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Abstract 

The orientational behaviour of mesogenic chromophores in side-chain liquid crystalline polysiloxane subject to an external electric field 
was investigated by the measurement of second harmonic generation (SHG). The rise and decay rates of the electric-field-induced SHG 
intensity in the crystalline state were found to be slower than those in the amorphous state; furthermore, the SHG intensity in the crystalline 
state was found to be weaker than that in the amorphous state. Analysis of the rise and decay rates of the electric-field-induced SHG intensity 
suggested that the mesogenic chromophores in the amorphous state move independently with other mesogenic chromophores and with the 
siloxane backbone, whereas those in the crystalline state move cooperatively with them. 0 1998 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

It has been well established that molecules containing an 
electron donor and acceptor, attached to a r-conjugated 
system, have a strong permanent dipole moment and present 
large first-order hyperpolarizabilities. However, groups with 
a strong permanent dipole moment tend to form antiparallel 
conformations in a condensed phase, and this gives rise to 
centrosymmetry in the materials and diminishes the second- 
order nonlinear susceptibility, xc’), of the materials [l-3]. 
Random arrangement of the second-order NLO chromo- 
phores doped or covalently linked to polymers also 
decreases xc2) in spite of the large microscopic optical non- 
linearity of the NLO chromophores. In order to obtain amor- 
phous second-order NLO polymers with large xc’) values, it 
is necessary to induce noncentrosymmetry in the polymeric 
system by applying an external electric field [4]. However, 
this electric-field-induced second-order nonlinearity will 
gradually decrease after removal of the electric field. In 
corona poling, the dynamics of the charge deposition, the 
charge decay, and the orientational dynamics of the NLO 
chromophores are known to affect the time dependence of 
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the SHG signal. The behaviour of this relaxation of the NLO 
chromophores has been investigated with the measurement 
of second harmonic generation (SHG) [5-191. The 
measurement of the SHG intensity to monitor the relaxation 
can be of general utility in understanding the nature of 
dynamics in the solid state polymer. SHG is ideally suited 
for observing the motional dynamics associated with the 
relaxation of anisotropic order, since the SHG intensity is 
highly sensitive to orientational order of NLO chromo- 
phores. Thus, detailed information about the polymer con- 
formation and mobility can be obtained from the analysis of 
the relaxation processes of the SHG intensity after removal 
of an external electric field. 

In our previous papers, the behaviour of the electric-field- 
induced dipolar alignment of mesogenic chromophores in 
thin films of side-chain liquid crystalline polysiloxane con- 
taining mesogenic NLO-active azo chromophores was 
presented [20,21]. The polymer exhibits a smectic C liquid 
crystalline phase in the range 59-113”C, and the glass 
transition point is observed near -19°C. Moreover, the 
polymer shows two different kinds of solid state, i.e. amor- 
phous and crystalline states. The crystalline state can be 
easily obtained by heating the as-cast film to the mesophase 
temperature and cooling it to room temperature. It differs 
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Fig. 1. Structure of polymer 1. 

from the amorphous state in the alignment of the mesogenic 
chromophores. It is found from spectroscopic investigations 
that the mesogenic chromophores in the crystalline state are 
aligned nearly normal to the substrate’s surface and holds a 
layer structure formed in the mesophase. On the other hand, 
the mesogenic chromophores in the amorphous state are 
randomly aligned. Furthermore, the measurement of the 
temperature dependence of the electric-field-induced SHG 
intensity has suggested that the mesogenic chromophores 
form an antiparallel conformation in the crystalline state. 
Although the orientational relaxation behaviour of the 
NLO chromophores doped in amorphous polymers has 
been reported, the comparison of the orientational behaviour 
of the mesogenic chromophores between amorphous and 
crystalline states has not been made. In the present paper, 
the orientational behaviour of the mesogenic chromophores 
subject to an external electric field and the relaxation pro- 
cess after removal of the electric field in both the amorphous 
and crystalline states are investigated by analyzing the result 
of in situ SHG measurements. 

