) confirms the LC
tate. The diffraction pattern and the reconstructed ED map of 
he cubic phase of the enantiomer 2/12∗ are shown as typical 
xamples in Fig. 3 a, b. The Ia3 d lattice is formed by a double
yroid (DG) network with the rods arranged in coaxial bundles 
orming two interwoven networks with three-way junctions 
nterconnecting these bundles ( Fig. 3 d, e). There is a uniform
wist of 70.5 ° between adjacent junctions and this leads to 

wo interpenetrating enantiomorphic chiral networks (indicated 

y red and blue spheres, respectively) which are separated by 
he gyroid (G) periodic infinite minimal surface. Similar to the 
eso –diastereomers of molecules combining two enantiomeric 

tereogenic centres the two networks are inseparably connected, 
nd thus this double Gyroid (DG) phase can be considered as an
chiral supramolecular meso –structure [ 87 ]. 

In the ED map the networks with high ED (green, blue, purple)
nvolve the struts formed by bundles of terphenyl cores and the
lycerols domains forming the junctions, while the continuum 

ith low ED (not shown for clarity) is filled by the disordered
lkyl side-chains ( Fig. 3 b, d, e). The distance between the network
unctions ( dnodes ), calculated to dnodes = acub /( 2 · √ 

2 ) = 2.7 nm
58] is close to the maximum molecular length between the two
rimary OH groups, assuming the most stretched conformation of 
he glycerol groups ( Lmol = 2.6 nm, Fig. S25a). The minor deviation
ould be attributed to the deformation of the nodes formed by
he hydrogen bonded glycerol domains by assuming a triangular 
hape (Fig. S28a). Accordingly, the p -terphenyl units arrange in 

oaxial bundles (struts) which are connected with each other 
y the polar hydrogen bonded domains of the nano-segregated 
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Fig. 3 

a, b) SAXS pattern of the ( R,R )-enantiomer 2/12∗ at 122 °C and ED map reconstructed from the diffraction pattern; c) SAXS pattern of racemic 2/12 at 120 °C, insets: 
WAXS diffractograms with diffuse scattering with maximum at 0.46 nm; d) stick-and-ball model showing the double network structure of the Ia3 d phase; red and 
blue nodes indicate the networks with opposite handedness; though the glycerol domains are shown as spheres they are actually deformed to truncated triangles; 
e) shows a model with the coaxial p -terphenyl bundles interconnecting the nodes. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

glycerols forming three-way junctions. Thus, only the side-chains
form a continuum around the networks, while the networks
themselves are not continuous. This DG phase with segmented
networks is considered as an unicontinuous double network phase
to distinguish it from the bicontinuous network phases having
non-segmented continuous networks (for further explanations,
see ref. [58] , especially Fig. 2 and related text in this reference).
The nano-segregated glycerol domains at the junctions could be
considered as “mesoatoms” [ 88 , 89 ] with coordination number
of CN = 3 and the bundles of p -terphenyls acting as “bonds”
between them. Despite of side-chain expansion with growing
chain length the cubic lattice parameter is around acub = 7.7 nm
for all compounds 2/12∗−2/18∗ ( Table 1 ). This is due to the
fixed length of these “bonds” and becomes possible by reduction
of the number of molecules arranged in the lateral cross section
of the rod-bundles with growing side-chain volume from nbundle 

∼15 for 2/12∗ to ∼11 for 2/18∗. Such large nbundle numbers,
exceeding 5–7, require a partial mixing between alkyl chains and
aromatic core in the periphery of the struts, in line with the
lower ED shell in green around the high ED (blue/purple) cores
( Fig. 3 b). 

The DG can be observed for all enantiomers 2/12∗ – 2/18∗

as well as for their racemic mixtures 2/12 – 2/18 [61] and the
lattice parameters found for racemates and enantiomers are almost
identical (compare Tables 1 and 2 , maximal deviation is 0.1 nm).

This means that the diastereomeric relations between molecular 

 

chirality and network chirality appear to have no measurable
effect on their LC self-assembly in the DG networks. 

3.1.3 3D-hexagonal network phase (Hex/R3 c) 
Investigation of 2/12∗ revealed an additional mesophase

occurring between Colrec 
Z / c 2 mm and DG on cooling. While there

is only one direct transition with a sharp DSC peak from the
Colrec 

Z / c 2 mm phase to the DG on heating, on cooling from the DG
phase the Colrec 

Z / c 2 mm phase is not directly formed, but in a two-
step process with an additional intermediate phase ( Figs. 2 a, 4 a, c
and Tables 1 , 2 , S4, S5). For 2/12∗ at the first transition from the
DG phase at 107 °C a low birefringent striped texture composed of
small mosaics ( Fig. 4 a, inset) develops which is slowly replaced by
the well-developed spherulitic texture of the Colrec 

Z / c 2 mm phase
taking place in the temperature range around 100–93 °C ( Figs. 2 a
and S2). The SAXS pattern of this intermediate phase was indexed
to a hexagonal R3 c lattice with lattice parameters a = 10.65 nm
and c = 7.53 nm and the LC state is confirmed by the diffuse WAXS
with a maximum at d = 0.46 nm ( Fig. 4 a). The centrosymmetric
space group offers a way to construct a reliable ED map with phase
choice of 0 and π based on a trial and error approach considering
the molecular parameters (see Section S3). 

