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Abstract: For ultrasonically induced birefringence in polymer solutions, both the linear sinu-
soidal birefringence and the nonlinear stationary birefringence were observed. The sign and
value of the stationary ultrasonically induced birefringence depended on the molecular struc-
ture of segment and its anisotropy in polarizability. Furthermore, no molecular weight de-
pendence could be observed above the molecular weight 10*. The theory based on the visco-
elastic ones using the Rouse—Zimm model could not explain our experimental results as a
whole. These results strongly suggest that the stationary ultrasonically induced birefringence
should be caused by the local segmental motion of polymer chain in solution. For all poly-
mer solutions investigated here, the stationary birefringence per ultrasonic intensity de-
creased with increasing frequency. This frequency dependence is not consistent with the
present treatment for the ultrasonically induced birefringence.

INTRODUCTION

Ultrasonically induced birefringence has been observed in various liquids and colloidal and polymer so-
lutions [1-15]. For the small anisotropic molecules such as liquid crystals, the orientational relaxation
time is smaller or of the same order of magnitude so that the velocity gradient caused by ultrasound can
directly induce the sinusoidal orientation. This causes the sinusoidal birefringence, and it is proportional
to the ultrasonic amplitude A, that is, the square root of the ultrasonic intensity \/W_U, since the velocity
gradient is proportional to A [1-7,12]. On the other hand, for large anisotropic particles such as colloidal
particles, the orientational relaxation time is much larger than the period of the ultrasonic wave so that
the orientational motion cannot follow the sinusoidal velocity gradient. However, the radiation pressure,
which is one of the typical quadratic acoustic effects, produces the stationary torque on the particle that
induces the uniform and stationary orientation of the particles in the solutions [1,8—11]. In this case, the
stationary birefringence is induced. The induced birefringence is proportional to the square of the ul-
trasonic amplitude A?, that is, the ultrasonic intensity Wy;.

From the point of view of detection technique, the both “nonbiased” [1-7,12,13] and “biased”
[8-11,13-15] techniques have been used in the experiment of the ultrasonically induced birefringence.
The latter can detect only the stationary birefringence since the sinusoidal birefringence is averaged out
in the temporal and spatial manner. The former detects the phase retardation by the root mean-square
way so that it can detect both the sinusoidal and stationary birefringence. It is very important to use the
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nonbiased and biased measurements at the same time to discuss the mechanism of the ultrasonically in-
duced birefringence in polymer solutions.

ULTRASONIC INTENSITY DEPENDENCE OF BIREFRINGENCE IN POLYMER
SOLUTIONS

The mechanism of the ultrasonic induced birefringence in polymer solutions is of strong interest since
a polymer molecule is a long chain consisting of the small monomer unit.

Recently, we observed not only the root mean square of the birefringence An, . by the “nonbi-
ased” technique, but also the stationary birefringence Ang by “biased” technique in polystyrene
(PS)-toluene solutions [13]. Results are shown in Fig. 1 in double logarithmic scale. As is seen in the
figure, the birefringence observed by nonbiased detection is proportional to the square root of the ul-
trasonic intensity, \/WU, but that obtained by the biased detection is proportional to the ultrasonic in-
tensity itself, that is, Wy;. The values of the birefringence signal measured by the biased detection are
smaller than those obtained by the nonbiased detection at all ultrasonic intensities.

107 fTT T T ;
An o't
L 10% F ™ g ee¥n "
= C Slope 0.5 , ©
=
~
é 9 F E
< 10
~
101 F Slope 1 E
| o0 oseanl 0ol

" 0.001 0.01 o1 1
Ultrasonic Intensity / W-cm-2

Fig. 1 Ultrasonic intensity dependence of the root mean-square birefringence An_ . and the stationary
birefringence Ang in toluene solution of polystyrene (10 wt%, 25 MHz, 25 °C) [13]. The solid and dashed lines
indicate the slopes of 1 and 0.5, respectively.

