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Abstraet-Electrohydrodynamics of a dilute solution of rigid macromolecafles was experimentally studied in a con- 
tinuation of previous theoretical work. We used poly(y-benzyl-L-glutamate), having 4 different molecular weights rang- 
ing from 15,000 to 236,000, dissolved in m-cresol. Poly(y-benzyl-L-glutamate) solutions were subjected to combina- 
tions of simple shear flow field and uniform electric field perpendicular to the shear direction. Transient birefringence 
and extinction angle were simultaneously measured using the phase-modulated birefringence method. Steady state m 
suits were compared with the theoretical prediction from previous works and rotational diffusivity and permanent dipole 
strength of PBLG were obtained from multiple parameter fitting. Consequently, the optical state of PBLG solution 
could be explained to a certain extent by the dimensionless field parameters established in the previous theory. 
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INTRODUCTION 

For the characterization and processing of functional poly- 
mers, it is necessary to understand not only their rheological 
properties but also electro-optical properties. Research interests 
up to now have been usually restricted to one aspect of them. 
In the past, birefringence experiments by a single external field 
such as hydrodynamic, electric or magnetic field have been stu- 
died separately, each with its own research purpose [Arp et 
al., 1980; O'Konski, 1976]. Electric birefringence of polymer 
solutions has been used as one of the characterization tools, 
and rheological measurements have been usually done for the 
processing purpose. 

In the present work, as an experimental part of the previous 
theoretical works [Park, 1988, 1989; Kwon and Park, 1992], 
the effects of the combined (shear and electric) fields on the 
rigid macromolecules dissolved at low concentration in a di- 
electric Newtonian solvent were investigated using optical func- 
tions such as birefringence and extinction angle. In the pre- 
vious work, the model solution of a rigid Brownian polymer 
with dipoles was presented and analyzed in terms of the di- 
mensionless field parameters. A better insight into both micro- 
scopic properties of macromolecules and macroscopic proper- 
ties in relation to its molecular properties could be obtained. 
Depending on the types of external fields or the object solu- 
tion being considered, an experimental method or analysis of 
the results should be selected properly. 

Flow birefringence experiments have generally been perform- 
ed from a rheological aspect, related to the hydrodynamic char- 
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acteristics of dissolved particles [Meeten, 1986; OKonski, 1976]. 
Electric (or magnetic) birefiq_ngence experiments have mainly 
focused on investigating the electric (or magnetic) and optical 
properties [O'Konski et al., 1959]. Characteristics of a poly- 
mer solution can be appreciated in detail by a transient bire- 
fringence experiment under the combined field [Ikeda, 1963; 
Mukohata et al., 1962]. 

Transient birefi'ingence experiments were performed here un- 
der simultaneous hydrodynamic and electric fields using sev- 
eral m-cresol solutions of poly(y-benzyl-L-glutamate), PBLG, 
with different molecular weights. Some experimental results 
with various combinations of the extemal fields were com- 
pared with the theoretical prediction from the previous work 
[Kwon and Park, 1992]. In order to interpret the experimen- 
tal birefringence results under the combined fields, the fol- 
lowing dimensionless groups are defined [Park, 1988; Kwon 
and Park, 1992]; 

G D -  3kT r 2 r tx=~;  r - ~  Q() ,  (1) 

VBakt0E0 
[3= kT (2) 

Here co, Peclet number, is the dimensiorfless flow strength com- 
pared with Brownian force of a polymer, 13, related to the perma- 
nent dipole moment of a polymer. G is the shear rate, Dr the 
rotational diffusivity of a polymer, k the Boltzmann constant, T 
the absolute temperature, rl0 the viscosity of Newtonian solvent, 
V the volume of a particle, B a the internal field function [O'Kon- 
ski, 197@ ~ the permanent dipole moment per unit volume of a 
polymer particle. V B ~  is the permanent dipole strength of a par- 
ticle, E0 the electric field strength, and r (=a/b) the aspect ratio 
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where 2a and 2b are the length of major and minor axes, respec- 
tively. And the geometric factor r:Q(r) can be approximated as 

ln(2r)-0.5 r>2.  (3) 
r2Q(r) = 2 ' 

It is generally accepted that PBLG molecule has negligible 
induced dipole moment even in a very high saturating electric 
field [O'Konski et al., 1959]. Therefore only the permanent 
dipole moment is considered in this study. 