The ED map of the Hex/ R3 c phase shows a double network
( Fig. 4 c, d). All junctions are three-way with two coordinates at
(1; 0; 0.75) and (0; 0.75; 0.25). The two networks show a high
similarity between Ia3 d and R3 c if viewed from the (111) and
9 
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Fig. 4 

a, b) SAXS patterns of the Hex/ R3 c phases with indexation of a) 2/12∗ at 106 °C (the (51) reflection in red is from the emerging Colrec 
Z / c 2 mm phase, inset: 

WAXS diffractograms with diffuse scattering maximum at 0.46 nm) and b) 2/12 at 108 °C; the insets show the textures between crossed polarizers at the same 
temperatures, c) ED map and d) stick-ball model showing the double network structure; e, f ) schemes of e) Ia3 d along the (111) direction and f ) Hex/ R3 c along the 
(001) direction; red and blue nodes indicate the networks with opposite handedness. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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001) direction, respectively ( Fig. 4 e, f). Such similarity is in line
ith the epitaxial relationships found in many cubic to hexagonal

attice transitions, retaining the 3 symmetry. The lattice parameter 
 is fixed by the junction position and the aromatic core length,
hile c is smaller than acub ( Ia3 d ) because the dihedral angle
etween neighboring junction planes deviates from 70.5 ° in Ia3 d 
o ∼68 ° and ∼73 ° in R3 c . Like the Ia3 d phase, the Hex/ R3 c phase
s also an achiral meso –structure, composed of two interwoven
etworks with opposite handedness ( Fig. 4 e, f). Unlike Ia3 d with
niform dnodes , there are two different types of bundles. There
re 18 shorter bundles in the ab plane, typically 2.7 nm, and
0 
8 longer ones (3.0 nm) intersecting with the c direction (Table
5). Interestingly, the increase of nbundle during the Ia3 d to R3 c 
ransition can be compensated nicely by the average bundle 
longation. Upon further cooling, these longer bundles might 
ollapse and this “bond breaking” initiates the reorganization 

f the molecules at the transition to the Colrec 
Z / c 2 mm phase.

hus, the new non-cubic network phase can be considered as a
istorted Ia3 d lattice with deviating bundle lengths and inter- 

unction twisting angles. It is different from previously reported 

on-cubic network phases of bolapolyphiles with a larger number 
f side-chains (Hex/ P 63 / m ) [58] as well as from those observed in
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Fig. 5 

a) SAXS patterns of the Lamsm 

/ c 2 mm phase of 2/16∗ at 78 °C, inset: WAXS diffractograms with diffuse scattering at 0.45 nm, b) shows the texture of the LamSm 

/ c 2 mm 

phase at 80 °C as observed between crossed polarizers, c) ED map reconstructed from the diffraction pattern, and d) model of the phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lyotropic systems (Hex/ P 63 / mcm phases [ 90–92 ]), polycatenar LCs
[ 93 ] and block copolymers [ 94–97 ]. To the best of our knowledge,
the current Hex/ R3 c phase is the first experimentally observed LC
phase with hexagonal lattice and distorted G minimal surface,
which has recently been predicted as a metastable state besides
the DG [ 98 , 99 ]. 

The formation of this phase could be related to the relatively
large number of molecules organized in each rod-bundle of the
Ia3 d phase of 2/12∗, reaching a critical value of nbundle = 15 on
cooling (Table S10). A larger value of about 16 molecules in the
Hex/ R3 c phase (Table S5) requires a pronounced elliptical cross
section of the coaxial rod bundles forming the struts connecting
the junctions. Simultaneously, the increasing contribution of all-
trans segments in the alkyl side-chains with lowering temperature
provides an increased tendency for parallel chain alignment,
leading to a kind of “nematic director field” along a preferred
direction (the c -axis in R3 c phase). This in turns provides a certain
tendency to reduce the inclination of the rod-bundles with respect
to this director field, thus leading to the deformation of the double
gyroid and requiring a stretching of the rod-bundles along the
c -axis. The stretching can be achieved by a deformation of the
polar domains from a regular to abuse triangular shape (see Fig.
S28b) and by partial overlapping of the glycerols with the outer
benzene rings of neighbouring p -terphenyls (see Fig. S29) [ 100 ].
The transition from the 3D network of the Hex/ R3 c phase to the
Colrec 

Z / c 2 mm honeycomb is slow, thus leading to a broad DSC
feature, especially for the racemic mixture 2/12 ( Fig. 2 a, b). Again,
no significant effect of molecular chirality on the phase structure
can be detected. The slight difference in the c -parameter of the R3 c
phase of 2/12∗, being a bit smaller ( c = 7.53 nm) than found for
the racemate 2/12 ( c = 7.68 nm) suggests that a slightly denser
packing of the uniformly chiral molecules takes place ( Fig. 4 b,
Table S16). 

