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Abstract

A new liquid crystal dimer, 1,12-bis(4-(2-(4-nitrophenyl)ethenyl)phenoxy)dodecane, was
synthesized and structurally characterized. The compound exhibited enantiotropic nematic phase.
The spectroscopic properties were analysed by UV—Vis and fluorescence techniques. Theoretical
calculations were used to predict the UV-Vis spectral properties of three isomers and propose a
mechanism of conversion between them. The obtained results present a solid basis for the future
studies on the stilbene-based liquid crystal dimers, thus affording guidelines for development of a
structure—property relationship of these compounds.
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1. Introduction

Liquid crystal (LC) dimers contain two mesogenic units linked by a flexible spacer, usually
an alkyl chain [1-3]. Anisotropic interactions between these units produce the LC functional
assemblies, whereas the alkyl chain is responsible for additional fluidity and flexibility, thus
enabling LC behaviour to be observed in wide temperature ranges. Different combinations of
mesogenic units have given rise to materials exhibiting unusual behaviour [3]. This involves a
significant dependence of their transitional features on the length and parity of the spacer, nematic—
nematic transitions and alternating smectic phases [1]. The research in this field has been very
dynamic, especially regarding their applications as dopants for LC display mixtures with faster
relaxation times [4,5]. Several LC dimers have been found to exhibit a strong flexoelectric
coupling [6,7].

Incorporation of selected mesogenic units with different properties into the molecular
design of LC dimers allow formation of supramolecular architectures through interactions, which
can be controlled by various external stimuli. Because of its luminescent properties and liquid
crystallinity, a donor—z—acceptor system containing 4’-nitrostilbene unit is of particular interest in
obtaining multi-functional materials [8, 9]. Chen et al. applied external stimuli, including heat,
mechanical force and ultrasound to the LC state of 4-alkoxy-4’-nitrostilbenes at supercooled
temperatures to trigger different crystallization processes, which result in polymorphs with various
luminescent properties [10]. Furthermore, polymeric films with different degrees of cross-linking
were obtained by in situ photopolymerization of LCs based on alkoxy-nitrostilbenes [11]. Wu and
co-workers prepared LCs with anisotropic fluorescence emission by ionic self-assembly from a
copolymer and oppositely charged fluorescent rod-like dye containing this scaffold [12]. A series
of bent-core molecules bearing 4-nitrostilbene in a side wing was also reported [13]. In this case,
relatively small modifications in their structure significantly influenced the supramolecular
assembly, which was further reflected in formation of various LC phases.

We aim to explore the effectiveness of the 4-nitrostilbene unit in promoting LC behaviour
in dimers. To the best of our knowledge, only a non-symmetric LC dimer composed of the
azobenzene and nitrostilbene units has been reported so far [14]. This compound has a nematic
phase and is sensitive to the light from the UV and visible range and exhibits luminescence in the
visible area. We expect that these functional m-conjugated systems become promising candidates
for advanced technological applications.

2. Material and methods

All starting materials, reagents and solvents were obtained from commercial suppliers and
used without further purification. The synthetic route to the investigated LC dimer is presented in
Scheme 1. 4-Hydroxy-4’-nitrostilbene was prepared according to a procedure from the literature
[15]. Because the characterization data of this compound are in agreement with those previously
reported, experimental details are not included here.
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Scheme 1. Synthesis of 1,12-bis(4-(2-(4-nitrophenyl)ethenyl)phenoxy)dodecane. Reagents and conditions:
i) piperidine, 110°C, 6 h; ii) 1,12-dibromododecane, K.COs;, DMF, rt, 18 h.

The FTIR spectrum of the synthesized compound was recorded with a Bomem MB series
100 spectrophotometer in the ATR mode. The NMR spectral measurements were performed on a
Bruker 300 spectrometer at 400 MHz for the *H NMR and 100 MHz for the **C NMR spectra. The
spectra were recorded at room temperature in CDCIs using TMS as the internal standard. The
elemental analysis of the synthesized compound was carried out by standard analytical
micromethods using an Elemental Vario EL 11l microanalyzer. Its results were found to be in good
agreement (x£0.3%) with the calculated values.

The UV-Vis spectrum was recorded using spectroscopy grade DMF at 5-10° and 1-10°3
mol dm~3 concentrations, with an Ocean Optics QE65 Pro spectrometer with tungsten and halogen
lamps. Photoluminescence emission spectra were recorded by a Horiba Nanolog
spectrofluorimeter, with 384 nm excitation and a 405 nm longpass filter.