The rotational diffusivity D, of  PBLG molecule can be esti- 
mated by using Eq. (1). It is generally reported that the typical 
length of the repeating unit of  PBLG is approximately 0.15 nn~ 
A molecular weight of  236,000 corresponds to 2a length of  
1.62x10 -7 m [Mukohata et al., 1962]. With 2b equal to 1.60xl0 -9 
m, D, is estimated to be 217 sec -~. Mukohata et al. [1962] re- 
ported that Dr of  PBLG with the weight average molecular 
weight of  206,000 was estimated to be 220 sec -~ from the ini- 
tial slope of cot 2 Z vs. shear rate in their birefringence experi- 
ment in the weak fields. They also obtained the resid~l per- 
manent dipole slrength of PBLG as 3.4 Debye unit. The value 
of the residual permanent dipole moment agrees satisfactorily 
with that of  peptide bond. Similar results can be found else- 
where, i.e., estimated from the saturating electric birefi-ingence 
[O'Konski et al., 1959] and from dielectric dispersion [Wada, 
1959]. 

E X P E R I M E N T A L  

1. Phase-Modulated Flow Birefringence (PMFB) 
The rheo-optical state of  a solution changes according to the 

solute behavior by the extemal fields. Optical measurements as 
non-destructive methods to trace such changes have been stead- 
ily advanced during the last decades. The phase-modulated 
flow birefringence method, PMFB [Frattini and Fuller, 1984; 
Oh and Park, 1992], which was adopted in our experiments, 
allows us to make simultaneous measurement of  both Wansient 
birefringence and extinction angle. It was successfully applied 
for polystyrene solution to measure the rheological properties 
[Hwang et al., 1989]. 

The basic principle of  this technique is to extract the fast 
and second harmonics due to the reference frequency o3 of  
the photo-elastic modulator, PEM, to give a sinusoidal modula- 
tion to the source light. Fig. 1 is the schematic representa- 
tion of  the PMFB apparatus used in this study. The orienta- 
tions of  the external fields and other optical elements used are 
shown in Fig. 2. The polarized He-Ne laser light is transmit- 
ted through several optical elements and the streaming Kerr 
cell containing the solution, and is detected at the photo-diode 
detector. Birefi-ingence and extinction angle evoked by the ex- 
ternal fields can be effectively obtained by the Muller matrix 
calculation scheme. I f  the incident light is presented as Stokes 
vector So, the Stokes vector S for the light leaving the optical 
awangements can be expressed as follows : 

S = Mp(-45~176162176176176 o (4) 

where M, is the Muller m a r x  of  each optical component i, 
details of  which are given in the reference of  Shurcliff [1962]. 

DATA6000 

M 

Fig. 1. Sehemafie diagram of phase-modulated flow birefrin- 
gence system Mth electric field unit. 
A : Analyzer L2 : 2m lock-in amplifier 
AT : Main computer MPS : CM power supply 
CB : Clutch/Brake P : Polarizer 
CBPS : CB power supply PD : Photo-decector 
CM : Compumotor PEM : Photo-elastic modulator 
CMI : CM index PEMC : PEM conU'oller 
D6 : DATA 6000 PG : Pulse generator 
E : Encoder PSC : PG controller 
L : Laser R : Resister connection 
L1 : co lock-in amplifier RC : Ratio circuit 
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Fig. 2. Relative directions of optical elements. 
A : Analyer 
P : Polarizer 
PEM : Photo-elastic modulator 
Q 1, Q2 : Upper and lower quarter-wave plates 
nl, n2 : Major and minor values of refractive index tensor 
qb : Orientation angle of sample 

Total intensity I of  the output light, the fast element of  the 
Stokes vector S, can be divided into terms related to mean, first 
and second harmonic intensities Iac, I~ I2~ to the reference fre- 
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quency o0 of PEM through a Fourier series expansion. 

