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Abstract: Achiral stilbene polycatenars forming smectic, col-

umnar or cubic phase depending on the terminal chains
length, were studied. The cubic Im3m phase exhibited opti-
cal activity originating in twisted face-to-face molecular ag-

gregates. The optical activity of the phase is preserved upon

sample crystallization, providing evidence of a transfer of
chirality on a molecular level.

Introduction

Molecules interact with their neighbors of the same or oppo-

site chirality with different energies. However, the chiral dis-

crimination effect in liquids, due to the averaging of molecular
orientations and positions, was believed to be too small to

overcome the mixing entropy, which disfavors segregation of
enantiomers. Therefore, for a long time it was taken for grant-

ed that the formation of chiral structures from racemic mix-
tures or achiral molecules was only possible in crystals,[1] or
other well-ordered, low-entropy systems.[2, 3] However, with the

observation of chiral structures in liquid-crystalline (LC) phases
formed by achiral bent-core molecules, it became clear that

spontaneous chiral symmetry breaking may also occur in soft
matter.[4] The most evident chiral symmetry breaking in an
achiral material was an observation of optically active domains
in a cubic LC phase.[5] The unit cell of CubIm3m phase is filled

with three systems of channels, consisting of aromatic groups
separated by space occupied by alkyl chains. Each channel is
branched (with five-fold nodes) and arranged in space in
a chiral manner and it was suggested that the imbalance of
channels of opposite chirality in the single unit cell gives rise

to macroscopic chirality of CubIm3m phase. Although this seems
to be plausible, still the mechanism of formation and stability

conditions of chiral soft matter phases are not fully under-
stood. So far chiral cubic phases have only been observed for
a few classes of asymmetric molecules.[6–8]

Results and Discussion

In the mesogenic core of the rod-like asymmetric polycatenars
studied herein (Scheme 1), the flat trans-stilbene and biphenyl

moieties were used to enhance p–p stacking ability and to re-

strict the conformational changes of molecules. The synthe-
sized compounds have different length and number of termi-
nal, alkoxy chains (R1, R2, R3) at stilbene side and different type
of single, flexible chain at the biphenyl end. All compounds

were obtained using esterification reactions between trans-stil-

Scheme 1. Molecular structures of the studied compounds 1–9.

Table 1. Phase sequence and crystallographic parameters.

Cmpd Phase sequence [8C] (DH J g@1)

1 Cr 71.4 (25.1) SmA 102.7 (3.3) Iso
2 Cr 96.6 (22.6) Colh 117.3 (1.2) Iso
3 Cr1 40.0 (13.4) Cr2 53.8 (6.5) CubIm3m 87.3 (1.8) Iso
4 Cr 68.7 (34.8) CubIm3m 81.8 (1.3) Iso
5 Cr 91.5 (58.7) CubIm3m 115 (2.1) Iso
6 Cr1 53.2 (14.3) Cr2 65.1 (21.0) Iso
7 Cr 35.9 (47.2) Iso
8 Cr 65.2 (34.5) Iso
9 Cr 114.2 (40.9) SmC 171.7 (1.5) N 200 Iso

Cr = crystalline; Sm = smectic; N = nematic ; Col = columnar; Cub = cubic;
Iso = isotropic.
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bene acid chloride derivatives and 4,4’-biphenol (for details of

synthesis see the Supporting Information and Scheme 2).
Almost all studied compounds exhibited liquid-crystalline

properties, however the type of the phase and its thermal sta-
bility varied significantly (Table 1).

Compound 1, with the three shortest, hexyloxy terminal
chains on the stilbene side, formed an enantiotropic smectic A

phase, as confirmed by X-ray diffraction (XRD). The layer thick-

ness determined from the position of low angle diffraction

signal was in the range 45.7–48.2 a, with a rather large nega-
tive thermal expansion coefficient &0.05 a K@1, (Figure 1).

Interestingly, the measured layer spacing, d, was considera-
bly larger than the length of the most stretched molecular

conformation (L&40 A); d L@1&1.2, which suggested a local
head-to-tail arrangement of neighboring molecules in the

smectic layers with longitudinal shift of the mesogenic cores
allowing for efficient packing of multiple terminal chains and
enhanced p–p stacking of biphenyl units (Figure 1). Com-

pound 2 with three octyloxy chains showed a columnar hexag-
onal phase, Colh. The phase was identified from the character-
istic optical texture with psudo-homeotropic areas, which are
evidence of uniaxial structure (Supporting Information Fig-

ure S1). The phase assignment was confirmed by XRD studies
(Figure 2 and Supporting Information Table S1), recorded pat-

terns showed three low-angle signals with position ratio in q
space 1:

p
3:2, pointing to hexagonal arrangement of columns,

and a broad signal in high angle range due to liquid-like posi-
tional correlation between molecules within the columns.