The POM textures of the compound were investigated using Zeiss Axio Imager Al
polarizing microscope by placing LC sandwich cells with weak planar anchoring (achieved by
unidirectionally rubbed glass plates) in an Instec heat stage. The POM textures were studied in an
extremely slow heating-cooling cycle at ~ £0.1°C /min rate. DSC was performed using a TA Q20.
The samples were obtained directly from recrystallization and measured at 5°C/min heating and
cooling rates.

2.1. Synthesis of 1,12-bis(4-(2-(4-nitrophenyl)ethenyl)phenoxy)dodecane

4-Hydroxy-4’-nitrostilbene (0.48 g, 2.0 mmol) was dissolved in DMF (30 mL) and potassium
carbonate (1.38g, 10 mmol) was added. After 30 minutes of stirring, 1,12-dibromododecane (0.32
mg, 0.98 mmol) was added and after 18 hours of stirring at rt, the reaction mixture is poured into
water (150 mL). The precipitate formed was filtered and recrystallized from DMF to give yellow
solid. Yield: 38%. FTIR (ATR) v 2920, 2850, 1587, 1572, 1505, 1473, 1334, 1323, 1269, 1246,
1173, 1108, 1033, 1004, 975, 952, 875, 841, 749, 716, 686, 630, 582, 530, 452 cm™; 'H NMR
(CDCl3) 6 [ppm]: 1.26-1.39 (m, 12H, -CH>-), 1.44-1.51 (m, 4H, -CH>-), 1.81 (quin, 4H, J =7.1
Hz, -CH>-), 3.99 (t, 4H, J = 6.6 Hz, -CH20-), 6.92 (d, 4H, J = 8.8 Hz, -C¢H4-), 7.0 (d, 2H, J
=16.4 Hz, -CH=CH-), 7.23 (d, 2H, J =16.4 Hz, -CH=CH-) 7.49 (d, 4H, J = 8.8 Hz, -CsHs-), 7.60
(d, 4H, J = 8.8 Hz, —CsH4-), 8.21 (d, 4H, J = 8.8 Hz, —CsHs-). 13C NMR (CDCls3) & [ppm]: 26.0,
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29.2, 29.4, 29.5, 68.1, 114.9, 123.9, 124.2, 126.5, 128.4, 128.8, 133.0, 144.3, 146.4, 159.9;
elemental analysis calcd [%] for C40H44N20s: C 74.05, H 6.84, N 4.32; found: C 74.08, H 6.80 N,
4.38.

2.2 Quantum chemical calculations

The calculations were performed using the Gaussian09 program package [16]. Three
compound isomers were optimized by using the B3LYP functional, 6-31G(d,p) basis set and SMD
solvation model for DMF solvent. Molecular Electrostatic Potential Surface (MEPS) calculations
were performed at same level of theory. Time dependent density functional theory (TD-DFT) was
employed to compute the UV-Vis spectra. For these calculations, a benchmark study was
performed using BMK and CAM-B3LYP functionals, 6-31G(d,p) and def2-TZVP basis sets, and
PCM and SMD solvation models for DMF solvent.

The prediction of the conversion mechanism between three isomer forms were performed
at B3LYP/6-31G(d,p) level of theory. The general protocol used for investigation of mechanisms
was as follows: obtaining the structure of the transition state (using TS calculations), and verifying
the truthfulness of the TS by IRC (intrinsic reaction coordinate) calculations. IRC calculations also
provided the reaction path, followed in two directions from the transition structure to the
equilibrium geometries of reactants and products.

3. Results and discussion

A symmetric LC dimer where two 4-nitrostilbene units are connected with a
dodecamethylene spacer via ether linkages, 1,12-bis(4-(2-(4-
nitrophenyl)ethenyl)phenoxy)dodecane, was synthesized and characterized here. The synthetic
route for the preparation of this compound involved a condensation reaction between 4-
nitrophenylacetic acid and 4-hydroxybenzaldehzyde giving 4-hydroxy-4’-nitrostilbene and its
reaction with 1,12-dibromododecane in the presence of K.COz (Scheme 1).

