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Spacer Length Dependence of Tilt Angle of Mesogenic
Chromophores of Side-Chain Liquid-Crystalline Polysiloxanes

MAKOTO HASEGAWA2 NOBUKATSU NEMOTOb, YU NAGASEY,
YASUO SHIRAI¢, JIRO ABE* and TOMIKI IKEDA*2

aResearch Laboratory of Resource Utilization, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama 227, Japan; bSagami Chemical Research
Center, 4-4-1 Nishi-Ohnuma, Sagamihara, Kanagawa 229, Japan; ‘Department
of Photo-Optical Engineering, Faculty of Engineering, Tokyo Institute of
Polytechnics, 1583 liyama, Atsugi, Kanagawa 243-02, Japan

The orientational behavior for a series of side-chain liquid-crystalline
polysiloxanes incorporating azo chromophores, i.e., poly(3-{4-[(4-
nitrophenyl)azolphenyl]oxycarbonyl} propylmethylsiloxane)-co-(3-
carboxypropylmethylsiloxane) (P1), poly{3-[(6-{[4-[(4-
nitrophenyl)azo]phenyljoxy }hexyl)oxycarbonyl}propylmethylsiloxane } co-(3-
carboxypropylmethylsiloxane) (P2), and poly{3-[(11-{[4-[(4-
nitrophenyl)azo]phenyljoxy jundecyl)oxycarbonyl]propylmethylsiloxane }-co-(3-
carboxypropylmethylsiloxane) (P3) were investigated by UV-Vis and polarized
FTIR-ATR spectroscopy as well as X-ray diffraction measurement using their
thin films. P1 exhibited highly-ordered smectic and nematic phases as the
mesophases. On the other hand, P2 and P3 showed only smectic C phase. The
mesogenic chromophores of these polymers in smectic phases and the once-
annealed solid were spontaneously aligned nearly normal to a substrate surface.
In the case of P1, the tilt angle of the mesogenic chromophores in the nematic
phase was found to be larger than that in the smectic phase. The tilt angles of the
mesogenic chromophores of these polymers in the smectic phase and in the once-
annealed solid increased with the increase in the side-chain methylene spacer
units. The dependence of the tilt angle on the spacer length was concluded to be
attributable to the changes in intermolecular interactions with relation to the
degree of the motion decoupling between the side-chain and main-chain.

Keywords: liquid-crystalline polysiloxane; flexible spacer; tilt angle; electrical
intermolecular interactions

INTRODUCTION

Side-chain liquid-crystalline polymers (SLCPs) exhibit the properties of
low-molecular-weight liquid crystals (LMWLCs) as well as those of polymers!!-
31, Therefore, SLCPs are applicable in electro-optical and all-optical materials as
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conventionat LMWLCsl4-6l. It has been pointed out that the effect of flexible
spacer length is an important factor in technological points of view as well as
scientific standpoints. The flexible spacer in SLCPs plays an important roles in
its plasticizing effect and stabilization of the mesophase due to the decoupling of
the motion between the side chain and the main chainl?-12l. Moreover, the
flexible spacer affect the packing manner and the morphology in state of
aggregation. There have been many reports with relation to the effects of the
flexible spacer on liquid-crystalline propertiest!3-181, However, little study for the
relation between the spacer length and the tilt angle of the mesogenic
chromophores against the layer plane in smectic phase has been reported.

In our previous papers, the behavior of the electric-field-induced dipolar
alignment of mesogenic chromophores with the thin film of the side-chain liquid-
crystalline polysiloxane containing mesogenic NLO-active azo chromophores
was investigated[19-201, This polymer, i.e., P2 which has six methylene units
between side-chain carbonyl and phenoxy groups, exhibits a smectic C liquid-
crystalline phase in the temperature range from 59 to 113 °C. From the
spectroscopic analyses, it was found that the mesogenic chromophores of P2
aligned almost perpendicular to a substrate surface in the crystalline and smectic
C phases. Moreover, the mesogenic chromophores of P2 formed the interdigited
alignment in the crystalline and smectic C phases. In addition, we also prepared
analogous, i.e., P1 and P3 which have no and eleven methylene units between
the side-chain carbonyl and phenoxy groups, respectively, and performed the
identification of the mesophases.

