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Abstract

Novel binary liquid crystalline systems were obtained by mixing amorphous side-chain polymethacrylate (SCP) and polar com-

pounds. Their thermal and orientational properties were examined by DSC measurement, polarizing microscopy and temper-

ature-variable X-ray diffraction measurement. SCP exhibited only a glass transition and did not form a liquid crystalline phase.

An induced smectic A phase was formed by the binary liquid crystalline systems consisting of SCP and azobenzene derivatives

with polar groups over a wide temperature range. In the case of the binary liquid crystalline systems composed of SCP and a

cyanobiphenyl derivative, a highly ordered smectic B phase was formed as well as the smectic A phase. The induction of the

smectic phases is due to interactions between the side-chains of SCP and the polar molecules.
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1. Introduction

The mixing of two or more liquid crystalline compounds
allows to induce the liquid crystalline phases with enhanced
thermal properties. This is due to the noncovalent interac-
tions between distinct mesogenic components. Furthermore,
the mixing technique is a method for improving the proper-
ties of polymers (Benthack and Finkelmann, 1985; George and
Porter, 1986; Huh et al., 1983; Kiss, 1987). In this regard, the
mixing of different liquid crystalline polymers or low-molec-
ular-weight liquid crystals has been already investigated (De-
mus et al, 1981; Imrie, 1995; Park et al,, 1975, Pelzl et al,, 1987).
Addition of chiral compounds into liquid crystalline materi-
als leads to the formation of chiral liquid crystalline phases.
Furthermore, in mixed systems, self-assembly and self-
organization occur via noncovalent interactions between dis-
tinct molecules. Noncovalent interactions such as hydrogen
bonding, ionic interaction, and charge-transfer interaction
can lead to the formation of liquid crystalline phases with an
enhanced thermal stability and the induction of novel liquid
crystalline phases. For instance, a binary mixture consisting of
electron-donating and electron-accepting compounds can
form induced smectic phases via the charge-transfer interac-
tion, even though the individual components exhibit only a
nematic phase or no liquid crystalline phase (Ujiie et al., 1987;
2012). It was reported that binary liquid crystalline systems
consisting of a nematic main-chain polycarbonate (PC) and
4-nitroazobenzene-containing low-molecular-weight com-
pounds (NA) with a monotropic nematic phase exhibited an
induced smectic A phase (Ujiie et al, 1995a). Formation of
the induced smectic A phase was driven by the interaction
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between the azobenzene groups of PC and 4-nitroazoben-
zene groups of NA. Furthermore, binary liquid crystalline
systems consisting of nematic polymers and nematic twin
compounds with a polar terminal group induced smectic A
and smectic C phases (Ujiie et al., 1995b; 1998). The binary
liquid crystalline systems of PC and twin components with
even-numbered central methylene spacers formed a smectic
A phase. In the binary liquid crystalline systems having twin
components with odd-numbered central methylene spacers,
smectic A and smectic C phases were formed. The induction
of smectic phases is related to the interactions between polar
and weak polar mesogenic groups.

In this study, novel binary liquid crystalline systems con-
sisting of a non-mesomorphic side-chain polymer and polar
liquid crystals were prepared, and their thermal and orienta-
tional properties were examined. In this paper, the formation
of an induced smectic A phase and smectic B phase in the
binary liquid crystalline system is described.

2. Experimentals
2.1 Materials

Low-molecular-weight mesogenic compounds (LC-XR,
Figure 1) were obtained by the condensation reaction of hex-
anoy! chloride (TCI Co,, Ltd.) and 4-substituted phenol deriva-
tives (4PHs) using the method described in the literature (Kojo
et al, 2012) (Figure 1). The hexanoy! chloride was dissolved
in tetrahydrofuran, and the solution was added into the
tetrahydrofuran solution of 4PHs and triethylamine at 0 °C.
The solution was reacted at room temperature for 12 h. After
the reaction, tetrahydrofuran was evaporated, and the crude
was dissolved in chloroform. The chloroform solution was
washed with water, and the chloroform solution was dried
with magnesium sulfate. Chloroform was evaporated, and LC-
XR were obtained by the recrystallization of crude products
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Figure 1: Synthesis of low-molecular-weight compounds (LC-

XR)

I~ CH; }-OH

O CHp 3-OH

oo
O

HsC /O{CHZ )go

Fom-¢f
c o%cm}o

v
gD

Figure 2: Synthesis of amorphous side-chain polymer (SCP)
with 4-butylazobenzene group

using methanol. A side-chain polymer (SCP, Figure 2) with
mesogenic side-chains was obtained by the radical polymer-
ization of a methacrylate monomer synthesized by using the
method in the literature (Ujiie et al,, 1998). The binary liquid
crystalline systems were prepared by mixing LC-XR and SCP.