I=bc+I~ sintot+Iz~ cos2o) t+ . . . .  (5) 

In the above equation, I~, I~ I2~ are measured data. Birefiin- 
gence An of the solution is given experimentally from the re- 
lation to the phase retardance 8. 

a n =  9~8 
2;r (6) 

Here ~, is the wavelength of He-Ne laser light, d is the sample 
depth, and phase retardance 8 is given as follows ; 

8 :  sin ~ [(I.r (izo,/2iacj~)2] t~ (7) 

where J1 and J2 are the first and second Bessel functions deter- 
mined by the calibration procedure of the given PMFB system. 
The extinction angle is also experimentally given by 

1 , (Iz~/J~) 
Z=~ tan- \ ~ j .  (8) 

2. Apparatus and Experimental Procedure 
As shown in Fig. 1, the whole apparatus can be divided into 

three parts: the arranged optical components including the 
streaming Kerr cell, the instrumental part for applying the 
external fields on the cell, and the part controlling the whole 
system and processing data. In addition to the usual appara- 
tus used in flow birefifngence experiment, a streaming Kerr 
cell and an electric pulse generator are needed for the exper- 
iments under the combined fields. 

Streaming Kerr Cell--Fig. 3 is the schematic diagram of the 
streaming Kerr cell used in this study. The basic design of the 
streaming Kerr cell is similar to the ordinary streaming flow 
cell with a double concentric Couette geometry. The outer cyl- 
inder is rotated to induce the simple shear flow (Vx=Gy), and 

lIl 
Fig. 3. Schematic diagram of the streaming Kerr cell. 

1. Inner cylinder 
2. Outer cylinder 
3. Tefron insulator 
4. Timing-belt pully 
5. Bearing 
6. Base 
7. Electric brush holder 

8. Electric carbon brush 
9. Optic glass 

10. Vite O-ring 
11. Timing-belt 
12. Inner cylinder cap 
13. Baffle ring 

the electric field, E0, perpendicular to the flow direction is ap- 
plied by an electric pulse generator. The light is sent through 
the gap between the inner cylinder and the rotating outer cyl- 
inder and finally detected at the photo-detector. In order to 
perform combined field experiments, the streaming Kerr cell 
has been carefully manufactured with following considerations. 
Dielectric breakdown is primarily determined by the dielectric 
property of the object solution, but it is also largely affected 
by the choice of material and surface conditions of the cell 
electrodes. In the case of using a duralumin cell, the usual cop- 
per or stainless steel electrodes will give dielectric breakdown 
at the electric field strengths of about 14-20 kV/cm so that 
deterioration of the solution would be serious. In order to re- 
strain such dielectric breakdown and deterioration of the solu- 
tion, the electrode surfaces of the cell were finely finished and 
coated by triple plating film of Ni-Gd-Pt. Electric insulation 
above M~  and grounding treatment of electrodes were also 
considered. 

Electric Pulse Generator--In general, it is difficult to apply a 
high electric field for a long time because of the bubble gen- 
eration by polarization and Joule heating due to low internal 
resistance of cells. And the capacitance of solution would alter 
the shape of the electric pulse itself from that of the ideal 
pulse. In order to apply clear and exact electric fields on the 
cell containing the polymer solution, the electrical property of 
the cell should be considered in advance. A cell usually has 
both resistor and capacitance characteristics and these are close- 
ly related to the specification of an electric pulse generator. 
Thus, the electric pulse experiments are usually performed con- 
sidering the characteristic time scale of molecules in solution. 
The eleclric pulse method has been widely used to study the 
dynamics of electric birefiingence in colloidal systems and solu- 
tions of the virus, nucleic acid, protein, and many other biogen- 
ic materials [Fredricq and Houssier, 1973; Tricot and Houssier, 
1982]. A high voltage pulse was loaded on the cell by a spark 
discharge. The pulse duration time was adjusted by the com- 
bination of RC element and Hg-wet magnet. 

