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Abstract

This study reports on the preparation and comprehensive characterisation of new bromi-
nated hydrogen-bonded liquid crystalline (HBLC) materials. Two distinct series of
supramolecular complexes were prepared by hydrogen-bond formation between 3-bromo-
4-pentyloxybenzoic acid as the proton donor and non-fluorinated and fluorinated azopy-
ridines with variable terminal chains as proton acceptors. The successful formation of a
hydrogen bond was confirmed by FTIR spectroscopy. The impact of alkyl chain length
and fluorination on the mesomorphic properties of the HBLCs was systematically inves-
tigated. The molecular self-assembly was thoroughly examined using polarised optical
microscopy (POM) and differential scanning calorimetry (DSC), revealing the presence of
smectic C (SmC), smectic A (SmA), and nematic (N) phases, with thermal stability being
highly dependent on the molecular architecture. Notably, the introduction of fluorine
atoms significantly influenced the phase transition temperatures and the overall mesophase
range. Using bromine as a lateral substituent induces the formation of SmC phases in these
HBLCs, a feature absent in their non-brominated analogues. Further structural insights
were obtained through X-ray diffraction (XRD) investigations, confirming the nature of the
observed LC phases. Additionally, the photo-responsive characteristics of these HBLCs
were explored via UV-Vis spectroscopy, demonstrating their ability to undergo reversible
photoisomerisation upon light irradiation. These findings underscore the critical role of
precise molecular design in tailoring the properties of HBLCs for potential applications
such as optical storage devices.

Keywords: azopyridine; bromine; hydrogen bonding; fluorine; liquid crystals

1. Introduction

Liquid crystals (LCs) represent a fascinating class of materials that combine the fluidity
of liquids with the long-range order characteristic of crystalline solids. Their unique optical
and electrical properties have made them indispensable in a wide array of technological ap-
plications, most notably in liquid crystal displays (LCDs) [1,2]. Beyond conventional display
technologies, the continuous demand for advanced LC materials with enhanced function-
alities has spurred extensive research into novel molecular designs and self-assembly
strategies [3]. Among these, supramolecular approaches, particularly those utilising non-
covalent interactions, such as hydrogen bonding [4-7] and halogen bonding [8-13], have
emerged as successful tools for constructing complex and highly ordered LC architectures.

Crystals 2025, 15, 886

https://doi.org/10.3390/ cryst15100886


https://doi.org/10.3390/cryst15100886
https://doi.org/10.3390/cryst15100886
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0009-0007-8638-3899
https://orcid.org/0000-0002-7554-8463
https://orcid.org/0000-0002-7291-6486
https://orcid.org/0000-0003-4155-8644
https://doi.org/10.3390/cryst15100886
https://www.mdpi.com/article/10.3390/cryst15100886?type=check_update&version=1

Crystals 2025, 15, 886

2 of 15

The reversible nature of hydrogen bonds also provides a pathway for dynamic and
responsive LC systems, enabling the design of materials with tuneable properties. For
instance, hydrogen bonding between pyridine derivatives and benzoic acid derivatives
has been widely explored to generate diverse supramolecular liquid crystals with tailored
mesophase behaviour [6]. H-bonding offers a versatile and robust mechanism for inducing
and stabilising various mesophases, including conventional nematic [14-17], cybotactic
nematic [18,19], twist bent nematic [20], smectic [18,19], columnar [21-23], and cubic
phases [24,25].

When HBLCs are integrated with photo-responsive moieties, such as an azopyri-
dine unit, they gain the ability to undergo light-driven conformational changes [10,25,26].
Azopyridine derivatives are particularly attractive in this context, as they combine the
photo-responsive characteristics of azobenzenes with the capacity for self-assembly through
intermolecular interactions. The trans-cis photoisomerisation of azopyridines can induce
significant alterations in molecular shape and packing, leading to reversible phase tran-
sitions that are highly desirable for applications in photonics, optical data storage, and
molecular switches [1,2].

Another crucial aspect in the design of advanced LC materials is the strategic incorpo-
ration of fluorine atoms into the molecular architecture. Fluorination is a well-established
tool for modifying the mesophase behaviour of LCs due to the unique electronic and steric
properties of fluorine [27]. The high electronegativity of fluorine can significantly influence
molecular polarity and intermolecular interactions, while its relatively small size allows
for subtle steric effects. The position and number of fluorine atoms can thus be precisely
tuned to optimise mesophase stability, broaden nematic ranges, or even induce new polar
phases [28-32].