2.2 Measurements

The molecular weight of SCP was measured by a GPC
method (Shimadzu LC20AD-RID10A-GTO20A) in THF, calibrat-
ed against polystyrene standards. Liquid crystalline properties
were examined by polarizing microscopic observation with a
polarizing microscope (Nikon ECLIPSE LV1OON POL) equipped

with a hot stage system (Metller-Toledo FP90-FP82). The
phase transition temperatures were determined by DSC mea-
surement (Mettler-Toledo DSC1). The orientational structures
were examined by the temperature-variable X-ray diffraction
measurement (Shimadzu XRD6100, Anton Paar TTK-450).

3. Phase transitions

Phase transitions of LC-XR, SCP (M, = 25,000, M,,/M,, = 2.48),
and the binary liquid crystalline systems (SCP/LC-XR_0.5,
0.5: mole fraction of LC-XR) are listed in Table
amorphous polymer and exhibited glass transition at 27.2 °C.
Azobenzene derivatives with polar groups such as cyano and

1. SCP was an

nitro groups, revealed a monotropic nematic phase. An azo-
benzene derivative with a butyl group and a cyanobiphenyl
derivative formed a nematic phase on heating and cooling
processes. The binary liquid crystalline systems consisting of
SCP and LC-XR with polar groups exhibited induced smectic
phases on heating and cooling processes. However, the lig-
uid crystalline binary system (SCP/LC-AzoBu_0.5) composed
of SCP and LC-AzoBu did not form a liquid crystalline phase
and showed a melting point at 40.5 °C. SCP/LC-AzoCN_0.5
and SCP/LC-AzoN_0.5 induced only a smectic A phase. On

Table 1: Phase transitions of low-molecular-weight com-
pounds (LC-XR), amorphous side-chain polymer (SCP), and
binary liquid crystalline systems (SCP/LC-XR_0.5'")

. 2)
Sample X R Phase transowtlon temp.
Q)

: B Ty =595
LC-AzoBu N=N| CH, T,=659
T.,=1086

LC-AzoCN N=N| CN (monotropic nematic:

Tew=755,Ty=107.9)
T.,=7891

LC-AzoN N=N| NO, (monotropic nematic:

T =596, Ty =74.1)
] T =567
LC-BCN none | CN T,=706
SCP - - Ty=272
_ T,=180
SCP/LC-AzoBu_0.5 | N=N | C,H, T, =405
: _ Ten =285
SCP/LC-AzoCN_O5 | N=N| CN T,=1107
: _ Tpn=23
SCP/LC-AzoN_0.5 | N=N | NO, T, =1042
Te=137
SCP/LC-BCN_0.5 none | CN Ten =542
T,=1003

Notes: (1) 0.5: mole fraction of LC-XR; (2) T,: glass transition,
T, melting, T, solid-nematic phase transition, T, nematic-
isotropic phase transition, Ty,: solid-smectic A phase transition,
T, glass-smectic A phase transition, T glass-smectic B phase
transition, Ty, smectic B-smectic A phase transition, T,: smectic
A-isotropic phase transition.
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the other hand, SCP/LC-BCN_0.5 with the cyanobiphenyl
derivative formed a smectic B phase as well as the smectic A
phase. The induction of smectic phases is due to the interac-
tion between the mesogenic group of SCP and LC-XR with
the polar derivatives.

A phase diagram was obtained for SCP/LC-BCN_y (y: mole
fraction of LC-BCN) that forms the smectic B phase (Figure
3). In SCP/LC-BCN_y, the induced smectic A and smectic B
phases were observed in the ranges y=0.3-0.9and y=0.3 -
0.6, respectively. The transition temperature of smectic A-iso-
tropic phase was maximized at y = 0.55. On the other hand,
the highest transition temperature from smectic B to smectic
A phase was reached at y = 0.45. The orientational structure
of the smectic A phase was stable when cyanobiphenyl of
LC-BCN was present in excess compared with 4-butylazoben-
zene of SCP. When the cyanobiphenyl content was less than
the 4-butylazobenzene content, the formation of smectic B
phase was favored.

120

100 Isotropic

80
:Q 60

40

20

0 0.2 04 0.6 038 1
Mole fraction (y) of LC-BCN

Figure 3: Phase transitions in binary liquid crystalline system
SCP/LC-BCN_y

Notes: O: glass transition, <: solid-smectic phase transition, #:
solid-nematic phase transition, A : nematic-isotropic phase
transition, A: smectic B-smectic A phase transition, @: smectic
A-isotropic phase transition.