Other devices used in this study are a photo-elastic modu- 
lator for sine wave phase modulation, a compumotor for incep- 
tion of shear flow field to the cell, a clutch/broke for switch- 
hag of power transfer, two lock-in amplifiers with low pass fil- 
ter function for filtering of output signal, a data storage oscillo- 
scope for storage and processing of data and a computer for 
the control of  whole experiments. 
3. Materials 

Object solutions suitable for the birefi-ingence experiment 
have some basic restrictions: they must be optically trans- 
parent and the size of solute particles should be less than the 
wavelength of source light. Polymer solutions used in the present 
experiments are m-cresol 010=0.0128 Pa.s) with PBLG havng 
molecular weight of 4 sizes ranging from 15,000 to 236,000. 
PBLG polymers were purchased from Sigma Chemical Co., 
and no further purification was performed 

To investigate the effects of the interaction between poly- 
mers, two series of solutions of 0.03644 and 0.1 g/dL concen- 
trations were selected. At the higher concentration, it can form 
a lyotropic state as shown elsewhere [Kim et al., 1995]. It is 
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Table I. m-Cresol solution of  poly(~benzyI-L-glutamate) used 

Solution Molecular weight Concentration [g/dL] 

I 236,000 0.1 
II 236,000 0.03644 
III 86,000 0.1 
IV 86,000 0.03644 
V 51,000 0.1 
VI 15,000 0.1 

well known that PBLG polymers dissolved in these solutions 
are somewhat rigid under this experimental condition and tem- 
perature range of about 23-25 ~ Specifications of PBLG/m- 
cresol solutions used in this experiment are summarized in 
Table 1. 

RESULTS AND DISCUSSION 

.40 

The elec~'ohydrodynamic properties of PBLG/m-cresol solu- 
tion are determined in terms of birefringence and extinction 
angle. The extemal fields are composed of both simple shear 
flow field (Vx=Gy) and uniform electric field, E0, perpendic- 
ular to the shear direction in the x-y plane. The experimental 
results are compared with the theoretical prediction from pre- 
vious works [Kwon and Park, 1992]. Consequently, parame- 
ters including D, VBo~to, C are obtained. To appreciate com- 
plicated responses of  the solution due to the external fields, 
it is preferred to examine the transient behaviors in the fast 
place. 
1. Transient Birefringence Experiment  

Fig. 4 represents the typical results of transient birefiingence 
pattern under several strengths of shear flow. As shown in the 
figure, a shear flow field experiment with such a long pulse 
duration was proven to be an effective way to observe the in- 
ception, steady state, and relaxation flow characteristics, How- 
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Fig. 4. Transient birefringence by rectangular shear flow field 
using 0.1 g/dL m-cresol solution (solution I) of  PBLG 
with M.W.=236,000. 
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ever, experimental difficulties such as clutch/brake time laps 
and mechanical vibration were also encountered. 

Prior to applying the shear flow, the solution was allowed 
to stand at rest long enough to ensure the static equilibrium. 
As the shear flow strength increased, the birefringence increas- 
ed while the time to reach the first peak took a little longer. 
In all the cases, distinct oscillatory behavior with a constant 
period of about 24 msec was observed after the flow incep- 
tion. These oscillatory patterns are mainly due to the shear 
wave propagation following the inception of the simple shear 
flow. 

Since PBLG polymers dissolved in m-cresol have a char- 
acteristic time scale "co of a few msec (for these experiments, 
%(=l/6DJ of PBLG polymers is 1.56 msec), their molecular 
dynamics is principally governed by such a time scale. In tran- 
sient shear flow of Newtonian fluids, the momentum gener- 
ated from the moving boundary is transferred to the interior 
of the fluid by means of the diffusive mechanism. The char- 
acteristic time za to reach the steady state is known as fol- 
lows [Lee and Fuller, 1991]. 

L 2 
x~=v ,  (9) 

where L is the measuring position (roughly equal to the half of 
the gap width of the cell) and v is the kinematic viscosity of  the 
solution. In our case, the viscosity of  m-cresol is 12.8 cP at 
25 ~ and L is 0.615 ram, so that the characteristic time to 
reach the steady state, xa, would be approximately 31.0 msec. 
Considering the molecular characteristic time % (=1.56 msec), 
it is certain that the change of the applied shear flow field is 
govemed by the diffusive time scale of the flow. 