3.1.4 Correlated lamellar phase (LamSm 

/ c 2 mm ) 
Upon cooling the longer homologues 2/14∗ – 2/18∗ a phase

transition from the cubic Ia3 d phase to a birefringent phase with
mosaic-like optical textures (see Figs. 5 b and S3) is observed,
which is different from that of the Hex/ R3 c and Colrec 

Z / c 2 mm
phases. SAXS investigations of compound 2/16∗ at T = 78 °C
upon cooling show 6 scattering peaks (see Figs 5 a, S6b and
S8b and Tables S6, S7) which could be indexed to a centered
rectangular lattice with c 2 mm symmetry and relatively small
lattice parameters of arec = 6.18 nm and brec = 2.22 nm (see
Table 1 ). The parameter b almost stays constant for all compounds
whereas a increases with growing chain length. Due to the higher
intensity of the (20) and (40) layer scatterings in comparison to
the (11), (31), (02) and (51) a correlated lamellar phase is likely to
be formed ( Figs. 5 c, d). Within the lamellae the rod-like cores are
organized parallel to the layer planes. In the Lam phases the lattice
parameter b is almost equal to the minimal molecular length
( Lmol = 2.1 nm) and a corresponds to twice the interlayer distance
which increases with chain elongation [56] . This structure is
confirmed by the ED map (see Fig. 5 c) showing alternating
modulated layers of high ED (blue/purple = aromatics + glycerols)
and undulated layers of low ED (red = alkyl chains). The
segregation of the glycerol groups, which form columns of
hydrogen bonding network within the layer planes leads to an
additional periodicity in these modulated layers (LamSm 

), and the
correlation of this periodicity between the layers in an alternating
AB mode leads to the centered 2D lattice of this correlated lamellar
phase (LamSm 

/ c 2 mm , Fig. 5 d) [56] . One unit cell with a height of
0.45 nm ( Fig. 5 a) is formed by four mesogens, meaning that each
layer has a thickness of about two molecules with back-to-back
organized p -terphenyl units (see Table S6, S7 and Fig. S25b, c).
The gap between the aromatic cores, which is accessible for the
alkyl chains, is between 2.0 nm for 2/14∗ and 2.4 nm for 2/18∗

( arec /2 – 0.9 nm, the distance of 0.9 nm is the assumed thickness
of the aromatic layers formed by pairs of back-to-back arranged
molecules). The distance between the p -terphenyls and the ends of
the side-chains in the most extended conformation ( LR ) increases
from LR = 2.1 nm for 2/14∗ to LR = 2.6 nm for 2/18∗ if an
organization of the chains predominately perpendicular to the
layer planes is assumed (Fig. S27a). To achieve an optimal space
filling a fully intercalated arrangement of the chains is required.
This leads to a significant steric layer coupling, fixing the AB
interlayer correlation with c 2 mm lattice where the bulky side-
chains in the middle of the p -terphenyls lock into in the gaps
around the glycerol groups of the neighbouring layers. 

As found for the other LC phases there is no significant
difference in optical textures, and lattice parameters if the
LamSm 

/ c 2 mm phases of the pure enantiomers are compared with
11 
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Fig. 6 

Cub /Fd3 m phase. a, b) DSC traces (10 K min−1 ) of a) ( R,R )−2/18∗ and b) rac- 2/18 (for expanded ranges of the Cub-Cub-Iso transitions, see Fig. S1e,f ); c, d) SAXS 
patterns of c) ( R,R )−2/18∗ at 105 °C and d) rac- 2/18 at 120 °C, insets: WAXS diffractograms with diffuse scattering at 0.46 nm; e) ED map and f ) stick-ball model 
showing the single network structure of the Fd3 m phase; though the glycerol domains are shown as spheres they actually assume a truncated tetrahedral shape; 
for NMR spectra of rac - 2/18 and ( R,R )−2/18∗ , see Figs. S38-S41. 
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he corresponding mixtures of diastereomers 2/ n (Tables S6, S7
nd S17, S18). Larger differences were found for the transition
emperatures and associated enthalpies. The reason is that at 
he transition to 3D ordered crystalline phases and the cubic

esophases, surrounding these Lam phases, kinetic phenomena 
ecome important. 

The LamSm 

/ c 2 mm → Ia3 d transition temperature decreases 
pon chain elongation and after transition of the cubic network
tructure from Ia3 d to Fd3 m the LamSm 

/ c 2 mm phase disappears for
/20∗ and 2/20 , which form exclusively the cubic Fd3 m phase. 

.1.6 Single diamond network phase (SD = Cub/Fd3 m) 
The optical isotropic mesophase of the long chain compounds 

/18–2/22 and the corresponding enantiomers 2/18∗ and 2/20∗

as identified as cubic phase with Fd3 m space group and single
2 
iamond (SD) network structure ( Figs. 6 e, f and S9), as analysed in
etail for the racemates 2/18–2/22 [61] . In this single network
ubic phase the individual rod bundles are interconnected by 
etrahedral 4-way instead of the coplanar 3-way junctions in 

he DG phase, thus leading to a diamond network. The pair
/18 & 2/18∗ is compared in Fig. 6 . The distance between each
air of junctions is calculated as dnodes = (31/2 ·acub )/4[ 101 ] to ∼
.76 nm (Tables S9, S10) and is close to a single molecular length
 Lmol = 2.6 nm) considering the substantial size of the glycerol
spheres” at the nodes. In all cases the rod-bundles between the 
unctions are formed by about 9–10 coaxial aligned molecules in 

he cross section, and the number decreasing with growing side- 
hain volume ( Table 1 ). These values are smaller than found in the
G phase, in line with the increase of the coordination number

rom 3 to 4 which requires thinner bundles to retain the size of
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Fig. 7 

Comparison of LC phase transitions on heating of a) the ( R/R )-enantiomers 2/ n∗ and b) the racemic mixtures 2/ n , for numerical data and abbreviations see Tables 1 
and 2 . Note that for 2/12∗ and 2/12 data upon cooling are shown to include the Hex/ R3 c phase; the red/blue striped areas indicate the coexistence of Colrec 

Z / c 2 mm 

and R3 c in the temperature range of the broad transitions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the glycerol spheres. The larger density of the struts (number of
rod-bundles per constant volume unit) in the diamond network
removes the interpenetration, leading to a single network phase. 