In this paper, the relationship between the methylene spacer length and
the tilt angle of the mesogenic chromophores of the present series for the side-
chain liquid-crystalline polysiloxanes was investigated by UV-Vis, FTIR-ATR
spectroscopies and X-ray diffraction measurements.
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EXPERIMENTS

Materials

Details of the preparation of P1-3 were described in our previous report!9l. The
structure of these polymers are shown in Figure 1. The general properties of P1-
3 are summarized in Table L
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FIGURE 1 Structure of polymer P1, P2 and P3.

Film ati
Polymer films (~1 pm thick) were prepared by spin coating from a 5 wt % THF

solution of each polymer at a rate of 2000 rpm. These solutions were passed
through a 0.50 um filter (Millipore)to remove particle impurities before spin

coating. These spin-coated samples were placed in a vacuum oven at ~30 °C for

over 24 h to obtain solvent-free films.
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TABLE1 Molecular weights and thermal properties of P1-3

Polymer M, x 1032 M, I M,P T, (°C) Phase transitions® (°C)

1 2.06 1.45 12 K68 Sx 97N 1481
2 2.43 1.75 -19 K59Sc1131
3 45.9 3.82 15 K49 Sc 1181

aDetermined by GPC using a polystyrene-calibrated column set.
bPolydispersity index. cDetermined from DSC measurements, polarized
microscopic observation, and X-ray diffraction measurements.

RESULTS AND DISCUSSION

Polarized FTIR-ATR ctrosco

These liquid-crystalline polysiloxanes show two kinds of solid states in film.
One is received for the as-cast film (solid B), and the other state is obtained for
the once-annealed film (solid A), which can be obtained by heating the as-cast
film to the mesophase temperature. In order to investigate the alignment of the
mesogenic chromophores against a substrate surface in those states, polarized
FTIR-ATR spectra were measured. Figures 2-4 show the polarized FTIR-ATR
spectra of the spin-coated films of P1-3, respectively. A ZnSe crystal was used
for an internal reflection element (IRE). In these spectra, "0 = 90°" and "0 = 0°"
represents the infrared light polarizing parallel and perpendicular to a substrate
surface, respectively. Tentative assignments of the representative absorption
peaks in these spectra are sumimarized in Table II. As for P1, each absorption
peak intensity was independent of the polarized direction in the solid B,
indicating that the mesogenic chromophores aligned randomly. On the other
hand, the polarized direction dependence of each absorption peak intensity was
observed in the solid A. When the polarized direction of the light was "8 = 0°",
the absorption peak intensities of the ring-stretching mode as well as the
symmetric-stretching mode of the nitro group increased, while that of the
asymmetric-stretching mode of the nitro group decreased.
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FIGURE 2 FTIR-ATR spectra of (a) solid B (8 = 0°), (b) solid B (8 = 90°),
(c) solid A (6 = 0°) and (a) solid A (0 = 90°) of P1 spin-coated film.
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FIGURE 3 FTIR-ATR spectra of (a) solid B (8 = 0°), (b) solid B (8 = 90°),
(c) solid A (0 = 0°) and (a) solid A (6 =90°) of P2 spin-coated film.
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FIGURE 4 FTIR-ATR spectra of (a) solid B (8 = 0°), (b) solid B (8 = 90°),
(c) solid A (8 =0°) and (a) solid A (8 = 90°) of P3 spin-coated film.

TABLE I Assignment of infrared absorption band of P1-P3

No. wavenumber (cm-l) assignment
1 1730 C=0 stretch
2 1600 ring stretch
3 1520 NO, asymmetric stretch
4 1350 NO; symmetric stretch

On the contrary, when the polarized direction of the light was "8 = 90°", the
absorption peak intensities of the ring-stretching mode and the symmetric-
stretching mode of the nitro group reduced, while that of the asymmetric-
stretching mode of the nitro group increased. These results suggest that the
mesogenic chromophores of P1 aligned almost perpendicular against a substrate
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surface in the solid A.  The similar results could be obtained for the polarized
FTIR-ATR spectra of P2 and P3. Consequently, the alignment of the
mesogenic chromophores of P2 and P3 is isotropic in the solid B and nearly
perpendicular against a substrate surface in the solid A.