The inception experiment under strong flow fields is restrict- 
ed by the mechanical overload. A slight distortion seen during 
the rise of birefringence when G=90 sec -j is due to the sudden 
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Time [reset] 
Fig. 5. Transient birefringence before and after cessation of high 

shear flow field appfied to 0.1 g/dL m-cresol solution 
(solution 1) of  PBLG with M.W.=236,000. 
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application of a strong flow field. Flow birefxingence under 
high strong fields (up to 400 see -1 in our experiments) was 
measured by accelerating the Kerr cell keeping the clutch on. 
Fig. 5 represents the birefringence pattern after the strong flow 
field ceased (at t--0). As seen in this figure, birefiingence still 
remained for about 20 msec even after the external shear flow 
field was removed. This implies that shear wave propagation is 
the dominant factor in this experiment. After 20 msec, bire- 
fi'ingence relaxed back to the original value with an S-shaped 
pattern, resulting in a longer relaxation time for the stronger 
field. A peak near 150 msec when G is 90 sec -~ in Fig. 4 and 
small tips at t--0 sec in Fig. 5 are all due to a piezoelectric 
effect. Such a piezoelectricity, which resulted from the align- 
ment of dipolar particles in the solution along the extinction 
angle, happened more frequently when the flow field was strong 
and long. 

The electric field strength in a birefringence experiment is 
limited by a solution's electric properties. When the solution is 
exposed to its limiting electric field, its basic electric proper- 
ties are usually altered in a destructive way. Therefore, in 
electric birefringence experiments, the pulsed type has been 
widely used. In this study, a squarely pulsed electric field was 
applied in order to estimate the electric birefringence. Fig. 6(a) 
shows the typical electric birefringence pattern as a function 
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Fig. 6. Transient (a) birefringence An and Co) extinction angle Z 
by different pulsed electric fields using 0.1 g/dL m-cresol 
solution (solution I) of PBLG with M.W.= 236,000. 

of electric field strength. The electric birefringence pattern shows 
a relatively clear shape with less noise compared to that ob- 
tained in flow birefi-ingence experiments. In the region of a 
weak field, the birefringence exhibited a stable steady state. It 
appears that in this region the electric field is evenly balanc- 
ed with the Brownian randomizing force of PBLG molecules. 
As the electric field became strong, the overshoot of birefrin- 
gence was observed and the time to reach the steady state 
increased. 

Fig. 6(b) is a typical example of the extinction angle ob- 
tained from a transient electric birefringence experiment when 
E0 is 19.4 kV/cm. As shown in the figure, scattered traces 
of the extinction angle before and after the electric field is 
applied describe well the randomly isotropic state of the solu- 
tion due to the Brownian motion of PBLG particles. Once the 
electric field is applied, the extinction angle immediately re- 
aches 90 o irrespective of the field strength. 

Meanwhile, when no field is applied to the solution by dis- 
connection of the electric field, then birefringence comes to 
depend solely on the particle's hydrodynamic property. Thus 
Dr of PBLG may be estimated directly. It is well known that 
Dr can be estimated from the slope of the semi-log plot be- 
tween normalized birefi'ingence and time in the relaxation 
region after the disconnection of the electric field. In the case 
of a monodispersed system, the relaxation birefi-ingence can 
be represented as follows : 

-Ln(An/AnlE-~,~ o~) = 6 Drt. (10) 

Fig. 7 represents the semi-log plot of relaxation birefrin- 
gence of three PBLG solutions with varying degree of molec- 
ular weight. In all cases, the linear relaxation birefi-ingence in- 
dicates all solutions are tmiformly dispersed. For solutions 1ii 
and VI, disturbances after 2.7 and 3.2 msec, respectively, result 
from the limitation of our PMFB system's resolution. Dr value 
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Fig. 7. Semi-logarithmic plot of normalized birefringence An/ 

An~_~u ~ vs. lime, in which An~_r~ ~ is birefringence at 
the time when the electric field is off. 
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for solutions III and VI was estimated as 140 sec-' and D~ for 
solution I was 65 sec -~ respectively. These values, however, 
are way off from the ratio of  13, values for solutions I, III and 
VI, 1 : 16 : 1740, estimated from Eq. (1) with the assumption 
that the length of  the PBLG particles is proportional to the 
molecular weight. Such a large difference in D~ between the 
two results from the fact that the time constant (equal to 1 
msec) of  the low pass filter used in the lock-in amplifier is 
the same order or too large compared to the molecular time 
constant, z~, of  PBLG. Accordingl3; it turned out to be diffi- 
cult to estimate D~ value under a transient electric field. Thus, 
the steady state experimental data were used to estimate D,  
as shown in the next section. 