Halogen bonding is another non-covalent interaction of growing importance in
supramolecular LCs [8-12]. It involves a polarised halogen atom (e.g., bromine [8,9,33,34])
as an electron acceptor and a Lewis base (e.g., nitrogen in pyridine derivatives) as an elec-
tron donor. Bromine has also been used as a lateral substitution to design different types
of thermotropic LCs, including photoresponsive ones [35-38]. Bromine is characterised
by its larger crystal volume of Immirzi (cv ~ 33 nm?) [39] compared to that of the fluorine
atom (cv ~ 13 nm?) [39], which leads to more steric interaction and in turn to different
LC behaviour. However, to the best of our knowledge, the use of bromine as a lateral
substituent in HBLCs has not yet been reported.

Building upon these foundational principles, herein we report the design, preparation,
and comprehensive characterisation of the first examples of brominated HBLCs. Our pri-
mary objective is to systematically investigate the influence of varying alkyl chain lengths
and the introduction of a fluorine atom as an additional lateral substituent on the mesomor-
phic and photo-responsive properties of these new HBLCs. Furthermore, we elucidated
the effect of the lateral bromine atom by comparing the phase behaviour of one of the new
HBLCs with that of a structurally related non-brominated HBLC [19] and a covalently
bonded analogue [38]. To this end, we have prepared two distinct series of HBLCs—non-
fluorinated (HBrn) and fluorinated (FBrn)—using 3-bromo-4-pentyloxybenzoic acid as
the proton donor and two different types of azopyridine derivatives as proton acceptors
(Scheme 1). The molecular self-assembly and mesomorphic properties were thoroughly
examined using polarised optical microscopy (POM), differential scanning calorimetry
(DSC), and X-ray diffraction (XRD), with hydrogen bond formation confirmed by FTIR
spectroscopy. Finally, the trans-cis photoisomerisation of these HBLCs was also investi-
gated. By combining these results, we elucidate the structure—property relationships in
these new materials, offering valuable insights for the development of the next generation
of functional HBLCs.
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Scheme 1. Synthesis of the supramolecular complexes HBrn and FBrn. Reagents and conditions: i.
NaNO, /HCl/H,0, 0 °C, 5h; ii. NaOH, NaHCOy3; iii. BrCnHons1, K2CO3, DMF, 80 °C, 18 h.

2. Materials and Methods
2.1. Synthesis

The hydrogen-bonded supramolecular complexes, designated as HBrn and FBrn, were
synthesised according to Scheme 1. The synthesis of the proton donor, i.e., 3-bromo-4-
pentyloxybenzoic acid, is reported in reference [40], while the synthesis of the azopyridine
derivatives is noted in our previous reports [24,41]. The analytical data were in agreement
with those previously reported, confirming the chemical structures [24,40,41]. As examples,
the analytical data for 3-bromo-4-pentyloxybenzoic acid (B) and the azopyridine derivatives
AH14 and AF14 are given below.

3-Bromo-4-pentyloxybenzoic acid (B): 'H NMR (402 MHz, DMSO) 6§ 8.04 (d, ] = 2.1 Hz,
Ar-H, 1H), 7.90 (dd, ] = 8.6, 2.1 Hz, Ar-H, 1H), 7.16 (d, | = 8.7 Hz, Ar-H, 1H), 4.10 (t,
J = 6.4 Hz, O-CH;-, 2H), 1.84-1.66 (m, OCH,CH,-, 2H), 1.50-1.24 (m, -CH;-, 4H), 0.88 (t,
J =7.2 Hz, -CH;, 3H). 1*C NMR (101 MHz, DMSO) 6 166.31, 158.73, 134.22, 131.07, 124.54,
113.36, 111.15, 69.41, 40.31, 40.10, 39.89, 39.68, 39.48, 28.48, 28.01, 22.19, 14.29.
4-(4-Tetradeylcoxyphenylazo)pyridine (AH14): 'H NMR (600 MHz, CDCl3) & 8.77 (d,
J=5.9Hz, Ar-H, 2H), 7.95 (d, ] = 9.0 Hz, Ar-H, 2H), 7.67 (d, ] = 6.0 Hz, Ar-H, 2H), 7.02
(d, ] =9.0 Hz, Ar-H, 2H), 4.06 (t, ] = 6.6 Hz, -OCH>-, 2H), 1.84-1.80 (m, -OCH,CH>-, 2H),
1.56-1.12 (m, -CH,-, 22H), 0.88 (t, ] = 7.0 Hz, CH3, 3H). 13C NMR (151 MHz, CDCl3) &
162.89, 157.51, 151.01, 146.69, 125.62, 116.10, 114.93, 68.52, 31.92, 29.70, 29.61, 29.63, 29.49,
29.52,29.32,29.12, 25.88, 22.60, 14.12.