Determination of the Tilt Angle of the Mes ic Chromophores in
the Solid A by the Dichroic Ratio

In order to investigate the tilt angle from an orthogonal vector of a substrate
surface to the mesogenic chromophores in the solid A of this polymer series, the
dichroic ratios, R, were evaluated from the absorbance of the symmetric-
stretching mode of the nitro group. The dichroic ratios could be calculated by the
following equation,

R= A“ / A_L = 2cot2q

where o is the angle between the vibrational transition moment of the symmetric-
stretching mode of the nitro group and the orthogonal vector of the substrate.

A and A, indicate the absorbance at "6 = 0°" and "8 = 90°", respectively.
However, the absolute intensity at "0 = 90°" can not be compared directly with
that at "0 = 0°" because of the difference condition in the measurement. We
normalized each FTIR-ATR spectrum by using the peak intensity of the
absorption band of the stretching mode for the carbonyl group as a reference,
since no dependence of the polarization angle on the absorbance of the stretching
mode of the carbonyl group could be expected. Table III summarizes the tilt

TABLE HI Tilt angles deduced from dichroic ratio in the solid A

polymer methylene unit tilt angle (deg)
P1 0 7.97
P2 6 12.8

P3 11 23.0
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angles against a substrate surface deduced from the above analyses.As can be
found in Table II1, the tilt angle in the solid A clearly depends on the methylene
spacer length. Further investigation for the effect of the spacer length on the tilt
angle was conducted by the measurement of X-ray diffraction patterns.

Investigation of the Tilt Angle of the Mesogenic Chromophores by
X-ray Diffraction Measurement

The X-ray diffraction patterns in the solid A and the smectic phase of P1-3 are
shown in Figure 5, which were measured by a powder method. A diffraction
peak assigned to a layer spacing was clearly observed at a small-angle region on
the diffraction pattern in the smectic phase of each polymer, and the values of the
layer spacing are summarized in Table IV. The layer spacing increases linearly
with the increase in the methylene units. These results indicate that the methylene
units would form the trans conformation{2ll, In addition, on the diffraction
patterns in the solid A of these polymers, a diffraction peak assigned to a spacing
of the wt-stacking between the mesogenic chromophores was observed in a wide-
angle region. Estimated separations between the mesogenic chromophores of
P1, P2 and P3 are 3.64 A, 3.54 A and 3.54 A, respectively. Thus, the spacing
of the m-stacking between the mesogenic chromophores of P1 is wider than
those of other polymers. This result indicates that the intermolecular interaction
between the mesogenic chromophores of P1 is weak compared to those of other

polymers.

TABLE IV Layer spacing and tilt angle deduced from X-ray diffraction patterns

polymer layer spacing (A tilt angle (deg)
P1 23.6 20.6
P2 345 354

P3 42.5 38.6
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FIGURE 5 X-ray diffraction patterns of (a) P1, (b) P2 and (c) P3.
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Figure 6 shows the side-chain length of P1-3 in their trans conformation.
The side-chain length was estimated with the empirical molecular force field
method. The mesogenic chromophores of these polymers would form the
interdigitated alignment in the smectic phase as shown in Figure 7 due to the
interactions of strong permanent dipole moment between the mesogenic
chromophores. The tilt angles to an orthogonal vector of the layer plane were
evaluated from the relation, d =1 cos 8, in each smectic phase, where d is the
layer spacing, 1 is the summation over side-chain length and the 4-nitro-
substituted azobenzene chromophore. Deduced tilt angles are summarized in
Table 1IV. It is found from Table IV that the tilt angle of the mesogenic
chromophore in the smectic phase increases with the increase of the methylene
units. Furthermore, these tilt angles in the smectic phase of each polymer are
large compared to that in the solid A.

|
CH3-S||—(CH2)3-8-O—®—N\\
e

g6 A—

- 18.7 A -

I
CHa-s'i-(CHz)s-8-0-(CH2),,-0—©—N\\
<O

- yA .

P2:n=6, x=15.2, y=271;
P3:n=11, x=21.6, y=328,;

FIGURE 6 Side-chain length of P1, P2 and P3.
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FIGURE 7 Schematic of packing manner of liquid-crystalline
polysiloxanes used in this study.