Compound 2/18∗ and its racemic mixture 2/18 , being located
at the cross-over from DG to SD combine both cubic phases
( Fig. 6 a, b). Formation of the DG above the SD could be supported
by a higher conformational entropy of the more disordered side-
chains in the DG phase [73] . The diamond network itself is achiral
and, as expected, no differences could be found between the SD
phases formed by the enantiomers and their racemic mixtures,
except for deviations due to kinetic effects (hysteresis of phase
transitions). 

3.1.7 Effects of uniform headgroup chirality on LC self-assembly 
The phase sequences and transition temperatures of the ( R,R )-

enantiomers 2/ n∗ and the racemic mixtures of diastereomers
2/ n with even numbered n = 10–20 are compared in Fig. 7 .
This shows, that the phase types are identical for all investigated
pairs of racemic mixture and pure enantiomer. There is no
indication of any induction of new phases or any detectable
helical superstructure. 

However, in the SAXS patterns in all cases investigated with
synchrotron radiation the enantiomers show slightly sharper
scattering peaks than found for the racemates ( Fig. 8 ), indicating
a larger coherence length of the LR order in the LC phases of the
enantiomers and an improved packing of the enantiomerically
pure molecules. 

The transition temperatures between different LC phases
and between the LC phases and the isotropic liquid state (as
well as the related transition enthalpies) are in most cases
almost identical for enantiomers and mixture of racemates; the
deviations are in the range of error of ±1–2 K (compare Tables
1 and 2 ) if no kinetic effects are involved. The melting and
crystallization temperatures show larger differences in few cases,
because different crystalline modifications and different kinetics
of crystallization can be expected for the pure enantiomers and
the mixtures of stereoisomers. Even the Ia3 d phase, representing
a meso –structure composed of two enantiomorphic networks in
the ratio 1:1, is for compounds 2/14 and 2/16 not affected by
uniform chirality, which suggests that there is no measurable
interaction between molecular chirality and network chirality.
However, for compounds located at the transitions from the DG
to other modes of LC self-assembly there are larger differences in
transition temperatures and phase ranges. One such exceptions is
the pair 2/12 & 2/12∗ located at the transition from honeycombs
(Colrec 

Z / c 2 mm ) to networks (Cub/ Ia3 d , Hex/ R3 c ). Here the Ia3 d
range is reduced and the R3 c → Colrec 

Z / c 2 mm transition peak
in the DSC cooling traces is much sharper for 2/12∗, i.e. this
transition is faster for the enantiomer than for the racemic mixture
2/12 (see Fig. 2 a, b), as also confirmed by POM studies (Figs.
S2 and S14). The reduced Ia3 d range of 2/12∗ could partly be
due to kinetic effects and would be in line with a stabilization of
the Ia3 d meso –structure of the racemic mixture (diastereomerism).
However, this is reversed for the second exception, provided
by the pair 2/18 & 2/18∗, which is located at the transition
from Cub/ Ia3 d to Cub/ Fd3 m . Here the temperature range of the
Ia3 d phase is a bit expanded for the enantiomer 2/18∗. This
unexpected stabilization of the Ia3 d meso –structure by uniform
molecular chirality would be in line with a denser packing of the
enantiomers, leading to a stabilization of the DG with respect to
the isotropic liquid state. With other words, the improved packing
of the uniformly chiral glycerols leads to a slight strengthening of
the H-bonding networks which increases the packing density of
the LC phases and the coherence length of their network structure
and thus can shift the disintegration of the network to higher
temperature. This packing effect can probably suppress opposing
chirality effects . 

As main conclusion, it appears that for the considered
compounds the effect of chirality on the packing density is more
important than diastereomeric coupling between the permanent
13 
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Fig. 8 

Comparison between the coherence length a) of enantiomer 2/12∗ and 
racemate 2/12 (note that the R3 c phase is partially mixed with Colrec 

Z / c 2 mm 

phase for 2/12∗ ; this could lead to an extra decrement of coherence) and b) of 
enantiomer 2/18∗ and racemate 2/18. The coherence lengths were calculated 
by 2 π/ �q , where �q is the full width at half maximum (FWHM) of the most 
intense scattering peak; temperature deviation between SAXS and DSC are due 
to different conditions and heating/cooling rates. 
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olecular chirality and conformational and superstructural 
hirality [ 29 , 102 ]. The small effect of head group chirality on
esomorphic self-assembly can be attributed to the dynamic 

ature of the hydrogen bonding between OH groups in the LC
tate [ 103 ] and the conformational flexibility of the linkages
etween the OH groups and p -terphenyl cores, averaging out
ny directionality of the hydrogen bondings. The coupling of 
he p -terphenyl cores and stereogenic centres is obviously too
eak to bias the helix sense of molecular conformations [ 102 ].
he transmission of chiral information between the molecular 
egments is additionally suppressed by the nano-segregation 