4-(3-Fluoro-4-tetradecoxyphenylazo)pyridine (AF14): 'H NMR (500 MHz, CDCl3) &
8.91-8.64 (m, Ar-H, 2H), 7.82 (ddd, | = 8.7, 2.4, 1.3 Hz, Ar-H, 1H), 7.72 (dd, | = 11.9,
2.3 Hz, Ar-H, 1H), 7.68-7.65 (m, Ar-H, 2H), 7.09 (t, ] = 8.5 Hz, Ar-H, 1H), 4.14 (t, ] = 6.6 Hz,
-OCH;-, 2H), 1.98-1.77 (m, OCH,CH,-, 2H), 1.53-1.15 (m, -CH>-, 22H), 0.88 (t, ] = 6.9 Hz,
-CH3, 3H). 13C NMR (126 MHz, CDCl3) & 157.07, 153.86, 151.88, 151.30, 151.24, 151.15,
146.23,124.29, 116.15, 113.39, 107.89, 69.57, 31.90, 29.71-29.28 (m, 8C), 29.01, 25.86, 22.67,
14.09. F NMR (470 MHz, CDCl3) & — 132.38 (dd, ] = 11.9, 8.4 Hz).

The target final supramolecular complexes were obtained by precisely mixing equimo-
lar amounts of the proton donor (B) and each of the azopyridine derivatives (AHn and
AFn) over a glass slide, followed by heating with stirring until complete melting of the two
components. The obtained liquid was allowed to cool down to room temperature. This
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process was repeated twice to facilitate hydrogen bond formation and ensure homogeneity.
The successful formation of the hydrogen-bonded complexes was subsequently verified
through FTIR spectroscopy, polarised optical microscopy (POM), X-ray diffraction (XRD),
and differential scanning calorimetry (DSC).

2.2. Characterisation

All synthesised compounds and their supramolecular complexes underwent complete
characterisation using different techniques. All characterisation methods and their details
can be found in the Supporting Information (SI) file.

3. Results and Discussion
3.1. FTIR Studies

The successful formation of the hydrogen bond between the benzoic acid derivative
(proton donor, B) and the azopyridine derivatives (proton acceptors, AHn and AFn series)
was proved via Fourier-transform infrared (FTIR) spectroscopy.

In the FTIR spectra, one of the most indicative changes associated with hydrogen
bond formation is typically observed in the carbonyl (C=0) stretching region of the benzoic
acid derivative [17-19]. As an example from the first group of the HBLCs, the FTIR
spectra for the supramolecule HBr12, as well as for its individual components B and
AH12, are shown in Figure 1a,b in two different regions. Upon complexation, a shift in
the C=0 stretching vibration of the carboxylic acid group to a higher wavenumber was
expected. This was the case, as can be seen in Figure 1b, where the C=0 stretching vibration
wavenumber value changes from 1670 cm ™! in the pure acid B (blue curve) to 1702 cm ™!
in the supramolecular complex HBr12 (green curve). Another indication for the H-bond
formation is the disappearance of the broad band observed for the pure acid B between
1800 and 3300 cm ! (blue curve Figure 1a) and the appearance of two new broad bands in
the lower wavenumber region of HBr12 (2445 cm ! and 1908 cm ™!, green curve Figure 1a),
characteristic of the O-H stretching vibrations of the hydrogen-bonded complex [17,19].

(a) b
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Figure 1. FTIR spectra of the supramolecule HBr12 (green line) and its complementary components,
pure acid B (blue line) and azopyridine derivative AH12 (red line), in the crystalline state at room
temperature: enlarged area between (a) 1750 em~ ! and 3600 cm ! and (b) 1620 cm ! and 1760 cm 1.

These spectral changes confirm the interaction between the carboxylic acid proton and
the pyridine nitrogen, leading to successful formation of the supramolecular H-bonded
complex HBr12.

Similar results were also obtained for the second group of the fluorinated HBLCs with
fluorinated azopyridines (AFn) as the proton acceptors. As an example, the FTIR spectra of
the H-bonded complex FBr12, as well as its individual components AF12 and B, are shown
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in Figure 2a,b. Again, a clear shift in the C=0 vibration band before and after complexation
can be observed (1670 cm ! — 1702 cm !, Figure 2b blue and green curves, respectively).
Also, the appearance of the broad bands for FBr12 at 2532 cm ™! and 1898 cm ™! (green
curve Figure 2a) further confirms the formation of H-bonded materials.
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Figure 2. FTIR spectra of the supramolecule FBr12 (green line) and its complementary components,
acid B (blue line) and AF12 (red line), in the crystalline state at room temperature: enlarged area
between: (a) 1750 cm ™! and 3600 cm ™! and (b) 1620 cm ™! and 1760 cm 1.