2. Experimental 

The side-chain functionalized polysiloxane (polymer 1, 
Fig. 1) was prepared by the esterification of poly[(3- 
chlorocarbonylpropyl)methylsiloxane] with 4-{ [4-(6-hydroxy- 
hexyloxy)phenyl]azo]nitrobenzene. The introduction ratio 
of chromophores into the side chain of polysiloxane was 
97 mol% (M, = 2.43 X 103, M JM, = 1.75). Polymer 1 
exhibits liquid crystallinity, as deduced from DSC measure- 
ments, polarized microscopic observation, and X-ray dif- 
fraction measurements. This polymer exhibits a smectic C 
phase in the range 59-113°C and the glass transition was 
observed at - 19°C. Details of preparation and the results of 
those measurements have been published elsewhere [20,21]. 
Polymer films were prepared by spin coating from a THF 
solution with a concentration of 5 wt% of polymer 1. The 
solution was first passed through a 0.50 pm Millipore filter 
to remove particulate impurities. An optically transparent 
thin film (1 pm thick) was prepared on a polyimide-coated 
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Fig. 2. UV-visible absorption spectra of the thin film in (a) the amorphous 
and (b) the crystalline states. 

IT0 glass (EHC Co. Ltd) by spuming at 2000 rpm. The 
solvent-free film was obtained in a vacuum oven at 30°C 
for over 24 h. 

The corona discharge method was used to pole the sample 
by applying a negative voltage of 1.8 kV to a sharp tungsten 
needle located 5 mm in front of the grounded electrode onto 
which the polymer film was coated. The setup for the SHG 
measurement was identical to that used in previous work 
[20]. Basically, it consisted of a Q-switched Nd3+:YAG 
laser operated at 10 Hz. The laser beam, the power of 
which was controlled by neutral-density filters, was directed 
through a x/4 wave plate and a plate polarizer to convert it to 
a p-polarized beam. The sample holder was placed on a 
rotating stage and rotated around the horizontal axis. A p- 
polarized laser beam first passing through a UV-visible 
light cutoff filter was focused on the sample film. An infra- 
red-absorbing filter, an analyzer and an interference filter 
were used following the sample to detect only the p-polar- 
ized SH signal with a PM tube. The SH signal detected by 
the PM tube was processed with a boxcar integrator which 
was interfaced to a personal computer. The film sample was 
fixed at an incidence angle of 50”. 

3. Results and discussion 

3.1. Conformational characterization of the thin films 

The crystalline state thin film can be easily obtained by 
heating the as-cast amorphous film to the mesophase tem- 
perature and cooling it to room temperature. Fig. 2 shows 
the UV-visible absorption spectra, which were measured by 
a transmission method, for both the crystalline and 
amorphous states obtained from an identical thin film 
sample. It should be noted that one can find a large 
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Fig. 3. X-ray diffraction patterns of the thin film in (a) the amorphous and 
(b) the crystalline states obtained by a thin film method. 

difference in the intensity of the absorption band located 
around 370 nm between the two states. The absorption 
band at 370 nm is assigned to the ?T--?T* electronic transition 
band of 4-nitro-substituted azobenzene chromophores, and 
the electric dipole transition moment is oriented nearly 
along the molecular long axis [22]. That is, the ?T--?T* transi- 
tion of the azo dye chromophore is polarized along the 
molecular long axis. When the electric vector of the light 
is parallel to the direction of the molecular long axis, the 
molecule absorbs light intensely. Considering the direction 
of the electric vector of light, the difference in the absorp- 
tion band between the two states indicates the difference in 
the orientational direction of the mesogenic chromophores 
with respect to the surface of the substrate. In the amorphous 
state, the mesogenic chromophores are aligned randomly, 
whereas they are aligned nearly perpendicular to the sub- 
strate’s surface in the crystalline state. The orientational 
behaviour of the mesogenic chromophores with phase 
transitions was reported in a previous paper [21]. 

X-ray diffraction patterns for the thin films in the two 
states measured by using a thin film method are shown in 
Fig. 3. Two sharp peaks were observed in the diffraction 
pattern of the thin film of the crystalline state, whereas no 
diffraction peaks were observed in that of the amorphous 
state. These results clearly indicate the formation of a per- 
iodical structure perpendicular to the substrate in the crys- 
talline state. As described above, this polymer exhibits a 
smectic C phase and the layer structure which was formed 
in the temperature range of mesophase could be held even in 
the crystalline state. Thus, a diffraction peak observed in the 
small-angle region at about 2.4” can be assigned to the layer 
spacing of 37.6 A. Moreover, a diffraction peak observed in 
the small-angle region at about 4.8” can be assigned to the 
second-order reflection peak of the first peak. We also 
measured a diffraction pattern in the crystalline state by 
using a powder method and detected a strong sharp peak 
corresponding to 3.54 A, in addition to the peaks observed 
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Fig. 4. Schematic drawings for the dipolar alignment of the mesogenic 
chromophores in the amorphous and the crystalline states. 