The unit cell parameter, a = 45.0 a (at T = 100 8C), which is
a measure of the column diameter, was only slightly larger
than molecular length a L@1&1.03. Assuming the density of
1 g cm@3, it could be estimated that the cross-section of the
column is formed by 4–5 molecules. Upon lowering the tem-

perature an additional signal appeared gradually in the XRD
pattern of the Colh phase (Figure 2), corresponding to a perio-

dicity of 24.8 a. Such a signal was observed for studied previ-
ously polycatenar stilbene derivatives[9, 10] and ascribed to heli-

cal modulation along the column axis.[11] The helical structure

might be due to the twist of adjacent mesogens along the
column, driven by tendency to compensate the difference in

volumes of the aliphatic tails at both molecular ends.
The longest homologue with three dodecyloxy terminal

chains, compound 3, observed under crossed polarizers
showed non-birefringent texture, however slight de-crossing of

Scheme 2. Synthesis of compounds 1–9.

Figure 1. Layer thickness in the SmA phase of compound 1. In the inset, the
wide-angle XRD pattern taken at 100 8C shows a lack of long-range order
within the smectic planes, and the model of polycatenar molecules arrange-
ment in the layers leading to d> L.

Figure 2. X-ray pattern taken in the Colh phase of compound 2 at T = 60 8C.
In the inset, a temperature evolution of the small-angle XRD pattern (intensi-
ty is coded with color), the green oval marks an additional signal, not arising
from the hexagonal arrangement of columns.
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the polarizers revealed the presence of domains with sharp

boundaries and optical activity (optical rotatory power, ORP ca.

:0.18/m) (Figure 3). Interestingly, optically active domains kept
the same boundaries even in a crystallized sample. Each opti-

cally active domain in the crystal phase was composed of
a number of submicron-sized birefringent crystallites and the

optical activity considerably increased in the crystalline phase
(ORP ca. :18/m) [Figure 3].

The ORP showed only weak dispersion in whole visible

range, it slightly increased at smaller wavelengths. The XRD
pattern, registered in the LC phase of compound 3 exhibited

a number of sharp, incommensurate reflections in the small-
angle range and a diffused halo in the high angle range, corre-

sponding to 4.5 a (Figure 4, Supporting Information Table S2).
The small angle XRD pattern can be indexed assuming the 3D

crystallographic lattice with cubic, Im3m symmetry (or alterna-
tively I432 if chirality is considered). The crystallographic unit

cell size, a, weakly grows on cooling, being in the range 171.2–
174.5 a. Assuming average density of the cubic phase to be

1 g cm@3, the number of molecules in the unit cell was estimat-
ed to be 3000.

The CD spectroscopy, which is very sensitive to the chirality
of the system,[12] revealed in the cubic phase a clearly bisignat-

ed peak close to the 263 nm absorption band and single peak

close to 368 nm absorption band (Figure 5). The sign and in-
tensity of the signals were sensitive to the sample preparation

as they are related to the imbalance of domains with opposite
optical activity in the measured area of the sample. The bisig-

nated character of the peak shows that chirality of the system
originates from the intermolecular structure—it provides evi-

dence of an exciton coupling between stilbene chromophores

forming twisted H-aggregates. For such aggregates, the CD
spectra with two peaks of opposite signs centered close to the

slightly split maximum of the absorption band (Davidov split-
ting[13]) is expected.[14]

The CD signal is also present in the solid crystalline phase
(Figure 5 b), however its interpretation is more ambiguous be-

cause of sample birefringence and rather strong light scatter-
ing from the microsize crystallites. The H-type molecular stack-
ing is in line with a small (few nm) hypsochromic shift of the
absorption signals in the crystal phase compared to the ab-
sorption maxima in the diluted solution. The CD signals disap-

peared in isotropic phase. The AFM images taken at room tem-
perature in the crystalline phase showed elongated microcrys-

talites and clear boundaries between domains of opposite op-
tical activity (Supporting Information Figure S2). The X-ray
studies revealed the lamellar structure of the crystal (Support-

ing Information Figure S3) with a layer thickness around 60 a.
The thickness of layers in the crystal phase is close to one third

of the unit cell size in the cubic phase, suggesting that the
cubic phase has local lamellar structure (continuous type) and

Figure 3. Optical texture obtained under slightly decrossed polarisers show-
ing optically active domains in CubIm3m phase (a, b) and solid crystal phase
(c,d).