3.2. DSC and POM Investigations

The mesomorphic properties of the newly prepared hydrogen-bonded supramolecular
complexes (HBrn and FBr# series) were extensively investigated using a combination of
differential scanning calorimetry (DSC) and polarised optical microscopy (POM). The com-
bined results from DSC and POM are summarised in Table 1 and represented graphically in
Figure 3. The materials exhibit good thermal stability, as evidenced by the reproducibility
of their transition temperatures over multiple DSC heating and cooling cycles.
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Figure 3. Bar diagram of the prepared complexes, (a) HBrn and (b) FBrn, as determined from POM
and 2nd cooling DSC scans with a rate of 10 K min~!. For abbreviations and numerical data when
cooling, see Table 1.

It should be noted that both the proton donor (B) and each of the azopyridine deriva-
tives (AHn and AFn) are non-mesomorphic and melt directly to the isotropic liquid state
from the crystalline solid. Acid B has a melting point of ~142 °C, while AHn and AFn have
melting points ranging from 58 °C to 74 °C [19]. Upon their complexation, a rich variety
of mesophases is induced, demonstrating the successful formation of a hydrogen bond
between the two components and the presence of new hydrogen-bonded materials.
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Table 1. Phase sequence with transition temperatures (T/°C), mesophase types, and transition
enthalpies [AH (k] /mol)] of the H-bonded materials HBrn and FBrn .

Br

O
CsH4410 X
5' 1M1 Moo 7 \ N
— N——<i i)—OCnHZrH_—]

Complex n Phase Sequence T/°C [AH/k] mol—1]
HB18 g u H: Cr 81 [28.7] SmC 96 [0.6] SmA 104 [1.1] N 116 [2.1] Iso
C:Is0 113 [—2.3] N 102 [—0.8] SmA 93 [—1.2] SmC 61 [—25.8] Cr
HBr10 10 u H: Cr 79 [13.3] SmC 100 [10.2]° SmA 107 [10.2]° 112 [10.2] Iso
C: Iso 109 [—5.2]° N 102 [—5.2]° SmA 96 [—0.6] SmC 50 [—22.6] Cr
H: Cr 63 [29.1] SmC 103 [1.6] SmA 112 [6.4] Iso
HBr12 12 H C: Is0 110 [—-7.0] SmA 100 [—0.6] SmC 44 [—19.9] Cr
H: Cr 79 [46.4] SmC 106 [1.6] SmA 113 [7.8] Iso
HBr14 14 H C:Is0 110 [—8.1] SmA 103 [—0.3] SmC 44 [—18.8] Cr
FBiS g . H: Cr 80 [36.9] SmC 93 [0.6] N 106 [0.8] Iso
C: Is0 93 [-1.2] N 70 [—0.9] SmC 38 [—23.4] Cr
H: Cr 89 [46.2] N 103 [1.5] Iso
FBr10 10 F C: Iso 88 [—1.4] N 70 [—0.5] SmC 44 [~22.6] Cr
H: Cr 77 [57.7] SmC 90 [2.5] N 105 [2.8] Iso
FBri2 12 F C: Is0 90 [—3.6] N 79 [—0.3] SmC 28 [41.0] Cr
FBr14 1 . H: Cr 86 [72.1] SmC 105 [2.5] Iso

C:1s092 [—4.7] SmC 18 [-37.7] Cr

2 Transition temperatures and enthalpy values were taken from the second DSC heating scans (10 K min~1); P the
transition enthalpy values cannot be separated; abbreviations: H = heating; C = cooling; Cr = crystalline state;
SmC = smectic C phase; SmA = smectic A phase; N = nematic phase; and Iso = isotropic liquid phase.

3.2.1. Non-Fluorinated HBLCs (HBrn)

The non-fluorinated series of the hydrogen-bonded liquid crystalline materials (HBr#n,
where n represents the alkyl chain length at the azopyridine side) exhibits three different
LC phases depending on n and temperature. As summarised in Table 1 and plotted in
Figure 3, the shortest member of this series (HBr8) displays three LC phases, and all of
them are of enantiotropic nature. This was confirmed from the DSC heating and cooling
scans (Figure 4a), where the transition between the different mesophases was recorded
before the transition to the isotropic (Iso) liquid state upon heating the crystalline state or
upon cooling from the Iso liquid.