The investigated compound is an enantiotropic LC (Figs. la-1e), which exhibits a
conventional nematic phase in a temperature range of 20 and 30°C on heating and cooling,
respectively (Fig. 1). Attard and co-workers reported a structurally-related LC dimer consisting of
two 4-nitroazobenzene units and the same spacer (Fig. S4, Supplementary data, [17]). This
compound also enantiotropically exhibited a nematic phase, but its clearing point was lower for
20°C. A LC dimer having the 4-(4-nitrobenzoyloxy)phenoxy group as two identical mesogenic
terminal units connected via dodecamethylene spacer, however, formed a monotropic smectic
phase in a narrow temperature range, as reported by Jin et al. (Fig. S4, Supplementary data, [18]).
Evidently, such a trend implies that the charge transfer interaction between two 4-nitrostilbene
units is greater than between two 4-nitroazobenzene or 4-(4-nitrobenzoyloxy)phenyl units [3]. Fig.
1f presents the potential surface in the molecule affecting the mesogen interactions. The map shows
that the most negative potential (red color) occurs above the O atom of the nitro group. Neutral
potentials (green color) appear above the aromatic rings. The middle part of the molecule, above



the aliphatic chain, as well as, the part above the C—H groups of the aromatic rings, represent a
region with a positive potential (blue color). As there are no classical hydrogen bonding donors in
the molecule, it can be expected that interactions of the aromatic fragments give the highest
contribution to the stability. In addition, interactions between the aliphatic and aromatic fragments
should also make a significant contribution to the stability, due to the large contribution of
electrostatic interactions between them.
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Fig. 1. Polarizing optical microscope textures under crossed polarizers on cooling at a) 199.2°C (isotropic-
to-nematic phase transition), b) 198.5°C, ¢) 167.2°C and d) 87.0°C. The scale bar in a) denotes 300 um. e)
Results of differential scanning calorimetry during the second heating and cooling. f) Molecular electronic
potential surface of the investigated compound (both double bonds being trans). Red areas indicate an
increase in the electron density, while positive ones are represented by the blue regions.

The absorption and emission spectrum of the investigated LC dimer in DMF are presented
in Fig. 2 at two different concentrations. DMF is chosen, because the investigated compound is
insoluble in most commonly used organic solvents. The absorption spectrum consists of an intense
band at 383 nm, while a lower intensity band emerges approximately at 265 nm and overlap with
the solvent cutoff. The emission spectrum is broad and structureless with the maximum at around
600 nm (independent of the concentration). A smaller peak originating from the C—H Raman mode
from the solvent is also observed at around 432 nm.



The detailed photoluminescence map, taken in 2 nm steps for both excitation (EX) and
emission (EM), is given in Fig. S5 for the higher concentration (Supplementary data).
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Fig 2. a) The absorption and b) emission spectrum of the investigated LC dimer (excitation at 384 nm) in
DMF.

Theoretical calculations performed using Gaussian 09 program package [16] enabled us to
analyse the UV-Vis spectral properties of the compound isomers and to propose a mechanism of
conversion between them. Depending on the configuration around two double bonds within 4-
nitrostilbene units, this compound can exist in three forms: trans-trans, trans-cis, and cis-cis forms
(Fig. 3a). The structures of all three possible isomers were theoretically predicted at B3LYP/6-
31G(d,p) level of theory and SMD solvation model. Because the studied molecule is quite large,
some computational compromise had to be made. To achieve a balance between the computational
precision and cost, optimizations were performed using the typical hybrid B3LYP functional,
while a smaller 6-31G(d,p) basis set was used for all the atoms. To improve accuracy of
calculations, the tight convergence criteria was used. Based on the energies of the optimized
structures, it was shown that the trans-trans isomer is the most stable (Fig. 3a). The trans—cis
isomer is less stable for 6.7 kcal/mol than the trans-trans isomer, while the cis—cis isomer is less
stable for about 13.5 kcal/mol. Although the trans C=C bond is more stable for steric reasons, the
formation of intramolecular C—H:-- zinteraction between two phenyl rings is a reason for the slight
differences in the isomer energies. Regarding that the trans—trans isomer is the most stable one,
one can expect that it is the most abundant in the solid state.