Figure 4. XRD patterns taken in CubIm3m phase of compound 3 at 70 8C. The
broad signal at wide-angle range (a) is evidence of the liquid-like positional
correlations between neighboring molecules. The small-angle pattern (b)
has been indexed assuming a I432 crystallographic lattice with parameter
a = 173.0 a. Black and red lines present experimental and simulated diffrac-
tograms, respectively.

Figure 5. CD spectra for compound 3 in the isotropic liquid phase (a, red
line), CubIm3m phase (a, black line) and solid crystal phase (b, black line). Blue
lines in (a) and (b) show absorbance in a CH2Cl2 solution and in the solid
state, respectively.
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the unit size a is larger than three molecular lengths (a L@1

&3.7).

It was expected that the presence of an active acrylate
group at the terminal position in molecules 3 (alkoxy chain at

biphenyl side) would provide the possibility to stabilize the
cubic phase by polymerization.[15] However, polymerization of
compound 3 (blended with an activator at a concentration
below 0.5 wt. %) resulted in destabilization of the cubic phase,
and instead a birefringent phase was formed. The XRD pattern

of this phase suggested a lamellar structure with some degree
of in-plane order.

In order to examine the influence of the acrylate group on
the formation of the cubic phase, analogues of compound 3
were prepared. Compound 4, which includes a saturated bond
in the terminal chain also formed an optically active (Im3m/

I432) cubic phase, with a similar clearing temperature and
comparable unit cell dimensions, a&170 a (Supporting Infor-
mation Figure S4, Table S3). The same phase was also observed
for compound 5, which has a much shorter -COOCH2CF3 termi-
nal group. Shortening of the molecular length in compound 5
resulted only in a slightly smaller unit cell size, a&164 a (Sup-
porting Information Figure S5, Table S4). Attempts to introduce

a chiral center to the terminal chain at the biphenyl side (com-

pounds 6 and 7) resulted in the loss of mesomorphic proper-
ties. Interestingly, the chiral materials, when used as dopants,

induced homochiral states of cubic and crystal phases of com-
pound 3 without changing magnitude of ORP. Apparently

small chiral additives remove the chirality sign degeneration in
the system.[5] The analogue compound 8 with an octyloxy

chain formed no liquid-crystalline phases. Compound 9, bear-

ing two decyloxy terminal chains at the stilbene side formed
a sequence of phases characteristic to calamitic LCs: a nematic

phase and tilted smectic C phase.

Conclusion

The asymmetric polycatenar compounds studied herein display

quite complex polymorphism, dependent on the length of the
terminal chains.[16] The elongation of the three alkoxyl chains

attached at the stilbene side results in different assembly
mode; for the short chains (n = 6) a smectic phase was ob-

tained, for intermediate length chains (n = 8) a columnar phase
is formed, and for the longest chains (n = 12) a cubic phase

with a large crystallographic unit cell was observed. It should
be noted that for polycatenar mesogens upon elongation of
molecular tails a sequence: smectic–cubic–columnar phase is

typically observed.[17] The reason for the difference in the se-
quence observed the polycatenar compounds studied herein is

the competition between separation of the aromatic and alkyl
molecular parts and minimizing the difference between the

cross-section of alkyl chains and aromatic units (Figure 6). For

short tails on the stilbene side, the imbalance in the cross-sec-
tion of the aromatic cores and alkyl tails is overcome by a later-

al shift of the mesogenic cores. The molecules adopt a local
head-to-tail arrangement with mutually shifted mesogenic

cores. Such a structure leads to good space-filling conditions,
and therefore nearly flat molecular layers can be formed, al-

though the separation of the alkyl and aromatic parts is not
perfect. For long alkyl chains, the tendency for the alkyl and ar-

omatic parts to separate in space increases, so a much smaller
lateral shift of the cores is allowed. Thus, a relatively good

space filling can only be obtained if there is a large difference
in the length of the chains at the stilbene and biphenyl ends

(Figure 6 c). Proposed head-to-tail organization is consistent

with the layer thickness in the SmA phase being considerably
larger than the molecular length, and the unit cell parameter

in the CubIm3m phase being larger than three molecular
lengths. In the case of the polycatenar mesogens bearing rela-

tively long tails, for which the separation of the aromatic cores
and alkyl chains is sufficiently great, the comparable length of

terminal chains at both molecular ends means that the forma-

tion of flat layers is prevented by the large imbalance of the
volumes necessary to accommodate the mesogenic cores and

the alkyl tails. Instead, the efficient space filling is obtained by
strong curving of an interface between areas occupied by aro-

matic cores and alkyl chains, realized by formation of columnar
structure. In this phase, the column diameter is comparable to

the molecular length.