by using the thin film method. This new peak can be tenta- 
tively assigned to the x-stacking between the azobenzene 
moieties. Considering the fact that no diffraction peaks 
resulting from the ?r-stacking were observed in the diffrac- 
tion pattern in the crystalline state measured by the thin film 
method, it is confirmed that the mesogenic chromophores 
are aligned perpendicular to the substrate’s surface. As 
described in previous studies, the measurement of the 
SHG intensity shows that the mesogenic chromophores of 
the polymer form an antiparallel conformation with a layer 
structure in the crystalline states [20,21]. Such an antipar- 
allel conformation of the mesogenic chromophores is elec- 
trostatically stable, since the mesogenic chromophores of 
this polymer have strong permanent dipole moments. 
Furthermore, it is considered that the mesogenic chromo- 
phores are packed with high density due to the ?r-stacking 
formed between the neighbouring azobenzene moieties. 
Possible conformations of the mesogenic chromophores in 
the two states derived from the above experimental results 
are illustrated in Fig. 4. 

3.2. Behaviour of the electric-field-induced SHG 

In order to investigate the behaviour of the mesogenic 
chromophores subject to an external electric field, we 
have measured the electric-field-induced SHG intensity of 
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Fig. 5. Dependence of the SHG intensity in (a) the amorphous and (b) the 
crystalline states on application of the external electric field. 
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Fig. 6. Rise of the SHG intensity in (a) the amorphous and(b) the crystalline 
states. 

the thin films in both the crystalline and amorphous states at 
room temperature, as shown in Fig. 5. The SHG signal was 
not observed before applying the electric field in these two 
states, indicating the negligibly small value of xC2’ in these 
two states. The isotropic alignment of the mesogenic chro- 
mophores in the amorphous state makes the xC2) value small, 
whereas the mesogenic chromophores form an antiparallel 
conformation with a layer structure in the crystalline state 
and this gives centrosymmetric centres in the polymer film, 
also making the second-order optical nonlinearity vanish. 
When the sample was poled by the corona discharge 
method, the SHG intensity increased rapidly due to the 
destruction of centrosymmetry as a result of the chromo- 
phores’ polar orientation. Immediately after the application 
of the electric field, the SHG intensity in the crystalline state 
rapidly saturates in contrast to that in the amorphous state. 
This result is significant, considering the difference in the 
response to an external electric field of the mesogenic chro- 
mophores between these two states. That is, the mesogenic 
chromophores in the amorphous state would be gradually 
aligned in the same direction. On the other hand, in the 
crystalline state, the alignment of the mesogenic chromo- 
phores in the same direction by overcoming the strong inter- 
molecular interaction owing to the ?r-stacking between 
azobenzene moieties is considered to be difficult. Thus the 
appearance of the electric-field-induced SHG in the crystal- 
line state is mainly considered to be attributable to the 
destruction of the centrosymmetric centres. Taking into 
account the rapid saturation of the SHG intensity in the 
crystalline state, it is suggested that the limitation of the 
displacement of the mesogenic chromophores would be 
present due to the molecular packing with high density. 
Further details of these mechanisms will be discussed in 
the next section. After removal of the electric field, both 
the SHG intensities in the crystalline and amorphous states 
decreased quickly. This rapid decay of the SHG intensity 
indicates that the orientational relaxation of the mesogenic 

chromophores takes place instantly. This rapid relaxation is 
considered to originate in the flexibility of the polysiloxane 
backbone as can be speculated from the low Tg of this 
polymer. 