Fig. 8 represents the transient birefi'ingence pattern under 
the combined field. Here a shear flow was introduced about 
100 msec earlier before the electric field was imposed at t=-0 
and sustained for 10 rnsec. As shown in Fig. 8(a), the bire- 
fringence under the combined field is approximately 2.5 times 
larger than the value under the shear flow field only. It is 
yet difficult to estimate their respective contributions to the 
birefi'ingence in the dimensionless value term. A clutch/brake 
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Fig. 8. Time dependence of (a) birefringence An and (b) extinc- 
tion angle Z of 0.1 g/dL m-cresol solution of PBLG with 
M.W.=236,000, effected by pulsed electric field (F~= 
4.79 kV/cm) during the shear flow (G--~0 sec-~). 
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Fig. 9. Steady state electric birefringence of m-cresol solution 

of  PBLG with M.W.=236,000. Solid line is the theo- 
retical curve calculated using permanent dipole strength 
VB,ItI~=2,322 D and optical constant C=l.185~104g/dL. 

used in this experiment had mechanical delay time of  about 
30-200 msec, which made it difficult to extract the desired 
data in the memory range of a data storage oscilloscope. The 
combined field experiments were carefully scheduled to con- 
tain the desired data and have a good resolution of  data. And 
the experiments involving a strong shear field were designed 
such that relaxation region should be contained. 
2. Steady State Results 

Fig. 9(a) shows the birefringence results under steady shear 
flow field for two solutions with equal molecular weight, but 
with different concentration. As shown, the two results coin- 
cide with each other over the entire region. Moreover, a good 
correlation with the theoretical prediction is found. Since solu- 
tions 1 and II contain the largest molecular weight PBLG 
among the samples tested in this study, it is safe to say that 
all the solutions used are dilute ones. Slight scattering in the 
extinction angle data in Fig. 9(b) indicates that the extinction 
angle is sensitive in weak flow fields. Electric birefiingence 
was measured in order to investigate whether the solution is 
electrically dilute or not. 

Fig. 10 shows the birefringence results obtained from a series 
of  electric field experiments, compared with the theoretical pre- 
diction. Birefringence data agree well with each other up to E0 
equal to about 18 kV/cm, irrespective of  both molecular weight 
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Fig. 10. Steady state birefringenee vs. square of electric field 
strength E~ for m-cresol solutions of PBLG with M.W.= 
236,000 and 86,000, respectively. Solid line is the theo- 
retical curve eaAculated using rotational diffusivity D,-- 
80.355 sec -1 and optical constant C=1.185• -6 g/dL. 
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Fig. 12. Steady and overshoot birefringence vs. square of elec- 
tric field strength E~ on 0.1 g/dL m-cresol solutions of 
PBLG with M.W.=15,000. 
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Fig. 11. Steady and overshoot birefringence vs. square of elec- 

tric field strength E~ on 0.1 g/dL m-cresol solutions of 
PBLG with M.W.=51,000. 

and concentration. As the electric field becomes slronger, the 
birefi'ingence of  concentrated solutions I and ffI increases more 
slowly than dilute solutions II and IV due to the electric hin- 
drance. We can say that the electric field strength for the elec- 
tric hindrance to appear depends mainly on the weight con- 
centration. 

As the electric field duration is longer, the overshoot pat- 
tern is seen on the birefringence trace of  PBLG solutions 
under strong fields. Such a tendency becomes more conspic- 
uous with PBLG of  low molecular weights. Figs. 11 and 12 

represent the birefringence obtained from electric field experi- 
ments with relatively long pulse duration using solution V 
(M.W. equal to 51,000) and VI (M.W. equal to 15,000) in 
Table 1. Overshoot was observed above a certain electric field 
strength, and increased as the field strength increases. The 
ratio of  overshoot to steady state had larger values in the case 
of  low molecular weight PBLG. Although successive appli- 
cation of an electric field made the birefiingence value de- 
crease slowly due to the deterioration of  solution, the overshoot 
ratio did not change. Therefore, it can be said that the over- 
shoot is discriminated from the deterioration of the solution. 