f the chiral hydrogen bonding glycerols in distinct separate 
ano-domains (columns and spheres) [ 37 , 38 ]. This isolates the
hiral information located in the polar domains which thus 
4 
annot affect the supramolecular self-assembly of other molecular 
egments, like the p -terphenyl rods. In addition, the rods are
rganized parallel to the IMDSs which disfavours the development 
f a helical twist, as it would compete with the minimization of
he IMDS area. This is not the case for flexible polymers which
an easily form chiral networks [ 104 ] and for polycatenar rod-
ike molecules with crowded ends, where the rods are organized 

erpendicular to the IMDS and show a very strong tendency 
or the development of a uniform helical twist, thus allowing 
asy amplification of minor twist induced by permanent or even 

ransient molecular chirality [ 29 , 102 , 105 ]. 
In summary, the permanent molecular chirality provided 

y the polar glycerol groups of bolapolyphiles is obviously 
ncapable to induce new phase structures. As a consequence, 
acemic mixtures are advantageous over pure enantiomers for the 
nvestigation of the complex modes of soft self-assembly of these 
olapolyphiles, because often the racemic mixtures have a lower 
rystallization tendency and sometimes also reduced melting 
oints which increase the phase ranges of the LC phases and the
ersistence time of metastable LC phases. 

.2 Homologous series 2/ n : full phase sequence depending on 

ide-chain volume 
n the following the complete phase sequences of the racemic 
-shaped compounds 2/ n depending on temperature and chain 

ength is analysed ( Table 2 ) and compared with the series of T-
haped compounds 1/ m having a linear side-chains with the same
hain volume ( Fig. 1 ). The focus is on compounds 2/ n with small
ide-chain volumes ( n = 4–8), homologues with odd-numbered 

 = 9–15, and the low temperature phases of the even numbered
ompounds with n > 10 which have not been analysed previously
 61 , 76 ]. 

.2.1 Square and rectangular honeycombs 
For the short chain compounds 2/4 −2/8 X-ray diffraction 

xperiments indicate a square lattice ( q ratio of 1: 
√ 

2 : 2, p 4 mm )
ith lattice parameters of asqu = 2.63 nm for 2/4 and 2.64 nm

or 2/6 and 2/8 (see Fig. 9 c and Tables S12, S13). This is in
ine with optical investigation between crossed polarizers showing 
 typical spherulitic textures with dark homeotropic areas of a 
niaxial LC phase ( Figs. 9 a, S11a and S12a). Investigation with
 λ−retarder plate indicates negative birefringence as typical for 
oneycomb LC phases where the main π -conjugation pathway of 

he p -terphenyls (slow axis) is aligned perpendicular to the column
ong axis (Fig. S12b). For compound 2/8 the X-ray diffraction 

attern of a surface aligned sample (X-ray beam parallel to the
orizontal surface) additionally confirms the square symmetry 

Fig. S17). For all compounds 2/4–2/8 the lattice parameter is 
lose to the molecular length in the most stretched conformation 

2.6 nm). Altogether, this indicates a square columnar phase in 

hich the p -terphenyls form square shaped honeycombs which 

re filled by the branched side-chains ( Figs. 9 e, S16a). 
The number of molecules per unit cell with a height (in c -

irection) of h = 0.45 nm decreases with growing chain length
rom ncell = 3.6 ( 2/4 ) via 3.2 ( 2/6 ) to 2.8 ( 2/8 ), see Table 2 . Thus,
he honeycomb walls contain on average nwall = 1.8, 1.6, and 1.4
ods, respectively, in each wall with a stratum height of 0.45 nm.
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Fig. 9 

Square and rectangular honeycomb phases of compound 2/4 ; a) texture between crossed polarizers at T = 150 °C in the Colsqu / p 4 mm phase and b) in the 
Colrec / p 2 mm phase at 135 °C, c) SAXS in the Colsqu / p 4 mm phase at T = 150 °C and d) in the Colrec / p 2 mm phase at 135 °C; the insets show the WAXS scans, e, 
f ) models of the phase structures; blue – polar columns formed by glycerol groups, gray – terphenyls and white - prismatic cells involving the alkyl side-chains; for 
XRD and structural data of compounds 2/4, 2/6 and 2/8 see Tables S12, S13. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For 2/4 with shortest side-chain an almost perfect back-to-back
arrangement of two molecules can be assumed, and with growing
chain volume the walls become thinner due to an increasing
zigzag-like staggering of the p -terphenyls along these walls (see Fig.
S25b). The total number of C-atoms in the side-chains m = 2 n + 2
(i.e. the side-chain volume) of compound 2/4 with a branched
chain ( m = 10) is the same as for 1/10 in the series of compounds
with linear chains ( Fig. 1 ) [49] . Both compounds have the same
Colsqu / p 4 mm honeycomb phase with almost the same p 4 mm -Iso
transition temperature and number of molecules arranged in the
walls ( nwall = 1.9 vs. 1.8). In both cases a transition from the square
to a rectangular honeycomb is observed on cooling (see below).
This means that for this pair of compounds there is almost no
effect of the chain branching on the self-assembly. 