Jerrard observed the root mean square of the ultrasonically induced birefringence, An, . in
PS-toluene and polyisobutylene-cyclohexane solutions using the “nonbiased” technique and found that
it was proportional to the square root of the ultrasonic intensity, \/W_U [1]. Our experimental results ob-
tained by nonbiased detection were in agreement with those obtained by Jerrard [13]. Moreover, in our
measurement by the biased detection technique, the An . that was proportional to the ultrasonic intensity
was observed in the range from 0.001 to 0.1 W-cm™ ThlS type of birefringence in polymer solutions
has never previously been reported, and our work is the first study.

We derived the expression for An_ - and An in the polymer solutions based on the stress-optical
rule and the Lodge equation as follows [16],

Ang = c\/ Wy /(peo’) G (@) +G"(w) (1)
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Ang =Wy /(peo?)] -G/ (@) )

where C is the stress optical coefficient, p is the density, ¢, is the sound velocity, and G'(w) and G"(®)
are the storage and loss modulus, respectively.

In order to discuss in more details, the polymer chain dynamics, we will use the Rouse-Zimm
theory. The storage and loss modulus are respectively written as,

G (0)= (cRT/M)PmZax [(wrp)z/{ 1+ (an'p)z H G"(w)= (cRT/M)PmZdx [a)rp/{ 1+ (an'p)2 H 3)

p=l p=l
where M = N_m, m is the molecular weight of the monomer, N_ is the degree of polymerization, c is the
mass of the polymer per unit volume, P, is the maximum mode number, R is the gas constant, and T
is the temperature. The relaxation time the pth mode is written in terms of the longest relaxation time
7, and the scaling constant related to the dimension of the polymer chain v as,

Tp = Tl/p3v 7= [n]Kans/(RT) “4)

7, is the solvent viscosity, [7]] is the intrinsic viscosity, and K is first-order relaxation time factor de-
termined by theory [17]. We compared our experimental results with our expression mentioned above
[14]. The results are listed in Table 1.

Table 1 Comparison of the calculation with experiment for the ultrasonically
induced birefringence for PS-toluene solutions [14].

Anrms-\lWU‘l/cm-W’O'5 Anst-WU’I/cmz-W’1
Experiment 3.0x 1078 48x 108
Calculation 1.5x 1078 6.6x 10713

The calculated value of An, ., which was proportional to \/W_U, was in the same order of magni-
tude as the experimental one. However, the calculated result for AnSt was about 107 times smaller than
that obtained by the experiments. In our expression, An, resulted from the quadratic term in the Finger
strain tensor in the Lodge equation. In the framework of the Lodge equation, the nonlinearity is a result
of frame invariance and the stress—strain relation itself belongs to the linear region [18]. To estimate the
An  more correctly, nonlinear terms of viscoelasticity and acoustic field should be taken into account.

In order to elucidate the detailed mechanisms of ultrasonically induced birefringence in polymer
solutions, it is very important to know the interactions between the segments in a chain. For this reason,
it is better to measure the birefringence in lower concentration ranges.

In our study, we focused on the experimental studies about the stationary birefringence because
the sign of the birefringence is obtained and the high signal-to-noise ratio is realized [13]. We have
started the systematic measurement of ultrasonically induced birefringence in polymer solutions for the
molecular structure of segment, concentration, molecular weight, and frequency dependence, and so
on [14,15].

MOLECULAR STRUCTURE, CONCENTRATION, AND MOLECULAR WEIGHT
DEPENDENCE OF STATIONARY ULTRASONICALLY INDUCED BIREFRINGENCE IN
POLYMER SOLUTIONS

Figure 2 shows typical traces of the transient signal of ultrasonically induced birefringence of
PS-toluene, polycarbonate (PC)-chloroform, and polybutadiene (PBD)-toluene solutions. The sign of
the birefringence was positive for PS-toluene and negative for the PC-chloroform and PBD-toluene so-
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Fig. 2 Traces of the birefringence signal for PS-toluene, PC-chloroform, and PBD-toluene solutions.

lutions. The rise and decay time of the trace of the signal reflects the orientational relaxation times of
molecular motions. The rise time of the trace of the birefringence was about 4 ls, which was almost the
same as the rise time of the ultrasonic pulse. This means that the orientational relaxation time con-
tributing to the birefringence is smaller than 4 ps.