Optical textures investigations observed under POM (Figure 5) provided visual con-
firmation of the different mesophases. Therefore, when cooling from the Iso state under
crossed polarisers, HBr8 displayed a Schlieren texture that flashed when applying shearing
stress, which is typically observed in the nematic (N) phase (Figure 5a). At the transi-
tion to the next LC phase, the highly birefringent texture of the N phase was replaced
by dark texture with some bright points (Figure 5b), indicating the transition from N to
SmA phase. With further cooling, the dark texture was replaced by another birefringent
one, which is indicative of the SmA-SmC transition before the occurrence of crystallisa-
tion with further cooling. Therefore, the overall phase sequence of HBr8 when cooling
is Iso+N—SmA—+SmC—Cr, which was also found when heating the sample again af-
ter reaching the crystalline state. This phase sequence was further confirmed by X-ray
diffraction (XRD) investigations, as will be discussed later (Section 3.3).
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(a) HBr8 Heating (b) FBr8 —— Heating
Cooling —— Cooling
e}
3 S smc N
c
i w
Cr
4'0 6'0 8'0 1 60 1 éO 20 4'0 6'0 8'0 1 (')0 1 éO
T/°C T/°C

Figure 4. DSC thermograms recorded during the second heating and cooling scans for the supramolec-
ular complexes: (a) HBr8 and (b) FBr8, with heating and cooling rates of 10 K/ min~ L.

(b) HBr8; SmA, T =100°C

(d) HBr10; SmC, T = 90°C \"QJ‘
.

Figure 5. Optical textures observed when cooling from the Iso state at the indicated temperatures
for (a) the Schlieren texture of the nematic phase of HBr8; (b) homeotropic area of the SmA phase of
HB18; (c) the birefringent texture of the SmC phase of HBr8; and (d) the SmC phase of HBr10. The
arrows indicates the direction of the polarizer (P) and analyzer (A).

For the next homologue, HBr10 with n = 10, a similar phase sequence as that of HBr8
was observed. However, the melting and crystallisation temperatures of HBr10 were
reduced compared to those of HBr8 because of chain elongation (Table 1). For the next two
longer members, HBr12 and HBr14, the melting point was decreased (T = 63 °C for HBr12),
then increased again (T = 79 °C for HBr14). Also, the N phase was completely removed for
both materials, while the SmA and SmC phases were retained. The crystallisation of both
materials took place at ~T = 44 °C, resulting in wide ranges of the LC phases compared to
those of the shorter homologues.

Opverall, the non-fluorinated HBLCs demonstrated a strong tendency to form smectic
and nematic phases. The presence and stability of the N phase were influenced by the alkyl
chain length, with HBr8 and HBr10 clearly exhibiting it, while it was absent for HBr12 and
HBr14. This suggests that the longer alkyl chains in HBr12 and HBr14 promote a more
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ordered layered structure because of increased Van der Waals interactions between the
hydrophobic segments.

3.2.2. Fluorinated HBLCs (FBrn)

The introduction of fluorine atoms into the azopyridine moiety in the case of the FBrn
series significantly influenced the transition temperatures and mesomorphic behaviour
of the HBLCs as compared to the HBr#n series (Table 1 and Figure 3). Unlike their non-
fluorinated counterparts, FBrn homologues exhibited SmC and N phases, with a general
absence of the SmA phase observed for the HBrn series (Figure 3a,b). Additionally, the
transition temperatures were significantly reduced, especially those for clearing and crys-
tallisation in the case of FBrn materials (Figure 3a,b). This suggests that fluorination can
disrupt the formation of the more ordered SmA layered structure.

The general observation of lower transition temperatures and the predominant absence
of the SmA phase in the fluorinated series highlight the significant impact of fluorination on
the mesomorphic properties. This effect is likely due to a combination of factors, including
changes in dipole moment and intermolecular forces, all of which are influenced by the
presence of the highly electronegative fluorine atom. This indicates how subtle structural
modifications, such as fluorination, can be utilised to fine-tune the mesomorphic behaviour
of HBLCs [15,19,41].

