1062 Macromolecules 2004, 37, 1062—1066

Conformational Change of Phenyl Ring Side Group during Stress
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ABSTRACT: We investigated the stress and birefringence An during stress relaxation in poly(styrene-
co-acrylonitrile). The An changed its sign from positive to negative during the stress relaxation with
increasing relaxation time and temperature in the glassy region. The negative An was found to increase
when the stress was released and the specimen was cooled to room temperature. Such characteristic An
behavior is ascribed to three relaxation mechanisms consisting of distortion, orientation, and conforma-
tional change of the phenyl ring side group. The master curve of the An was nicely explained by assuming
that the distortion relaxation is expressed by Kohlrausch—Williams—Watts equation, the orientation
relaxation by modified Rouse equation, and the conformational change by a stretched exponential
relaxation function. The curve fitting procedures of the master curves revealed that the conformational
change of the side group is much slower than the phenyl ring vibration (3 relaxation); i.e., the rotational
angle of the side group changes from 28° to 48° with a relaxation time of 0.15 s (at 105 °C) during the

stress relaxation.

Introduction

Stress and birefringence are induced when glassy
amorphous polymers are deformed. Both stress and
birefringence originated from two contributions: distor-
tion and orientation.!~* The distortion is local change
of the intersegment distance by torsion around the
main-chain bonds or local displacement of the interchain
spacing. On the other hand, the orientation is relatively
long-range conformational rearrangements by molecular
orientation of the main-chain segments. The distortion
and orientation are relaxed during the stress relaxation.
The photoelastic law suggests that the birefringence is
proportional to the stress.®> Hence, the stress—optical
coefficient, which is obtained by the ratio of birefrin-
gence to stress, is constant with time and/or tempera-
ture during the stress relaxation in glassy noncrystal-
line polymers such as polycarbonate.

The stress—optical coefficient changes its sign from
positive to negative with increasing relaxation time and/
or temperature in glassy styrenic polymers during the
stress relaxation.®” Such characteristic relaxation be-
havior is explained by taking into account the confor-
mational change of the phenyl ring side group.8° On the
other hand, two relaxation modes for the phenyl ring
side group are suggested by a series of the relaxation
studies such as mechanical relaxation,'°12 dielectric
relaxation,’®13 nuclear magnetic resonance,*~18 and
neutron scattering.1%2° One of the relaxation modes is
y-relaxation observed at around —100 °C.1213.19.20 The
y-relaxation is assigned to the phenyl ring s (180°) flip
motion having the relaxation time of 1077—1078 5,15-18
The other is S-relaxation observed at around 50 °C, and
the relaxation time is 107 s.11715 The f-relaxation is
assigned to the phenyl ring vibration which is coopera-
tive with the main-chain vibration. The observed tem-
perature for the S-relaxation is close to the temperature
in which the stress—optical coefficient changes its sign.
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However, the conformational change and the relation
to the S-relaxation have not been clarified.

In this paper, to understand the conformational
change, we carry out the simultaneous measurement
of stress and birefringence as a function of relaxation
time after uniaxial stretching of poly(styrene-co-acrylo-
nitrile) (SAN) film over a wide temperature region. The
results of the relaxation behavior are quantitatively
discussed in terms of the Kohlrausch—Williams—Watts
equation for the distortion relaxation, the modified
Rouse equation for the orientation relaxation, and a
stretched exponential function for the conformational
change.

Experimental Section

Poly(styrene-co-acrylonitrile) (SAN) pellet was supplied by
Tosoh Co., Ltd. The weight-average molecular weight was 10.0
x 10% and the acrylonitrile content was 30 wt %. The pellet
was compression molded at 200 °C into a film about 0.2 mm
thick. The film was then cut into a rectangule of length 50
mm and width 5 mm.

Figure 1 shows an apparatus for the simultaneous measure-
ment of stress ¢ and birefringence An. In the tensile testing
system (Far-East Manufacturing Inc.), two cross heads trav-
eled up and down at the same speed so that the light beam
for An measurement irradiated the midpoint of the specimen
throughout the stretching and relaxation processes. The
specimen was quickly stretched (90 mm/s) up to a draw ratio
€ of 1.005 below the glass transition temperature Ty and ¢ of
1.01 above the Ty. The measurement was carried out at various
temperatures in the range from 30 to 125 °C. The data of stress
were processed by a personal computer through an A/D
converter. The modulus E was obtained by E = ole.