The cubic phase is optically active due to the twisted struc-
ture of the H-aggregates. The question arises if there is a rela-

tionship between the chirality of the molecular assemblies and
the chirality of instantaneous molecular conformers? Since the
optically active domains are also preserved in the crystalline
phase (lamellar crystal), it is apparent that chiral symmetry
breaking occurs also at the molecular level by formation of mi-

crosize areas filled with homochiral conformers. Formation of
chiral conformers probably involves a non-coplanar arrange-

ment of the stilbene and biphenyl groups. However, the opti-
cal rotatory power is rather high for being solely molecular in
origin. Moreover, its non-dispersive character in the visible
range cannot be explained only by an excitation mechanism,
some other mechanisms amplifying the ORP effect has to be

involved, originating in the phase structure, for example layer
chirality.[18]

Figure 6. Model of molecular organization into the layers: for molecules
with three short tails at stilbene (S) side and a longer tail at biphenyl (B)
unit, a good molecular packing can be obtained by latter shift of molecules
(a). Good molecular packing could be also obtained without lateral shift of
the mesogenic cores under the condition that the length of the chain at-
tached to the biphenyl (B) unit is much shorter than length of the chains at
the S unit (c). In the case in which molecules had tails of similar length at
both ends (b), mismatch between the volumes filled with alkyl chains and
mesogenic core destabilizes the layers and may lead to formation of colum-
nar structure instead of a lamellar one.
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Experimental Section

All compounds were obtained via esterification reaction between
trans-stilbene acid chloride derivatives (S3) and 4,4’-biphenol
(Scheme 2). The monohydroxy derivative was isolated and con-
nected with hydroxyacrylate or alcohol derivatives in a Mitsunobu
reaction (compounds 1, 2, 3, 9 and 4, 7, respectively). Compounds
5 and 6 were obtained using an esterification reaction with acid
chlorides. Compound 8 was obtained using a Williamson etherifica-
tion reaction with octyl bromide. For more details see the Support-
ing Information.

Temperatures and thermal effects of the phase transitions were de-
termined using TA Q200 calorimeter. Samples of mass 1–3 mg
were sealed in aluminium crucibles and kept under a nitrogen at-
mosphere during measurement. Both heating and cooling scans
with rate 5–10 K min@1 were applied. The optical studies were per-
formed using Zeiss Imager A2m polarizing microscope equipped
with Linkam heating stage. UV/Vis absorption spectra were record-
ed with a Shimadzu UV-3101PC spectrometer.

The small-angle X-ray diffraction patterns were collected using
a Bruker Nanostar system (CuKa radiation, three pinhole collima-
tion system, area detector VANTEC 2000, MRI TCP-U heating stage)
and for wide-angle diffraction experiments, a Bruker D8 GADDS dif-
fractometer (CuKa radiation, point collimator, Vantec 2000 area de-
tector, modified Linkam heating stage) was used. Samples were
prepared in a form of a droplet on a heated surface and their tem-
perature was controlled with precision 0.1 degree.

Steady-state fluorescence measurements were performed for dilute
solutions in cyclohexane (approximately 2 V 10@2 g dm@3) using
a FluoroLog HORIBA Jobin Yvon spectrometer. Fluorescence quan-
tum yields were measured by using anthracene as the standard
(f= 0.27). For measurements of fluorescence in the LC phase, sam-
ples were prepared as thin films on a quartz plate and aligned by
unidirectional shearing at temperature close to clearing point.

The CD spectra were recorded using J-810 spectrometer (Jasco,
Easton, MD) for sample deposited on a quartz plate and the tem-
perature was controlled using a Peltier plate.

AFM images were recorded using a Bruker Dimension Icon in the
scan-assist mode. The silicon nitride tips with reflective aluminum
coating were used with a resonant frequency &70 kHz and spring
constant k = 0.4 N m@1.
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