The difference in sign of birefringence is reflected by the local configuration of polymer chain in
the ultrasonic field. It is reasonable to consider that for the flexible polymer chain, the orientation of the
segment units of a main chain of the polymer will be perpendicular to the sound propagation. The con-
figuration of the phenyl group will be essentially related to the sign of the birefringence signal. The dif-
ference in sign reflects the difference in the way of bonding of the phenyl ring to the main chain struc-
ture, as shown schematically in Fig. 3.

An<0 An<0 An>0

* B
. o

PBD PC PS

Fig. 3 Schematic illustration of the local orientation of PS, PC, and PBD under the ultrasound.

The concentration dependence of the birefringence per ultrasonic intensity of the PS-toluene,
PC-chloroform, and PBD-toluene were shown in Fig. 4. The concentration is represented by the mole
number of the monomer unit in the 1 dm? solutions. In all solutions, the birefringence increased with
increasing concentration. The molecular weight dependence of the A113t°WU_1 value was shown for
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PS-toluene solutions at constant concentration of 1.28 mol-dm™ in Fig. 5. At the molecular weight
lower than 1 X 104, the birefringence increased as molecular weight increased. However, molecular
weight dependence was not recognized when the molecular weight was higher than 1 x 10%.

It is well known that polymer solutions show the relaxation processes in the frequency range of
MHz, which have been observed by ultrasonic relaxation [19,20] and dielectric dispersion spectroscopy
[19]. These relaxation processes arise from the local segmental motions, and the relaxation time does
not depend on the molecular weight of the polymer chain in solutions in the region of molecular weight
above 107 to 10*. In PS-toluene solutions, no molecular weight dependence of the ultrasonic relaxation
spectra was observed above 1 X 10% [19,20]. This critical molecular weight of the ultrasonic relaxation
is the same as that of the ultrasonically induced birefringence. This suggests that the An is mainly re-
lated to the local orientational segmental motions in polymer solutions.
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Fig. 4 Concentration dependence of the birefringence per ultrasonic intensity of the PS-toluene, PC-chloroform,
and PBD-toluene solutions.
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Fig. 5 Molecular weight dependence of Anlyt-WU_l for PS-toluene solution at the concentration of 1.28 mol-dm™.
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INTRINSIC VALUES OF THE STATIONARY ULTRASONICALLY INDUCED
BIREFRINGENCE AND ITS RELATION TO THE SEGMENTAL ANISOTROPY IN
POLARIZABILITY

In order to confirm the local segmental model for An of polymer solutions, we define the intrinsic val-
ues of the stationary ultrasonic birefringence and compared to the segmental anisotropy in polarizabil-
ity, Aa,.

Sibce extrapolated values of Anst-WU_l/C took finite ones, we can define the intrinsic value of
Ang, as follows,

[Anst . WU_I] = Cl,l_)mo Ang-WytfC &)

The segmental anisotropy in polarizability, Act, was estimated from the flow birefringence
[21-23]. To compare the birefringence with the anisotropy in polarizability on the basis of the segment
unit, the intrinsic values of the birefringence multiplied by the number of monomer unit in a segment,
n, [Anst-WU’l]-ns was calculated. The value of n, was estimated from the molecular weight of
monomer unit, M,y and the molecular weight of a segment, M, which was determined by limiting rigid-
ity of the Rouse mode obtained by the viscoelastic measurements at high frequencies [24,25]. Figure 6
shows the plots the intrinsic values of the stationary birefringence per a segment against the segmental
anisotropy in polarizability. The linear relationship is obtained. This means that the stationary ultra-
sonically induced birefringence of polymer solutions is related to the segmental anisotropy in polariz-
ability of polymer chains.
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Fig. 6 Plots of the intrinsic value of the stationary ultrasonically induced birefringence per a segment against
segmental anisotropy in polarizability.