This is not the case for the two following homologues
2/6 ( m = 14) and 2/8 ( m = 18). For these two compounds
the isomeric n -alkyl compounds 1/14 and 1/16 with the
same side-chain volume form pentagonal ( 1/14 ) and hexagonal
( 1/18 ) honeycombs ( Fig. 1 ), while in the series 2/ n the square
honeycomb is retained ( Table 2 ). Remarkably, for the series 2/ n
the thickness of the honeycomb walls decreases from nwall = 1.8
for 2/4 to 1.4 for 2/8 , while in the pentagonal and hexagonal
honeycombs of the related compounds 1/ m with a linear alkyl
chain they do not shrink, but slightly expand to become nwall = 2.1
in the pentagonal honeycombs of 1/14 and nwall = 2.3 in
the hexagonal honeycombs of 1/18 [49] . This reduction of the
honeycomb wall thickness in the series 2/ n can efficiently reduce
the number of chains in the polygonal cells and thus allows
retaining the square cells for 2/6 and 2/8 , though a transition
to a larger cell would be required by the growing volume of
the lateral chains. Overall, chain branching stabilizes the smaller
square cells over the larger pentagonal and hexagonal cells of the
15 
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omparable compounds 1/ m . The main reason is, that the much
horter chains of the branched compounds 2/ n cannot reach
he centres of the larger cells without entropically disfavoured 

hain stretching as it was also discussed in Section 3.1.1 for the
olrec 

Z / c 2 mm phase. 
Compound 2/8 shows the Colsqu / p 4 mm phase exclusively,

hile compounds 2/4 and 2/6 with shorter side-chains exhibit an
dditional phase transition with small enthalpy (0.5–0.6 kJ ·mol−1 ) 
o another LC phase. At this transition the homeotropic aligned
reas in the optical textures disappear and a birefringent pattern
f 90 ° crossed stripes occurs ( Figs. 9 b and S11b), associated with
 change of the SAXS pattern ( Fig. 9 d). This is typically observed
t the transition from square to rectangular columnar phases [49] .
he low temperature phase of 2/4 can be indexed as rectangular

attice with p 2 mm plane group (Colrec / p 2 mm ) and parameters

rec = 3.03 nm and brec = 2.38 nm. It is hypothesized, that at
his phase transition a slightly increasing contribution of all- 
rans alkyl chain segments to the conformational equilibrium at 
educed temperature [ 100 ] leads to a preferred parallel alignment
f the all-trans chain segments parallel to each other and also to
he terphenyls in two opposing honeycomb walls, thus providing 
 “nematic director field” which expands the square cells a bit
n direction a while shrinking them in direction b (see Fig. 9 f).
his deformation is associated with an elliptical deformation of 
he polar glycerol columns at the junctions (Fig. S28c-d). It is
oted that at this transition the alkyl chains do not crystallize, but
emain in a liquid-like fluid state as confirmed by the diffuse WAXS
hich does not change in width or position at the phase transition

 Fig. 9 c, d, d = 0.46 nm). The temperature of the Colsqu / p 4 mm -
olrec / p 2 mm transition decreases with growing chain length from
41 °C for 2/4 to 107 °C for 2/6 and the rectangular phase
ompletely disappears for 2/8 ( Table 2 ). However, this is not
riven by the side-chain expansion from 2/4 to 2/8 , because h
emains almost constant (see Fig. 9 c, d) and the unit cell area
f the rectangular cells is slightly larger than for the square cells
achieved by a slight increase of the number of molecules in the
alls cross-section of the rectangular cells, see Tables. 2 and S13).
n alternative explanation is based on restriction of the chain
onformation. Because there is a certain preference for the alkyl
hains to align parallel to the rod-like units in the rectangular cells,
here is a limitation for the chain length. The total length of the
ateral chains in their most stretched conformation (between the 
nds of the two branches, 2 n + 1 C-atoms, see Fig. S26a-c) is larger
or compounds 2/6 ( ∼1.4 nm, 13 C) compared to 1/11 ( ∼1.3 nm,
1 C), which is the T-shaped molecule with the longest side-chain
till capable of forming the Colrec / p 2 mm and Colsqu / p 4 mm phases
 Fig. 1 ). For compound 2/8 (17 C) the stretched side-chain length
or molecules with H-shaped conformation ( ∼2.0 nm, see Fig.
26b) exceeds the length of the p -terphenyl unit ( ∼1.5 nm), and
herefore has to remain in a more folded and disordered state. As
 result, the square lattice allowing more disordered alkyl chains
s retained on cooling. 

.2.2 From honeycombs to networks and layers 
The new compounds 2/ n with odd numbered n fit well

nto the sequence of phases observed for the even numbered
ompounds and no odd-even parity effect [ 106 ] can be detected
6 
 Table 2 ). Increasing the side-chain volume removes the square
oneycomb and leads to the highly complex Colrec 

Z / c 2 mm phase
or compounds with n = 9–12. Upon further chain elongation 

his zeolite-like LC phase is replaced at higher temperature by 
wo network phases with three-way junctions, the monotropic 
exagonal Hex/ R3 c phase and the enantiotropic cubic Cub/ Ia3 d 

DG) phase. For homologs 2/ n with n > 12 the Colrec 
Z / c 2 mm

hase is completely replaced by a lamellar LamSm 

/ c 2 mm phase
t low temperature, while the Cub/ Ia3 d (DG) phase at higher
emperature is retained. Upon further side-chain elongation to 

 = 18 a transition from trigonal 3-way to tetrahedral 4-way
unctions takes place in the networks and an additional SD cubic
hase with Fd3 m space group is formed. Associated with the 
ransition from DG ( Ia3 d ) to SD ( Fd3 m ) the lamellar LamSm 

/ c 2 mm
hase disappears for n > 18 and the SD becomes the exclusively
ormed LC phase ( Fig. 10 ). 