3.3. Induction process in the orientation of chromophores 

In order to investigate the difference in the orientational 
behaviour subject to the electric field between the crystal- 
line and amorphous states, we have carefully analyzed the 
growth processes of the electric-field-induced SHG signal as 
shown in Fig. 6. In this experiment, the averaging of the 
signal from the PM tube with the boxcar integrator was not 
performed. Furthermore, the corona discharge voltage was 
decreased to 1.6 kV in order to follow the effect of the 
electric field formation process inside the films on the elec- 
tric-field-induced SHG. In the corona discharge method, an 
electric field inside a sample film is generated by the accu- 
mulation of negative charges on the surface. That is, an 
electric field formed inside a sample film will be gradually 
strengthened with time. Moreno and Gross also indicated 
that a certain period of time is required to allow the surface 
charge density to build up in the corona poling process [23]. 
The corona discharge was applied between 0 and 30 s in this 
experiment. As can be seen from Fig. 6, the SHG intensities 
in the two states did not grow immediately after applying 
the corona discharge. The growth rate of the SHG intensity 
in the crystalline state was slower than that in the amor- 
phous one. It should be noted that the SHG intensity could 
not be observed until about 4 s after the application of the 
corona discharge in the crystalline state, while the SHG 
intensity began to grow only 1 s later after the application 
of the corona discharge in the amorphous state. This means 
that an electric field greater than a certain threshold is neces- 
sary for the destruction of the centrosymmetric centres in 
the crystalline state. Wang et al. compared the growth rate 
of the SHG intensity between the side-chain NLO polymer 
and the NLO-dye doped polymer, and they found that the 
SHG signals for the NLO-dye doped polymer reached their 
stable levels soon after an initial rapid growth [ 181. Based 
on the experimental observations, they concluded that this 
rapid response was attributable to the effective decoupling 
of the motion of the NLO-dye chromophores from polymer 
segmental motion, and the electric-field-induced alignment 
of chromophores depends on both the size of the local free 
volume around each chromophore and the degree of the 
decoupling between the chromophore and the polymer 
backbone. The significance of our study lies in a different 
point of view. We have compared the orientational 
dynamics between the crystalline and amorphous states 
for the identical polymer. Although the coupling of the 
motion of the mesogenic chromophores with polymer seg- 
mental motion is an important factor in analyzing the 
dynamics, a crystal field effect, which has never been 
discussed in the poling dynamics of the side-chain NLO 
polymers, should also be taken into consideration. 
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Fig. 7. Decay of the SHG intensity in (a) the amorphous and (b) the crystal- 
line states. 

3.4, Relaxation process in the orientation of chromophores 

We next investigated the orientational relaxation process 
after the corona poling source is turned off. Fig. 7 shows the 
SHG intensity after turning off the corona discharge. One 
can find that the relaxation rate of the SHG intensity in the 
crystalline state is slower than that in the amorphous state. 
The difference in the relaxation rate of the SHG intensity 
would be attributable to the difference in the size of the free 
volume available for the reorientation of the mesogenic 
chromophores. As mentioned above, the mobility of the 
mesogenic chromophores in the crystalline state is sup- 
pressed compared to that in the amorphous state due to 
the formation of the antiparallel conformation between the 
mesogenic chromophores. Considering the intensity of the 
electric-field-induced SHG, it seems that the electric-field- 
induced orientational order of the mesogenic chromophores 
in the crystalline state is not so large as in the amorphous 
state. Moreover, the size of the free volume around the 
mesogenic chromophores in the crystalline state is hardly 
redistributed by the displacement of the mesogenic chromo- 
phores. As a result, the relaxation rate in the crystalline state 
would be slow, as found in the alignment process. On the 
other hand, the size of the free volume in the amorphous 
state would be large enough to redistribute it after turning 
off the corona discharge compared to that in the crystalline 
state. 

In order to obtain more detailed aspects of the relaxation 
behaviour, we have carried out curve fitting analysis for the 
decay curves. A biexponential function 

f(t) = A exp( - thA) + B exp( - t/rB) 

or the Kohlrausch-Williams-Watts stretched exponential 
function [24,25] 

f(t) = A exp( - t/TJPA 

are often used for fitting SHG decay data after removal of 
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Fig. 8. Decay curves for the SHG intensity in (a) the amorphous and (b) the 
crystalline states. Experimental points are indicated by dots. Solid lines 
indicate the fitting curves. 

the poling field, and extensive discussions based on the 
effect of temperature, the physical aging, the dielectric 
relaxation of host polymers, and the decay of the surface 
and trapped space charges have been presented [5-131. In 
this study, a biexponential function was used for fitting the 
SHG decay data, since we have considered that the SHG 
relaxation behaviour of the side-chain polymer system con- 
sists of two components owing to the coupling between the 
motion of the NLO chromophores and that of the polymer 
backbone. Table 1 gives the values of rA, ~a and 
normalized coefficients A and B for the decay curves, and 
the fitting curves along with the observed curves are shown 
in Fig. 8. 