Precise measurement of the birefringence was carried out
using a photoelastic modulator (PEM).?1~23 A 632.8 nm He—Ne
laser beam was passed through a Gran-Thomson polarizer and
PEM (ADR-200, ORC Manufacturing Co., Ltd.). The PEM
produced a sinusoidal retardation do = A sin(wt) with high
frequency (o = 50 kHz) and adjustable amplitude A, and then
the modulated light was applied to the specimen. After passing
through a Gran-Thomson analyzer, the light was detected by
a photodiode. The retardation R by the specimen is given by
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Figure 1. Apparatus for simultaneous measurements of
stress and birefringence: L, laser; P, polarizer; PEM, photo-
elastic modulator; S, specimen; LC, load cell; M, motor; A,
analyzer; PD, photodiode; TC, tensile controller; LA, lock-in
amplifier; A/D, A/D converter; PC, personal computer.

R= Sirfl[EAC/{ 2J,(00)Epct] D

where Eac and Epc are AC and DC amplitudes of detected
light, respectively, and Ji1(do) is the first Bessel function which
is experimentally determined as a calibration constant. Then
the birefringence An is given by

An = (RAd)/27 )

where 4 is the wavelength of light and d is the thickness of
the specimen.

Results and Discussion

Figure 2 shows the time dependence of the relaxation
modulus E(t) and relaxation birefringence An(t)/e of
SAN at various temperatures. The E(t) is almost
constant with time t in the glassy region (below 50 °C),
and it decreases steeply in the glass transition region
(80—100 °C). This is typical for the modulus relaxation
behavior of noncrystalline polymers. On the other hand,
the An(t)/e shows a characteristic relaxation behavior.
The An(t)/e is initially positive, decreases to attain zero,
changes its sign from positive to negative, and then
decreases with time at temperature between 50 and 90
°C. The onset time for the change of the sign becomes
shorter with increasing temperature. At high temper-
ature above 100 °C, the An(t)/e is negative throughout
the relaxation time.

The E(t) curves obtained at various temperatures
could be superimposed to a master curve by a horizontal
shift. The master curve E(t/at) reduced at a reference
temperature, where at is the shift factor, is shown in
Figure 3a. Here, the reference temperature is the glass
transition temperature T4 of SAN: 105 °C. The tem-
perature dependence of the shift factor a(T) is shown
in the inset of Figure 3a. The ay(T) followed the Vogel—
Fulcher equation?* above the Tg, as shown by a solid
line in the inset of Figure 3a. The observed at(T) is
deviated from the calculated curve by the Vogel—
Fulcher equation at the temperature below the T4. The
deviation may be explained by the change of relaxation
modes from the collective molecular motion above the
T, to the local segmental motion below the T4.25:26

The An(t)/e curves obtained at various temperatures
could be also superimposed to a master curve by using
the ar(T) for the E(t/ar) demonstrated in the inset of
Figure 3a. The master curve An(t/ar)/e thus obtained
is shown in Figure 3b. The interesting result in Figure
3 is that the An(t/at)/e changes its sign from positive
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Figure 2. Time dependence of relaxation modulus E(t) (a) and
relaxation birefringence An(t)/e (b) of SAN at various temper-
atures.

to negative in the glassy region in which the E(t/ar) is
almost constant with relaxation time and/or tempera-
ture. The E(t/ar) shows a clear inflection at the onset
t/ar of the rubbery plateau region. On the other hand,
the inflection is not clear in the An(t/ar)/e. The differ-
ence may be ascribed to the two molecular mechanisms
for the relaxation and the different contributions to the
E(t/at) and An(t/ar)/e, as discussed later.

Figure 4 shows the time dependence of the birefrin-
gence An(t)le when the stress was released, and the
specimen was cooled to 30 °C after the stress relaxation.
Here, the arrow shows the time when the stress was
released and the specimen was cooled. The An changed
sign from positive to negative after the stress release
at 60 °C. On the other hand, the value of the negative
An became larger after the stress release at 90 °C. These
results suggest that the An could not be frozen by
cooling, and it could not be recovered to the unloaded
value by releasing the stress. This may be ascribed to
the existence of the two molecular mechanisms; i.e., the
An consists of distortion birefringence and orientation
one.1™* Assuming that the distortion birefringence is
positive while the orientation birefringence is negative,
the An is positive when the distortion birefringence is
larger than the orientation one while it is negative when
the distortion birefringence is smaller than the orienta-
tion one. When the distortion is recovered after releasing
the stress while the orientation is frozen by cooling, the
positive An changes to negative one by recovering the
large positive distortion birefringence and freezing the
small negative orientation one, as observed after stress
relaxation at 60 °C. On the other hand, the value of the
negative An becomes larger by recovering the small
positive distortion birefringence and freezing the large
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Figure 3. Master curves of relaxation modulus E(t/ar) (a) and
relaxation birefringence An(t/ar)/e (b) of SAN; reduced at
105 °C.
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Figure 4. Time dependence of the birefringence An(t)/e of
SAN when the stress was released and the specimen was
cooled to 30 °C after the stress relaxation at various temper-
atures. The arrow shows the time when the stress was released
and the specimen was cooled.

negative orientation one, as observed after stress re-
laxation at 90 °C.