UV-Vi tr

In order to investigate the effects of the changes in the alignment of the
mesogenic chromophores on the electronic state of the azobenzene moiety, the
UV-Vis spectroscopy was measured in each phase of P1-P3. The
intermolecular interactions acting on the mesogenic chromophores in the solid A
could be known because the shape of the absorption spectrum was sensitive to
the electrical interactions between the neighboring molecules. Figure 8 shows the
temperature dependence of the UV-Vis absorption spectra of P1. These UV-Vis
absorption spectra were measured by the transmission method for spin-coated
films on a quartz substrate. There are significant differences between the spectra
of the solid A and B for P1. The absorption band at ~340 nm can be assigned to
the R~m* transition band of 4-nitro-substituted azobenzene. The electric dipole
transition moment considered to be oriented nearly along the long axis of the
azobenzene moiety[?2), Namely, the azobenzene moieties absorbs the light when
its electric vector is parallel to the long axis of the azobenzene moieties.
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Consequently, the differences in the absorbance at the absorption band ~340 nm
can be attributable to the difference in the orientational direction of the mesogenic
chromophores against the substrate. Thus, the mesogenic chromophores of P1
aligned nearly perpendicular to the substrate surface in the solid A. Analyzing
the relative absorbance of the absorption band, it can be considered that the tilt
angle of the mesogenic chromophores against the substrate surface becomes
greater accompanied with the transition from the solid A to the smectic and the
nematic phases. This result is consistent with the result obtained by the FTIR-
ATR spectra and the X-ray diffraction measurement. On the contrary, the
mesogenic chromophores aligned at random in the isotropic phase and the solid
B. The similar change was observed in the absorption spectra of P2 and 3.
Namely, the phase transitions for P2 and 3 are considered to induce the similar
orientational behavior of the mesogenic chromophores as was found in P1.
Moreover, splitting of the n—nt* transition band of the azobenzene moiety was
observed in the solid A of P2 and P3. The two chromophores can interact
electrically with each other, and each of these almost identical chromophores will
be perturbed by the electric transition dipole moment of the other in the excited
state (exciton coupling), resulting in the splitting in energy of excited state
(Davydov splitting)[23-25). The splitting energy depend on the distance and angle
between the two electric transition dipole moments of the chromophores.
Consequently, such a splitting of the absorption band is originated in the exciton
coupling between the mesogenic chromophores, and indicates that the strong
electrical intermolecular interactions act between them in the solid A of P2 and
P3. On the other hand, the splitting of the n—n* transition band of 4-nitro-
substituted azobenzene was not observed in the absorption spectrum in the same
state of P1. These results show that the electrical intermolecular interactions
between the mesogenic chromophores of P1 would be weak compared to those
for P2 and P3, and support the result of the X-ray diffraction measurement.
From the results of the UV-Vis spectroscopy and the X-ray diffraction
measurement, the dependence of the intermolecular interactions on the spacer
length was observed in the solid A of this series. Moreover, in the smectic
phase, the interactions between the mesogenic chromophores would become also
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FIGURE 8 UV-Vis absorption spectra of P1 spin-coated film.
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FIGURE 9 UV-Vis absorption spectra of P2 spin-coated film.
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FIGURE 10 UV-Vis absorption spectra of P3 spin-coated film.

more strong with the increase of the methylene units because the temperature
range of the smectic phase depend on the spacer length, as shown in Table I.
Such a spacer length dependence of the intermolecular interactions would be due
to the improvement of the mobility of the side chain with the increase of the
methylene units. Furthermore, it would be considered that the mesogenic
chromophores of this series tilt in order to form the more stable packing structure

in the smectic and the solid A.

CONCLUSION

The orientational behavior in the different phase structure and the influence of
spacer length on the tilt angle of the mesogenic chromophores were investigated
using three kinds of side-chain liquid-crystalline polysiloxanes which have
different spacer length. From the UV-Vis, polarized FTIR-ATR spectroscopy
and X-ray diffraction measurements, the mesogenic chromophores of these
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polymers in the smectic phase and the solid A were found to align spontaneously
nearly normal to the substrate. The tilt angle from the orthogonal vector of the
substrate of the mesogenic chromophores becomes smaller in the solid A
compared with the smectic phase. Moreover, when the polymer exhibits the
nematic phase, the tilt angle of the mesogenic chromophores was found to be
greater than that in the smectic phase. The tilt angles of the mesogenic
chromophores of these polymers in the smectic phase and the solid A increased
with the increase in the side-chain methylene units. The dependence of the tilt
angle on the spacer length was concluded to be attributable to the changes of the
intermolecular interactions with relation to the degree of the motion decoupling
between the side-chain and main-chain.
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