Optical textures obtained from POM (Figure 6) for the FBrn series confirm the presence
of nematic and smectic C textures, consistent with the DSC data. The DSC thermograms
(Figure 3b and Figure S2 in SI) for the FBr#n series also clearly show the endothermic and
exothermic peaks corresponding to the observed phase transitions. Across the FBrn series,
the nematic phase had the largest range for the shortest homologue FBr8, with ~23 K when
cooling. With chain elongation, this range decreased for the next members, FBr10 and
FBr12, to 18 K and 11 K, respectively. For the longest homologue FBr14, the nematic phase
was completely removed, where the SmC was the only observed LC phase over the whole
range, with a low crystallisation temperature of ~18 °C. This means that aromatic core
fluorination in the case of these HBLCs could lead to room-temperature LC phases, which
is of interest from an application point of view.

(a) FBr10; N, T=92°C (b) FBr12; N, T = 88°C

Figure 6. Optical textures observed when cooling from the Iso state at the indicated temperatures for
(a) nematic droplets of FBr10 at the transition from the Iso phase; (b) nematic phase of FBr12; (¢) SmC
phase of FBr12; and (d) SmC phase of FBr14.
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3.3. XRD Investigations

X-ray diffraction (XRD) studies, including both Small-Angle X-ray Scattering (SAXS)
and Wide-Angle X-ray Scattering (WAXS), were conducted on selected representative
examples (HBr8 and FBr8) to prove their LC phases and to corroborate the mesophase
assignments derived from DSC and POM. The numerical SAXS data (Tables 51 and S2) and
WAXS data (Tables S3 and S4) can be seen in the SI.

Figure 7 shows the WAXS patterns recorded for HBr8 in the different LC phases.
As can be seen, all WAXS results exhibit a broad halo scattering at d ~ 0.43-0.45 nm,
corresponding to the lateral separation of the rigid aromatic cores, and confirming the
presence of liquid crystal phases.

(a) (b)
400-
400
5 T
S, S,
= = 200
2001
0 \ 0 . . .
12 14 16 18 20 22 24 26 28 15 20 25
26 [ 26 [
(C) @ (d) T=108°C|

400 4 400+

/a.u]
I[a.u]

200 4 200

15 20 25 12 14 16 18 20 22 24 26 28
26 [7] 26 [7]
Figure 7. WAXS pattern recorded for HBr8 when cooling at a rate of 10 K/min at the indicated

temperatures: (a) N phase, (b) SmA phase, (c¢) SmC phase, and (d) comparison of the WAXS signals
in different phases and temperatures.

The recorded SAXS patterns for the same complex are shown in Figure 8. When cooling
from the Iso state and in the LC range of the nematic phase at T = 111 °C, a relatively broad
single reflection could be observed (Figure 8a), which indicates the presence of a nematic
phase. With further cooling, and at T = 98 °C, the single reflection became sharper, with a
calculated layer spacing (d-spacing) of 3.59 nm, which corresponds to the molecular length
(Lyor = 3.58 nm) calculated with Materials Studio (Figure 9). An additional second-order
reflection can be observed at 20 = 4.96. These data confirm the presence of orthogonal
SmA phase, in line with the optical texture shown in Figure 5b. With further cooling, and
at T = 80 °C, sharp first- and second-order reflections could still be recorded but with
reduced layer spacing of d = 2.96 nm. This is significantly shorter than the molecular length,
confirming the transition to a tilted lamellar phase i.e., SmC, which is also in agreement
with the POM investigation (Figure 5¢). Therefore, XRD investigations confirmed the phase
sequence Iso—+N— SmA— SmC for HBr8 when cooling.
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Figure 8. SAXS pattern for compound HBr8 recorded when cooling at a rate of 10K/min at the
indicated temperatures: (a) N phase; (b) SmA phase; (c) SmC phase; (d) relative peak shifts of the
first reflexes for the recorded phases.

Figure 9. Space-filling model of the hydrogen-bonded complex HBr8 showing the calculated molecu-
lar length (Ly,01)-

Investigations of the fluorinated analogue FBr8 demonstrated the presence of the
nematic phase at higher temperatures, followed by the SmC phase at lower temperatures
(see Figure S3 and SI). These results are also in agreement with the observed optical textures
(Figure 6).

From SAXS layer spacings and the calculated molecular lengths of the hydrogen-
bonded complexes HBr8 and FBr8 (L,,,; = 3.58 nm), tilt angles in the SmC phase of 33.6°
for HBr8 (80 °C) (Table S1) and 31.0° for FBr8 (60 °C) (Table S2) were calculated according
to 6 = cos ! (d/L,01)- The smaller tilt in the fluorinated complex correlates with a reduced
lateral spacing observed in WAXS and is consistent with tighter in-plane packing induced

by the polar F substituent.
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3.4. Photoisomerisation Studies

The incorporation of an azopyridine unit within the molecular architecture of the
HBrn and FBrn series of HBLCs grants these materials photo-responsive capabilities,
namely the ability to undergo trans-cis photoisomerisation upon light irradiation. This light-
induced conformational change is crucial for potential applications in optical data storage,
molecular switches, and adaptive optical devices. The photoisomerisation behaviour of
selected compounds with the same terminal chain length (HBr8 and FBr8) was investigated
using UV-Vis spectroscopy.