The distortion birefringence and orientation one can
be characterized more quantitatively by analyzing both
relaxation modulus E(t/at) and relaxation birefringence
An(t/ar)le. According to Read! and Inoue et al.,?” the
E(t/at) and An(t/at)/e are given by the sum of the
distortional and orientational contributions:

E(Var) = Ey(tay) + E,(tay) 3)
An(t/ap)le = Any(t/ap)le + An (tlas)le
= CyEq(Vayr) + C.E(Vay) (4)
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Figure 5. Calculated curves of Eq(t/ar), Eo(t/ar), and E(t/at)
of SAN by egs 3, 5, and 6: Egmax = 1.4 x 10° Pa, 74 = 0.5,
=0.43, Eomax = 3.2 x 10°Pa, 1,=0.1s, oo = 0.7, ne = 150, and
n = 2000. The broken line was calculated by the Doi—Edwards
equation.

where subscripts d and o are distortional and orienta-
tional contributions to the E(t/ar) and An(t/ar)le,
respectively, and C4 and C, are stress—optical coef-
ficients for distortion and orientation, respectively.
The relaxation of the distortion modulus E4(t/at) may
be described by the Kohlrausch—Williams—Watts (KWW)
equation, which is often used to explain the stress
relaxation behavior in the glassy region:28.2°9

Ea) = Eomue oo{ (£} ©)

d

where 74 is the relaxation time of distortion and S is
the distribution parameter for the relaxation time of the
distortion. On the other hand, the relaxation of the
orientation modulus Ey(t/ar) may be described by the
modified Rouse equation:3°
n-1 1 t 1 p2n2
E.(t) = Eo,max Z_ eXpl—
p=1p*

— (6)
21,1+ n/n, p2

where 7, is the relaxation time of orientation, a is the
distribution parameter for the relaxation time of the
orientation, n is the number of segments, and ne is the
n between dynamic entanglements. The modified Rouse
model assumes that (1) the interest chain behaves like
a Rouse chain, (2) the interest chain motion is restricted
and dragged by the surrounding chains due to the
entanglements, and (3) the entanglements behave like
the slow moving points in the interest chain.3°

Figure 5 shows the calculated curves of the E(t/ar)
obtained by eqgs 3, 5, and 6. The steep decrease of the
E(t/at) in the glass transition region can be explained
by the KWW equation, as shown by the curve of the
Eq(t/ar) in Figure 5. On the other hand, the slight
decrease in the plateau region can be explained by the
modified Rouse equation, as shown by the curve of the
E,(t/ar) in Figure 5. Note here that the plateau region
in the Eq(t/ar) calculated by the Doi—Edwards equa-
tion31733 is too flat to explain the decrease of the E(t/
ar), as shown by the broken line in Figure 5. The glass
transition region becomes wider and shifts to shorter
time by assuming smaller g and smaller z4. As the a is
smaller, the slope of the plateau region becomes steeper.
The plateau region shifts to shorter time as the 7, is
smaller. We selected the best set of the above param-
eters to fit the calculated E(t/ar) curve to the observed
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Figure 6. Calculated curves of Ang(t/at)le, Ano(t/ar)le, and
An(t/at)le of SAN by egs 3—6: Cq4 = 2.7 x 107! Pa™!, C, =
—28x 10°Pal, 7g=05s,8=043,7,=0.1s,a=0.7,n
= 150, and n = 2000.

one, as shown by the solid line in Figure 5. The Eq is
larger than the E, in the glassy region, and the Eg
relaxes faster than the E,. This may explain the steep
inflection at the onset t/ar of the plateau region.

The calculated curves of the An(t/ar)/e obtained by
eqs 3—6 are shown in Figure 6. As demonstrated in
Figure 4, the distortion birefringence is positive while
the orientation birefringence is negative; i.e., the Cqy
is positive while the C, is negative. Since the Cq4 is
positive while the C, is negative and the Ang (=E4Cy)
relaxes faster than the An, (=E.C,), the calculated
curve changes the sign from positive to negative by
assuming that the absolute value of the Angy is larger
than that of the An, in the glassy region. Though the
inflection at the onset t/ar of the plateau region is
large in the E(t/ar) due to large E4/E, in the glassy
region (see Figure 5), the inflection is small in the
An(t/at)le when Ang/An, (FE4C4/EoC,) is small due to
small C4/C,. However, the calculated An(t/ar)/e is far
from the observed one; i.e., the onset t/ar for the change
in the sign of the An(t/ar)/¢ is different. The deviation
suggests an additional contribution to the An(t/ar)/e.
This may be ascribed to the change in the C, with t/ar
due to the conformational change of the phenyl ring side
group.