FREQUENCY DEPENDENCE OF THE STATIONARY BIREFRINGENCE IN POLYMER
SOLUTIONS

Frequency dependence of the Anst-WU’1 for PS-toluene solutions is shown in Fig. 7. For all the solu-
tions, the Anst-WU*l value decreases with increasing frequency in a similar way to “relaxation phe-
nomena” in the frequency range investigated. The difference in Anst-WU’l values between a lower and
higher frequency region increased with increasing the molecular weight. For PC-chloroform and
PBD-toluene solutions, the Anst-WU*l values also decreased with increasing frequency [15].
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Fig. 7 Frequency dependence of the stationary birefringence per ultrasonic intensity for PS-toluene solutions [15].

For the root mean square of birefringence, An, ., in polymer solutions, Jerrard observed that
it was proportional to \/V—VB and the value of An_  NWy !increased with increasing frequency in
the frequency range from 1 to 5 MHz [1]. It can then be concluded that the sinusoidal birefringence,
i.e., the linear birefringence, in polymer solutions is caused by the sinusoidal velocity gradient gener-
ated by the ultrasound.

For colloidal solutions, the stationary birefringence increased with increasing frequency of the ul-
trasound [1,8,10]. The radiation pressure caused by the velocity difference between the fluid and the
particles produces the torque and it produces the stationary orientation of the disk- or rod-like particle
to the preferential direction. The stationary birefringence is then observed. Since the velocity difference
between the fluid and particles increases with an increase in frequency in a nonideal fluid, the
A”st’WU_l values increased with frequency.

In polymer solutions, the normal stress difference can be observed and it is well known the nor-
mal stress difference is a typical nonlinear effect that comes from the nonlinearity of the Finger strain
tensor [18,26]. We put forward a theory of the nonlinear ultrasonically induced birefringence taking into
account of the nonlinearity of the Finger strain tensor [16]. However, the estimated value stationary
birefringence for the PS-toluene solution 10° times was smaller than the experimental value [14]. In ad-
dition, the predicted frequency dependence was not consistent with the experimental results in this
study.

Frequency dependence of the stationary birefringence in polymer solution observed in this study
cannot be explained by the mechanism of for the ultrasonically birefringence discussed so far.
Ultrasonic intensity used in the birefringence measurement ranged from 0.001 to 1 W-cm™2. The cor-
responding pressure amplitude of ultrasound estimated as from 0.054 to 1.7 atm using values of the den-
sity and sound velocity of 103 kg-m‘3 and 1500 m-s!, respectively. Since the pressure amplitude is not
so small, the linearization of the fluid dynamics equation is not adequate for our situation. This suggests
strongly that quadratic acoustic effect including the streaming will occur in solutions and it causes the
birefringence of polymer chains in solutions. Furthermore, in polymer solutions, it is considered that
many nonlinear effects, arising from the coupling between local segmental motion and the solvent flow
and so on, exist. To clarify the mechanism of the stationary birefringence, the further theoretical treat-
ment including the nonlinearity of fluid dynamics and polymer dynamics should be required.
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CONCLUSION

In polymer solutions, the sign and value of the stationary ultrasonically induced birefringence strongly
depended on the molecular structure of segment and its anisotropy in polarizability. Furthermore, no
molecular weight dependence was observed above the molecular weight 10*. The theory based on the
viscoelastic ones using the Rouse—Zimm model could not explain our experimental results as a whole.
These results strongly suggest that the stationary ultrasonically induced birefringence should be caused
by the local segmental motion of polymer chain in solution.

For all polymer solutions investigated here, the Anst-WU_1 values decreased with increasing fre-
quency. This frequency dependence is inconsistent with the present theoretical treatment for the ultra-
sonically induced birefringence, in principle. In order to solve this, it is necessary to measure the ultra-
sonically induced birefringence with wide ranges of frequency by both biased and nonbiased technique
in more details. Also, a new theory is required including the nonlinearity of fluid dynamics and the
polymer dynamics for the ultrasonically induced birefringence in polymer solutions.
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