Upon UV light irradiation of HBr8 in the LC phase, isothermal SmC-SmA, SmA-N or
N-Iso transition could be achieved. These transitions took place in less than three seconds,
i.e., fast, and were also reversible. Similar results were also obtained for the fluorinated
material FBr8, where fast and reversible photoswitchable SmC-N and N-Iso transitions
were achieved. These phase transitions could be explained as follows: under UV irradiation,
the trans isomer of the azopyridine moiety undergoes photoisomerisation to its cis form.
This cis isomer, being bent-shaped, typically disrupts the molecular packing and order
within the LC phase, leading to a decrease in mesophase stability and therefore a transition
to the next LC phase or even to the isotropic state.

The UV-Vis spectra of HBr8 and FBr8 in chloroform solution were also investigated,
and the results are shown in Figure 10 (see also Figure S5 in the SI). A freshly prepared
solution of both materials showed a strong absorption band at ~355 nm, corresponding
to the 7-rt* of the most stable trans isomer of the -N=N- unit. After light irradiation at
different time intervals of five seconds, the band at 355 nm decreased, and another band at
~450 nm increased with time. The latter corresponds to n-7* absorption of the less stable
cis isomer. The trans-cis photoisomerisation was a reversible process, as indicated from
the spectra obtained after irradiation of the solution, after keeping it in the dark overnight
for 24 h, where a similar spectrum to that of the freshly prepared solution was obtained.
This indicates the relaxation of the cis isomer to the trans one. The ability of these HBLCs
to undergo reversible photoisomerisation suggests their potential for light-addressable
applications.

0.5

5
w

355nm

= Before UV 355 nm — Before UV
Ssec Ssec

—10sec — 10 seC

15sec
20sec
—25sec
20sec

——24h

s
)

=]
~
1

5

~

18 sec
— 20 sec

s
m

— 25 sec

=]
w
X

— 30 sec
24 h

=]
n

=]
(%]
1
L
IS
1

Absorbance [arb. units)
@

e
(%]
X

Absorbance [arb. units]

‘“l"“‘ (a) HBr8
0.0

— T Y
300 350 400 450 500 550 200 450 500 550
& (nm) & (nm)

450 nm (b) FBr8
l

s

s
o

w
=
=
w

n
=]

Figure 10. Spectral changes observed under UV light irradiation for (a) HBr8 and (b) FBr8 dissolved
in chloroform, as recorded at room temperature.

3.5. Comparison with Related Materials

To understand the effect of aromatic core bromination on the phase behaviour in
HBLCs, Table 2 shows a comparison between the newly reported materials (HBr8 and
FBr8) and their related HBLCs reported in the literature (HH8 and HF8) [19]. Moreover, we
have compared the phase behaviour of the covalently bonded material (C8, Figure 11) [38]
with its related HBLC analogue (FBr8) to obtain more insight into the structure—property
relationship in these materials. It should be noted that HH8 and HF8 each have a hexyloxy
chain at the benzoic acid side, which means one more methylene (-CH,-) group compared
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to HBr8 and FBr8. However, the comparison between these structures is still valid, as this
additional -CH,- group cannot be the reason for the different phase behaviour compared to
the effect of bromine substitution.

Table 2. Phase sequence and transition temperatures (T/°C) of HBr8 and FBr8 in comparison to
related materials [19] @.

Y

0
RO X
“H----N" NN
— 'NOOCnHZnH

Complex OR Phase Sequence T/°C Ref.
e oo o n Bomssmme
e oo w o w BOtScxmamNin
o oo 1w Rom
FBr8 ~OCsHy; F Br H: Cr 80 SmC 93 N 106 Iso .

C:1s0 93 N 70 SmC 38 Cr

2 Transition temperatures were taken from the second DSC heating scans (10 K min~1); for abbreviations, see
Table 1.

Br

(0]
CSH”O‘@_/%
O

Figure 11. Chemical structure of the previously reported covalently bonded liquid crystal C8 and its

C8
Cr 116 N 180 Iso

H: 150 176 N 97 smC 88 Cr

Cc

transition temperatures and phase types when heating (H) and cooling (C) [38].