A major contribution to the development of this complex 

hase sequence comes from packing frustration [ 101 , 107 ] due to
he interplay between chain length and chain volume, and the 
estrictions by the relatively well-defined length of the p -terphenyl 
ods. The dV / dr diagrams [61] compared in Fig. 11 , which were
alculated with the actual lattice parameter of compounds 2/ n 

 n = 6 to 18, see Section S4) explain nicely the emergence
f different phases upon chain elongation. Accordingly, large 
olumes at short distance r support the square, rectangular 
nd Colrec 

Z / c 2 mm phases, while the network phases require
ufficient space filling at larger distances r . The larger effective
hain diameter of the branched chains also provides a larger 
endency to develop negative IMDS curvature between the polar 
core + glycerol) regions and the non-polar aliphatic side-chain 

egions, additionally supporting the transition from honeycombs 
ith highest positive via Colrec 

Z / c 2 mm with smaller positive and
am with zero curvature to the network phases with negative 
urvature. 

In addition, there is a temperature dependence, 
eading to two different phase sequences upon elongation 

f the branched chains; a high temperature sequence 
olsqu / p 4 mm → Colrec 

Z / c 2 mm → DG ( Ia3 d ) → SD ( Fd3 m ),
nd at low temperatures a sequence Colrec / p 2 mm → Colrec 

Z / c 2 mm
 (Hex/ R3 c ) → LamSm 

/ c 2 mm → SD ( Fd3 m ) ( Fig. 10 ). This
eans that the lamellar phase with zero curvature, which is 

mitted in the high temperature sequence, obviously requires 
 contribution from side-chain stiffening and the associated 

arallel chain ordering by the increasing contribution of the 
ll-trans alkyl chain segments. This is likely to also contribute to
attice deformations as found for the Colrec / p 2 mm and Hex/ R3 c
hases. 

Apart from alkyl chain volume and shape, the valency 
coordination number = CN) and shape of the nodes also affects
he phase transition among different network phases. For all 
etwork phases of compounds 2/ n , there are 33–49 glycerol
roups in each node (see Tables S5, S10, and S20). In the
G ( Ia3 d ) phase the nodes with CN = 3 are flattened into a

riangular shape as each node interconnects three identical co- 
lanar rod-bundles [ 108 ]. Though the trigonal node shape is far
rom spherical (which is supposed to minimize their interface 
rea), these networks are divided by a G minimal surface, which
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Fig. 10 

Overall phase sequence of the K-shaped bolapolyphiles 2/ n and 2/ n∗ depending on the side-chain length and temperature; Hex/ R3 c is a distorted version of 
Cub/ Ia3 d phase. 

Fig. 11 

d V /d r curves of three compounds with all mesophases formed by 2/ n and 2/ n∗. 
The bar below exhibits the potential range covered by different phases; for 
calculations, see Section S4. Most phases are of almost fixed lattice parameters. 
Only two phases (Colrec 

Z / c 2 mm and LamSm 

/ c 2 mm ) are shown by acceptance 
regions. For Colrec 

Z / c 2 mm , light green curves represent two extreme situations 
– the alkyl chains of rod-bundle columns are perpendicular/parallel to the 
aromatic core (Fig S26c,d). For LamSm 

/ c 2 mm , dark green curves represent 
different lattice parameters for 2/13 and 2/18 , respectively. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

becomes distorted in the Hex/ R3 c phase. The CN of the SD ( Fd3 m )
phase is 4, being tetrahedral and thus closer to a spherical shape
with reduced interfacial area. This increase of valency at almost
constant glycerol number also reduces the number of molecules
in the rod-bundles and thus provides increased negative IMDS
curvature around these bundles, supported by the growing chain
volume. As the strut density per volume unit increases at the G→ D
transition, the network interpenetration is removed, leading to a
double- to single-network transition which provides more space
for the side-chains. The single network structure of the SD phase
is surprisingly stable with respect to temperature range and side-
chain volume, removing all competing LC phases for the long
chain compounds 2/20 and 2/22 . It appears that the diamond
structure provides the critical minimum CN for disintegration of
double networks into single networks. While for CN = 3 only
the DG is spontaneously formed as thermodynamic equilibrium
structure, the DD [ 58 , 60 ] and SD [61] cubic phases are both
known for CN = 4. By proper molecular design of bolapolyphilic
compounds a series of additional new network phases with larger
CN was found which all represent single network cubic LC phases,
like the single Plumbers Nightmare (SP, Pm3 m , CN = 6) [62] ,
the I-WP ( Im3 m , CN = 8) [63] and the A15 network phase
( Pm3 n , CN = 12&14) [64] . This sequence of network phases
is distinct from the usually recorded sequence DP-DD-DG as
known from lyotropic systems [ 109 ] and block copolymers [ 110 ]
formed by flexible amphiphiles. We attribute this to the threefold
segregation in the unicontinuous segmented network phases and
the restrictions provided by the fixed geometry and distances of
the rod-like units [ 111 , 112 ]. 