For the theoretical UV-Vis spectrum, a benchmark study (Table S1) was performed on the
optimized structure having both double bonds in trans configuration (trans-trans isomer), by
changing the methods (BMK and CAM-B3LYP), basis sets (6-31G(d,p) and def2-TZVP), and
solvation model (PCM and SMD). The results of the benchmark study showed that the theoretical
UV-Vis spectrum of trans-trans isomer, obtained by using of CAM-B3LYP/6-31G(d,p)/SMD
approach, match very well with the experimental results (Fig. 3b and Fig 2a). Additionally, the
theoretical UV-Vis spectra for trans-cis and cis-cis isomers were also calculated (Fig. 3c and 3d).
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Fig. 3. a) The optimized structures of three isomer forms of the studied compound. Theoretical UV-Vis
spectrum for b) trans-trans, c) trans-cis, and d) cis-cis. (Solid line — simulated UV-Vis spectrum by
Gaussian band shape, dashed lines — the individual electronic transitions).

Considering the positions and intensities of the calculated spectra, it can be concluded that
the calculated spectrum of trans-trans isomer best corresponds to the experimental spectrum of
the studied compound. The experimental peaks (383 nm, Fig. 2a) for the more intense and lower
intense band (approx. 265 nm) are in a very good agreement with the UV-Vis maxima of trans-
trans isomer (386 nm and 263 nm, Fig. 3b). Compared to the most intense band of the trans-trans
isomer (A=386 nm and f=2.347), the band of trans-cis isomer has the lower intensity (f=1.220) and
it is shifted to lower wavelengths (A=373 nm). On the other hand, the lower intensity band is also
shifted to lower wavelengths (maximum at 250 nm) (Fig. 3c). The most intense band of the cis-
cis isomer is shifted even more toward lower wavelengths (A=357 nm), and with an even more
pronounced fall in intensity (f=0.936). In contrast to other two isomers, the peak at about 250 nm
is (slightly) higher in intensity than the peak at a longer wavelength (Fig. 3d).

The position, intensity and nature of the most intense transitions observed in the theoretical
spectra of all three isomers are given in Table 1. The strong absorption band reflects the transition
at approx. 350-380 nm. In a case of trans-trans and cis-cis isomer, HOMO, HOMO-1, LUMO and
LUMO+1 are major molecular orbitals (MO) contributors to this transition. The major MO
contributors to the most intense band of trans-cis isomer derived from HOMO and LUMO orbitals.
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HOMO, HOMO-n, LUMO, and LUMO-n (n=1, 2, 3, 4, 5) orbitals participate in electronic
transitions at lower wavelengths (Fig. S6, S7 and S8).

Table 1. The position (4, in nm), intensity (f) and nature of the most intense transitions, observed
in the theoretical spectra of all three isomers.

A f Major MO contributors

trans-trans

386 2.347 H-1—-LUMO (42%) HOMO—L+1 (42%)

270 0.379 H-1—-L+3 (32%) HOMO—L+2 (32%)

256 0.396 H-3—L+1 (17%) H-2—LUMO (18%) H-1-L+3 (11%)

228 0.199 H-5—L+1 (34%) HOMO—L+6 (22%) H-4—LUMO (16%)
trans-cis

373 1.220 HOMO—LUMO (88%)

250 0.243 H-1—L+3 (69%)

248 0.189  H-3—LUMO (52%) HOMO—L+2 (20%) HOMO—LUMO (10%)

247 0.088  H-1—L+7 (25%) H-4—L+1 (16%) H-1—L+4 (14%)
cis-cis

357 0.936 HOMO—L+1 (42%) H-1—-LUMO (38%)

265 0.125 H-2—LUMO (64%) H-4—LUMO (10%)

265 0.289  H-3—>L+1 (64%) H-5—L+1 (10%)

251 0.478 H-1—L+3 (30%) HOMO—L+2 (39%)

The prediction of mechanism of conversion from the most stable (trans-trans) isomer to
the most unstable (cis-cis) isomer (Figure 4) was performed at B3LYP/6-31G(d,p) level of theory.
Calculations reveal that the transition is not direct, but goes over trans-cis form and states known
as saddle points (SP).
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Fig. 4. a) The mechanism of conversation of trans-trans form to cis-cis isomer of the studied compound.
b) and c) The optimized structures of transition states (TS) and two carbenes, which represent the saddle
points (SP) in the predicted mechanism of conversion.

There are two saddle points (Fig. 4b and 4c), and they represent carbenes, species that
contain a neutral carbon atom with a valence of two and two unshared valence electrons (singlet
state). The carbenes are formed by the transition of the H atom from one of the C atoms of the
double bond to another C atom of this bond. The saddle points only differ in configuration around
the double bond. Namely, the SP1 carbene possesses the C=C bond with trans configuration (Fig.
4b), while SP2 carbene has the cis double bond (Fig. 4c).