Comparing the non-brominated HBLC HHS8 [19] with its brominated one (HBr8)
indicates that bromination leads to a lower melting temperature and induces the formation
of the SmC phase, which is absent for HH8. Also, the whole LC range after the cooling
of HBr8 (~52 K) was wider than that of HH8 (~34). This means that the introduction of a
bromine atom as a lateral substitution did not suppress LC formation, despite its large size,
but instead enhanced the mesophase range and induced new LC formation.

Similar observations were also observed when comparing the fluorinated HBLCs (HF8
and FBr8). Again, the introduction of a bromine atom in the case of FBr8 resulted in the
induction of the SmC phase below the nematic one and a wider LC range compared to its
non-brominated analogue, HFS.

On the other hand, comparing the covalently bonded LC material (C8, Figure 11) [38]
with its HBLC analogue (HBr8) revealed that the clearing temperature of C8 was higher
than that of HBr8, resulting in a wider LC phase range. However, C8 exhibited only a
nematic phase with heating and additional SmC as a monotropic phase with the cooling
cycle, while the HBLC analogue (HBr8) displayed polymorphism with a phase sequence
of SmC-SmA-N after both heating and cooling. This suggests that the covalent linkage
might restrict molecular movement or packing in a way that favours the nematic phase
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and higher thermal stability, while the HBLC analogue, with its potentially more flexible
structure, allows for the formation of more ordered smectic phases at lower temperatures.

4. Conclusions

In this study, we successfully designed, prepared, and characterised new brominated
HBLCs, systematically exploring the impact of alkyl chain length and fluorination on their
mesomorphic and photo-responsive properties. Two distinct series, non-fluorinated (HBrn)
and fluorinated (FBrn) derivatives, were prepared through hydrogen-bond formation
between a brominated benzoic acid derivative as a proton donor and various azopyridine
derivatives as proton acceptors.

FTIR measurements confirmed the successful formation of the hydrogen bond between
the complementary components. The LC behaviour, elucidated through DSC and POM,
revealed a rich polymorphism, including SmC, SmA, and N phases. The influence of
both alkyl chain length and fluorination on the observed phase sequences, transition
temperatures, and mesophase stability was investigated. The non-fluorinated HBrn series
exhibited high transition temperatures and a broad range of mesophases, including the
SmA phase for certain chain lengths. In contrast, the fluorinated FBrn series showed a
tendency towards lower transition temperatures and a predominant presence of SmC and
N phases, suggesting that fluorination can modulate the intermolecular interactions and
molecular packing, thereby influencing the overall mesomorphic behaviour.

Further structural insights were gained from XRD investigations, which confirmed
the observed mesophases. The SAXS and WAXS data provided quantitative information
on d-spacings and molecular packing, supporting the conclusions drawn from thermal
and optical studies. Photoisomerisation studies demonstrated that these HBLCs are in-
deed photo-responsive, undergoing reversible trans-cis isomerisation of the azopyridine
unit upon UV light irradiation. This inherent photoswitching capability highlights their
potential for optical applications. Finally, a comparison between the new materials and
previously reported ones provided useful insights about the effect of core bromination in
HBLCs. It was demonstrated that lateral bromine substitution is directly responsible for
inducing SmC phase, which was not observed in closely related non-brominated materials.

Overall, this research underscores the importance of careful molecular design, using
different factors such as aromatic core bromination and fluorination, as well as terminal
alkyl chain length, in tailoring the properties of HBLCs. These new HBLCs could be used
for applications in optical data storage devices due to their photo-responsive behaviour.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cryst15100886/s1: Figure S1: DSC as recorded from second
heating and cooling cycles of (a) HBr10, (b) HBr12, and (c) HBr14 at a scanning rate of 10 °C/min;
Figure S2: DSC as recorded from second heating and cooling cycles of (a) FBr10, (b) FBr12, and
(c) FBr14 at a scanning rate of 10 °C/min.; Figure S3: SAXS pattern of FBr8 recorded after cooling at a
rate of 10K/min at the indicated temperatures: (a) N phase; (b) SmC phase; (c) relative peak shifts
of the first reflexes for the recorded phases; Figure S4: WAXS pattern of FBr8 recorded after cooling
at a rate of 10K/min at the indicated temperatures: (a) N phase; (b) SmC phase; (c) comparison of
the WAXS signals in the different indicated phases and temperatures; Figure S5: Spectral changes
observed under UV light irradiation for HBr10; Table S1: Numerical SAXS data of HBr8; Table S2:
Numerical SAXS data of FBr8; Table S3: Numerical WAXS data of HBr8; Table S4: Numerical WAXS
data of FBr8.
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