Liquid crystalline optical textures of SCP/LC-BCN_0.5 are
shown in Figure 4. Batonnets were formed upon the transi-
tion from the isotropic to smectic A phase. A fan texture was
formed in the smectic A phase (Figure 4a). Cooling of the
smectic A phase resulted in its transition to the smectic B
phase, in which a striped fan texture appeared (Figure 4b).
These textures were not observed for SCP and LC-BCN alone.
The texture of the smectic B phase remained unaltered in the
solid state. Furthermore, a perpendicular alignment, char-
acterized by dark domains under crossed Nicol, was formed
in the smectic A phase. The perpendicular alignment was

(b) Smectic B, 40 °C

Figure 4: Fan texture and striped fan texture of SCP/LC-
BCN_0.5

Notes: At the isotropization temperature, batonnets were ob-
served. The fan texture was formed in the smectic A phase,
while the striped fan texture was formed upon cooling the
smectic A phase to smectic B phase.

retained upon cooling to the smectic B phase. Conoscopic
observation of the perpendicular alignment revealed the
existence of an interference figure with an isogyre. This cono-
scopic observation also revealed the formation of optically
uniaxial liquid crystalline phases such as smectic A and B
phases.

4. Orientational structures

The orientational behavior was studied by temperature-
variable X-ray diffraction measurement. X-ray diffraction
patterns of SCP/LC-BCN_0.5 are shown in Figure 5. The X-ray
diffraction pattern of the smectic A phase consists of sharp
inner and broad outer reflections. The sharp inner reflections
correspond to the layer spacing of the smectic A phase. The
broad outer reflection denotes the existence of a short-range
order between the mesogenic groups within the layer. The
sharp inner reflections were also observed in the X-ray diffrac-
tion pattern of the smectic B phase. Furthermore, the sharp
outer reflection, which indicates the formation of a hexatic
structure within the layer, was observed.
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Figure 5: X-ray diffraction patterns of smectic A and smectic B
phases of SCP/LC-BCN_0.5

Notes: In the smectic A phase, sharp inner reflections, corre-
sponding to the layer spacings, were observed. In the smectic
B phase, sharp outer and inner reflections were observed.

The intermolecular distance within the layer of the smectic
B phase was 44 A.The length of the side chain of SCP was
30.2 A, and the molecular length of LC-BCN molecule was
17.9 A.The layer spacing of the smectic A and B phases for 0.3
=y =05 was 340 A . In this case, the formation of mono-
layer structures is expected in the smectic A and B phases.
In contrast, the layer spacing of the smectic A and B phases
for 0.5 <y =09 was 514 A, and therefore the formation of
a bilayer structure is expected in this case. Possible packing
models of the smectic phases were proposed and are shown
in Figure 6. The induced smectic phases were formed be-

Figure 6: Possible packing models of the smectic phases of
SCP/LC-BCN_y

Notes: A: amorphous SCP, B: monolayer (0.3 = y = 0.5); C: bilayer
(0.5<y=0.9).In the smectic B phase, a hexatic arrangement is
formed within the layer.

cause of the interaction between the mesogenic azobenzene
group of SCP and the mesogenic biphenyl group of LC-BCN.

5. Interaction between mesogenic groups

SCP has the weakly polar mesogenic 4-(4-(butyl)phenylazo)
phenyl benzoate group in the side-chain, while LC-BCN has
the mesogenic 4-cyanobiphenyl group (highly polar group).
These distinct mesogenic groups form a charge-transfer
complex. LC-BCN and SCP exhibited ultraviolet (UV) absorp-
tion bands at 275 and 345 nm, respectively. SCP/LC-BCN_0.5
showed UV absorption bands at 300 and 350 nm. Further-
more, the CN stretching vibration of LC-BCN was observed
at 2229 cm™' in the infra-red (IR) spectrum. However, the CN
stretching vibration of SCP/LC-BCN_0.5 was observed at 2226
cm™ (Figure 7). The UV and IR spectra indicate the existence
of charge transfer interaction between cyanobiphenyl and
butylazobenzene. As mentioned above, the charge transfer
interaction between strongly polar molecules and less polar
molecules drives the formation of a highly ordered liquid
crystalline phase with enhanced thermal stability.
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Figure 7: IR spectra denoting the CN stretching vibrations of
LC-BCN (A) and SCP/LC-BCN_0.5 (B)

Note: The shift in the IR spectra indicates the occurrence of in-
teraction between the cyanobiphenyl and butylazobenzene
groups.

6. Conclusion

The novel binary liquid crystalline systems exhibited in-
duced smectic phases, due to the charge transfer interactions
between polar and weakly polar compounds. The binary lig-
uid crystalline systems consisting of amorphous SCP and the
cyanoazobenzene derivative exhibited the induced smectic
A phase. However, the binary liquid crystalline systems, com-
posed of amorphous SCP and the cyanobiphenyl derivative,
induced the smectic B phase as well as the smectic A phase.
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