The vertical axis represents the square root of the relative 
SHG intensity which is proportional to the NLO polariza- 
tion. The coefficients A and B represent the contribution of 
each component to the decay of the SHG intensity, and rA, 
rB are the characteristic relaxation times. Since the initial 
steep decay of the SHG intensity observed in both states is 
attributable to the discharge of the surface and trapped space 
charges, a part of the initial steep decay was neglected in the 
curve fitting process. Moreover, we investigated the relaxa- 
tion rate of the surface charges after removal of the poling 
field by measuring the surface voltage, because the decay 
rate of the SHG intensity depends on the decay rate of space 
charges [lo-131. We found that the surface voltage showed 
an exponential decay curve and the relaxation time was 
three orders of magnitude faster than rB in Table 1. 
Therefore, the decay of the surface charge is considered to 
have little effect on the SHG relaxation process after the 
initial steep decay in this case. This is attributable to the weak 
applied voltage and short time period of applying the corona 
discharge. 

As can be found from Table 1, the decay curve of the 
SHG intensities in both states clearly consists of two com- 
ponents. One is the fast relaxation component and the other 
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Table 1 
Parameters obtained by fitting biexponential function for square root of 
SHG intensity decay data 

State 

Amorphous 
Crystalline 

A 7A 6) B 78 6) 

0.37 1404 0.63 70 
0.63 3099 0.37 113 

is the slow relaxation component. Although coefficient A is 
smaller than coefficient B in the amorphous state, the situa- 
tion is reversed in the case of the crystalline state. This 
means that the SHG decay process in the amorphous state 
is mainly governed by the fast relaxation component, 
whereas the slow relaxation component is a dominant factor 
for the SHG decay process in the crystalline state. As men- 
tioned above, we have considered that the SHG decay 
behaviour in the side-chain NLO polymer consists of the 
relaxation in the NLO chromophores and the polymer back- 
bone. It is considered that the fast and slow relaxation com- 
ponents would be tentatively assigned to the orientational 
relaxation of the mesogenic chromophores and the 
rearrangement of the conformation of the siloxane back- 
bone, respectively. That is to say, the orientational relaxa- 
tion of the mesogenic chromophores is a dominant factor in 
the relaxation process of the SHG intensity in the amor- 
phous state. On the other hand, the rearrangement of the 
conformation of the siloxane backbone is a dominant factor 
in the crystalline state. The intermolecular interaction 
between the mesogenic chromophores in the amorphous 
state is weak and a sufficient free volume which is redis- 
tributed by the displacement of the mesogenic chromo- 
phores exists after turning off the corona discharge. In this 
case, the mesogenic chromophores can reorient without the 
rearrangement of the conformation of the polymer back- 
bone. That is, the degree of the coupling between the motion 
of the mesogenic chromophores and the segmental motion 
of the siloxane backbone would be small. On the contrary, 
the mesogenic chromophores form the antiparallel confor- 
mation with high density in the crystalline state. Conse- 
quently, the size of the free volume around the mesogenic 
chromophores is small due to the strong intermolecular 
interaction between the mesogenic chromophores. Under 
such a condition, the mobility of each mesogenic chromo- 
phore is considerably inhibited, and a dramatic reorientation 
of each mesogenic chromophore would not be induced by 
applying the electric field. As a result, the antiparallel con- 
formation of the mesogenic chromophores would be slightly 
lessened by the cooperative motion of the mesogenic chro- 
mophores. Furthermore, the cooperative motion of the 
mesogenic chromophores will lead to the change of the 
conformation of the polymer backbone. From the above 
considerations, it is considered that the motion of the meso- 
genie chromophores in the crystalline state is governed by 
the motion of the polymer backbone. 

4. Conclusions 

The orientational behaviour against the external electric 
field of the mesogenic chromophores for the thin film of the 
side-chain liquid crystalline polysiloxane has been investi- 
gated by monitoring the SHG intensity. For the first time, we 
have investigated the comparison of the orientational behav- 
iour between the amorphous and crystalline states using the 
identical polymer. Although the response to the external 
electric field in the amorphous state could be mainly 
regarded as a fast response in the mesogenic chromophores, 
that in the crystalline state was suggested to be governed by 
a slow response accompanying the siloxane backbone. That 
is to say, it is suggested that the mesogenic chromophores in 
the amorphous state can move independently with other 
mesogenic chromophores and the degree of the coupling 
between the motion of the mesogenic chromophores and 
that of the polymer backbone would be small, whereas 
the situation in the crystalline state should be distinct in 
that the degree of the coupling between the motion of 
the mesogenic chromophores and that of the siloxane 
backbone would be large. These results were considered 
to be originated in the strength of the intermolecular 
interactions between the neighbouring mesogenic chro- 
mophores and the size of the free volume around the 
mesogenic chromophores. 
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