The conversion from the trans-trans to the trans-cis isomer requires the energy of about
83.1 kcal/mol (the first activation energy, Fig. 4a). This means that the compound should be
irradiated with light of A =344 nm to achieve the first transition state (TS1), which, after relaxation,



passes to the first saddle point (SP1). The entire path includes four transition states, structures of
which are shown in Fig. 4b and 4c. On the potential energy path, energy barriers between the
saddle points (SP1 and SP2) and the corresponding minima are 5.6 and 3.3 kcal/mol, respectively,
thus indicating the similar tendencies towards the adjacent minima. The transition from the trans-
cis to the cis-cis isomer also requires the energy of about 83.1 kcal/mol, (the second activation
energy, Fig. 4a).

Based on the proposed mechanism of conversion (Fig. 4a), it is clear that the trans-trans
isomer, by irradiation, transforms into a carbene with the structure designated as SP1. This carbene
is in the shallow minimum, with a similar sizes of reaction barriers for transition to the trans-trans
or trans-cis isomer (barriers are about 4.7 and 5.6 kcal/mol). After termination of irradiation, it can
be expected that a certain amount of the SP1 carbene will pass into the trans-cis isomer, since the
trans-trans isomer is more stable.

A large change in the dipole moments accompany the conversion between the isomers. The
dipole moment components (ux, iy, #z) and modulus (i) for all three isomers are given in Table S2
in Supplementary data. As expected, the trans-trans and cis-cis isomers have zero dipole moment
for symmetrical reasons. On the other side, the trans-cis isomer exhibits an overall dipole moment
of 10 D, whereas uy yields the major contribution.

4. Conclusions

Having in mind advantageous features of LC dimers and the ever growing field of their
applications, new, multifunctional ones are much needed. A new LC dimer, 1,12-bis(4-(2-(4-
nitrophenyl)ethenyl)phenoxy)dodecane, exhibited enantiotropic nematic phase. A theoretical
analysis of this molecule containing two identical isomerisable units showed that the trans—cis and
cis—cis isomers are less stable than the trans-trans isomer for 6.7 and 13.5 kcal/mol, respectively.
This also suggested the domination of trans-trans isomer in the crystalline and nematic phases.
Our findings further demonstrated that the mechanism of conversion of the most stable (trans-
trans) form to the most unstable one (cis-cis) is not direct, but goes through the trans-cis form and
two saddle points being carbene-type species. Overall, the obtained results not only identify the 4-
nitrostiloene unit as a promising scaffold in design of LC dimers, but also extends our
understanding of the isomerisation mechanism underlying their photophysical features.

Finally, for practical applications, we note the importance of eventual changes of physical
parameters (such as electric conductivity, or dielectric constant [19,20]) via isomerization upon
illumination, measurements that are planned for the future.
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Figure Captions

Fig. 1. Polarizing optical microscope textures under crossed polarizers on cooling at a) 199.2°C (isotropic-
to-nematic phase transition), b) 198.5°C, ¢) 167.2°C and d) 87.0°C. The scale bar in a) denotes 300 um. e)
Results of differential scanning calorimetry during the second heating and cooling. f) Molecular electronic
potential surface of the investigated compound (both double bonds being trans). Red areas indicate an
increase in the electron density, while positive ones are represented by the blue regions.

Fig 2. a) The absorption and b) emission spectrum of the investigated LC dimer (excitation at 384 nm) in
DMF.

Fig. 3. a) The optimized structures of three isomer forms of the studied compound. Theoretical UV-Vis
spectrum for b) trans-trans, c) trans-cis, and d) cis-cis. (Solid line — simulated UV-Vis spectrum by
Gaussian band shape, dashed lines — the individual electronic transitions).

Fig. 4. a) The mechanism of conversation of trans-trans form to cis-cis isomer of the studied compound.
b) The optimized structures of transition states (TS) and two carbenes, which represent the saddle points
(SP) in the predicted mechanism of conversion.

Scheme 1. Synthesis of 1,12-bis(4-(2-(4-nitrophenyl)ethenyl)phenoxy)dodecane. Reagents and conditions:
i) piperidine, 110°C, 6 h; ii) 1,12-dibromododecane, K.COs;, DMF, rt, 18 h.
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