Taking into account the conformational change during
the stress relaxation, the C, may be modified by a
stretched exponential relaxation function:

C,=C,+C, exp{ _(TL)V} @)

p

where 7, is the relaxation time for the conformational
change of the phenyl ring side group, vy is the distribu-
tion parameter for the relaxation time of the conforma-
tional change, and Cy is the contribution of the confor-
mational change to the C,. The Any(t/ar)/e calculated
by egs 6 and 7 is shown in Figure 7. The Any(t/ar)/e
changes with t/ar in the glassy region at t/at < 0 by
assuming the modified stress—optical coefficient C,' and
7p < 1 s. As shown by the solid line in Figure 7, the
observed An(t/ar)/e curve could be nicely explained by
egs 3—7. The relaxation time 7, estimated by the fitting
procedure was about 0.15 s at a reference temperature
of 105 °C. The result suggests that the conformational
change is much slower than the phenyl ring vibration
(B-relaxation) in which the relaxation time is 107* s at
50 °C.
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Figure 7. Calculated curves of Ang(t/at)/e, Any(t/at)le, and
An(t/at)/e of SAN by eqs 3—7: C4 = 8.9 x 1072 Pa™!, C, =
—2.8x 10°Pal, Cy=27 x 10°Pa}, 7,=0.15s, y = 0.32,

7¢4=05s, =043, 7,=0.1s, a=0.7, n. =150, and n =
2000.
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Figure 8. Schematic representation of the conformational
change of phenyl ring side group and change of the polariz-
ability difference Aa with rotational angle ®.

Figure 8 shows the schematic representation of the
conformational change of the phenyl ring side group.
As demonstrated by Gurnee,3* the polarizability differ-
ence Aa changes by the conformational change of the
phenyl ring side group which is accompanied by the
change of the rotational angle between the phenyl ring
plane and the main-chain axis. The Aa is given by

Ao = ay — (ay + 0)/2 (8)

where q; is the principal polarizability of monomer. q;
is represented as a sum of contributions from its
constituent bonds. One can estimate the contribution
from the individual bond using the transformation of
the polarizability tensor (o)xvz for the (X'Y'Z") coordi-
nate of a constituent bond into the (XYZ) coordinate of
the chain axis by

(W)xyz = Rz(0) Ry(#) diag(a)xyz RX’(¢)71 szy1 9)
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10 0
Ry(¢) =10 cos¢ —sin ¢
0 sin¢ cos ¢

cos 6 —sinf 0
R,(0) =([sin® cos® O (10)
0 0 1

where Rx(¢) is the transformation for a rotation ¢ of
the bond about the X' axis and Rz(0) is that for a
rotation 6 about the Z axis.3>37

The Aa of SAN calculated by eqs 8—10 is shown in
the lower part of Figure 8 as a function of the rotational
angle @ of the phenyl ring side group. The birefringence
An is approximately related to the polarizability differ-
ence Aa by differentiating the Lorentz—Lorenz equa-
tion.3” The An thus obtained is also shown in the lower
part of Figure 8. The An decreases and changes the sign
from positive to negative, and the negative value
increases with increasing the rotational angle ®. As
demonstrated in Figure 7, the An, changes from —10-29
to —10~18 with increasing the t/ar from 10 8to 1 s. The
® is 28° when the An, is —10729°, and it is 48° when the
An, is —10718, Thus, the results suggest that the ®
changes from 28° at t/ar = 10 8sto48°att/ar=1s
due to the conformational change of the side group with
a relaxation time of 0.15 s (at 105 °C) during the stress
relaxation.

Conclusion

The birefringence of SAN changed its sign from
positive to negative during the stress relaxation in the
glassy state. The value of the negative birefringence was
found to increase when the stress was released, and the
specimen was cooled to room temperature. Such char-
acteristic birefringence behavior is ascribed to the
distortion relaxation and the conformational change of
the phenyl ring side group associating with the orienta-
tion relaxation. The curve fitting procedures of the
stress and birefringence relaxation curves revealed that
the conformational change of the side group is much
slower than the phenyl ring vibration (5-relaxation).
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