It is interesting to note here, that the phase sequences actually
observed for the series 2/ n( ∗) are a bit different from the sequence
Colsqu → SP ( Pm3 m ) → SD ( Fd3 m ) → DG ( Ia3 d ) predicted by coarse
grained molecular dynamics simulations for these tethered rods
[73] . Though the formation of the SD ( Fd3 m ) and DG ( Ia3 d ) phases
has correctly been predicted, the sequence SD ( Fd3 m ) → DG ( Ia3 d )
is opposite, and the Colrec 

Z / c 2 mm honeycomb obviously replaces
the predicted SP ( Pm3 m ) phase. Nevertheless, a Colrec 

Z / c 2 mm -
like honeycomb structure has recently been found in simulations
using the Mie force field [72] , but in this case without the
additional columns in the octagons, probably due to the
17 
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imitations of the used simulation box in the c -direction. On
he other hand, the SP ( Pm3 m ) phase has been experimentally
etected for �-shaped bolapolyphiles having two linear side-by- 
ide arranged chains at the central benzene ring (catechol diethers,
ee Scheme S1) [62] . It appears that formation of the SP ( Pm3 m )
hase requires more space filling close to the core unit which is not
ossible for compounds with a single branched side-chain with 

ome gap between aromatic core and branching point. It is also
nteresting to note that a hexagonal diamond lattice was predicted
y coarse-grained simulation [ 75 ], while a hexagonal phase with
ytroid network structure was actually found. 

 Summary and conclusions 
 unique series of 7 different LC phases was observed for the K-
haped p -terphenyl based bolapolyphiles 2/ n with a branched
ide-chain by simultaneous elongation of both branches and 

epending on temperature ( Fig. 10 ). All LC phases, with exception
f only two ( p 2 mm and p 4 mm ), are different from those observed
or the isomeric T-shaped bolapolyphiles 1/ m with linear chains
 Fig. 1 ). While honeycombs are dominating in the series of T-
haped compounds 1/ m , network phases become dominating for
he K-shaped compounds 2/ n . This is explained by the larger
ross-section of the branched chains and that their chain ends
ave a shorter distance to the p -terphenyl core if compared
ith compounds having the same volume, but a single linear

hain. These shorter chains at constant chain volume need to
e stretched in order to fill any polygonal cell larger than a
quare which provides a steric and entropic penalty for the
evelopment of the larger prismatic cells [ 113 ]. Therefore, the
quare honeycomb is retained as long as possible and the
oneycombs with larger cells are replaced by the complex zeolite-

ike honeycomb LC formed by pentagons and octagons, with 

dditional strings of coaxial rod-bundles filling the free space in
he larger octagons (Colrec 

Z / c 2 mm ). 
Further chain elongation favours the rod-bundles and thus 

eads to a transition to a series of three different network phases,
he cubic DG ( Ia3 d ), a noncubic phase with hexagonal 3D-lattice
 R3 c ) and a single diamond (SD, Fd3 m ) cubic LC phase. All
hree belong to the new class of unicontinuous network phases
58] , characterized by networks having nano-segregated domains 
t their nodes (“mesoatoms”), interconnected by coaxial rod- 
undles (“bonds”). Among them, the new Hex/ R3 c phase has the
ame network topology as the DG, but distorted. It is a hexagonal
D-network with three-way junctions, not being a mesh phase 
 94 ], but the first with gyroid-like minimal surface. 

The SD, having tetrahedral junctions replaces the DG with 

rigonal junctions at high side-chain volume. It is the first
ingle network LC phase ever observed and turned out to
e surprisingly stable [61] . In the meanwhile, also the single
lumber’s nightmare (SP) was discovered [62] , while the single
yroid (SG) is still missing in bottom up self-assembled soft matter
ystems [ 114 , 115 ]. It turned out that besides minimal surfaces and
ense packing also the shape of the junctions has a significant

nfluence on tuning the self-assembled structure. 
It is also shown that uniform chirality of the glycerol

eadgroups has no measurable effect on the mesophase structures 
nd does not induce any LR helical superstructures. This is
8 
ttributed to the dynamic character of the hydrogen bonding 
etween the glycerols [ 103 ] and the conformational flexibility of
he glycerol groups, thus becoming less directional and largely 
ecoupled from the molecular cores. The decoupling is further 
upported by the nano-scale segregation. 

Overall, based on the p -terphenyl platform with two 

lycerol end groups, more than 20 new and often highly 
omplex LC mesophases have been discovered to date 
 43 , 44 , 49 , 50 , 54 , 57 , 61 , 62 , 76 , 82 , 116 , 117 ]. All these new LC
hases were achieved only by variation of the volume, length, 
hemistry, topology, number, position and density of flexible 
ide-chain(s) grafted to a simple p -terphenyl platform. These LC 

tructures are considered as highly dynamic soft matter analogues 
f related solid-state nanoscale structures, such as metal-organic 
rameworks (MOFs), covalent organic frameworks (COFs) and 

ydrogen bonded or halogen bonded frameworks (HOFs, XOFs) 
ased on reticular solid-state chemistry[ 118–125 ]. It also shows 
hat the network approach, initially developed in structural 
norganic chemistry [ 126,127 ] is also of relevance for soft matter
elf-assembly. Moreover, these polyphilic multiblock molecules 
an alternatively be regarded as monodisperse low molecular 
ass and high- χ relatives [ 128 ] of star-shaped multiblock 

opolymers (mictoarm star polymers) [ 86 , 114 ], forming complex
orphologies on a smaller length scale than the polymers. 
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