Fig. 13 represents the typical results under combined fields. 
The stronger the field is, the more difficult it was to fit the 
theoretical prediction with the experimental values. Therefore, 
weak field data were mainly used to perform the parameter 
fitting while strong field data were considered for reference. In 
the case of  oc equal to 0.56, although it had a strong electric 
field, relatively close titling between the theoretical and experi- 
mental data was found. This is believed to be due to the fact 
that the extinction angle reaches a limiting value. Consequent- 
ly, through numerous comparisons, Dr equal to 107 sec -~, VBa 

2,300 Debye, and C 1.58x10 ~ were estimated. The calcula- 
tions in this study were all based on these values. 

Two things should be checked if the combined field experi- 
ments are to be interpreted. In the first, it is the capacity of  
the electric pulse generator, PG, in relation to the object solu- 
tion. When the electrical resistance of the test solution is con- 
siderably low, it may cause the dielectric relaxation of  PG it- 
self. In addition, it is imperative to check if there is any volt- 
age drop, overshoot or sag of  PG, and how fast the pulse rise 
compared with "co of  PBLG is. It is also important to check 
whether the desired voltage is properly applied under the com- 
bined fields. 
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C O N C L U S I O N  

Birefringence experiments were performed to investigate the 
optical state of  dilute m-cresol solutions of  poly(7-benzyl-L- 
glutamate), PBLG, having molecular weights of  4 sizes rang- 
ing from 15,000 to 236,000. Under the combined fields (com- 
posed of  shear flow and electric fields) in the wide range of  
field strength in which maximum shear rate was 400 see -1 
and electric field was loaded up to 33 kV/cm, transient bire- 
fringence and extinction angle were simultaneously measured 
by using the phase-modulated birefi'ingence method. Respec- 
tive intrinsic characteristics of  the component and the com- 
bined fields were discussed through the representative transient 
experiments. Steady state results from the combined fields were 
compared with the theoretical prediction through simultaneous 
multiple parameters fitting. In experiments using PBLG solu- 
tions with its molecular weight of  236,000, the rotational dif- 
fusivity of  a PBLG molecule, D,  was estimated at 107 sec -1, 
permanent dipole strength, VBog0, 2,300 Debye unit, and opti- 
cal constant of  the solution, C, 1.58x10-t The optical state of  
a solution being tested could be, to a certain extent, explained 
by the dimensionless field parameters established in the pre- 
vious theory. However, mainly due to electric hindrance, flow 

instability by the strongly combined fields, deterioration of  a 
solution by successive electric field experiments, etc., the ex- 
perimental values showed some deviations from the theoretical 
values. In experiments to investigate the concentration depend- 
ence on the interaction effects between PBLG molecules, the 
hydrodynamic interactions were not noticed within a experi- 
mented range, but electric effects were sensitive to both the ap- 
plied electric field strength and the concenlration of the solution. 

N O M E N C L A T U R E  

a, b : half lengths of  a polymer molecule in major and minor 
axes 

Ba :intemal field function 
C : optical constant of  solution 
d : sample depth 
D : Debye unit 
Dr : rotational diffiasivity of  a polymer molecule 
E0 : electric field strength applied 
G : shear rate 
I : total intensity of  output light, the first element of  Stokes 

vector S 
Iac, I~ I2w : mean, first and second harmonic intensifies of  total 

intensity I 
Jl, J2 : first and second Bessel functions 
k : Boltzrnann constant 
L : measuring position length 
M, : Muller matrix of  each optical component i 
r : aspect ratio of major and minor axis, given by a/b 
l'ZQ(r): geometric factor of  a polymer molecule 
S : Stokes vector 
So : Stokes vector of  input light 
t : time 
T : absolute temperature 
V : volume of  a particle molecule 
Vx : velocity in x-axis direction 
x, y : coordinates 

Greek Letters 
ct : Peclet number 
13 : dimensionless parameter related to the permanent dipole 

moment of  a polymer molecule 
6 : phase retardance 
An : birefringence 
rl0 : solvent viscosity 
k : wavelength of  He-Ne laser light 

: permanent dipole moment per unit volume of  a poly- 
mer molecule 

v : kinematic viscosity 
Xa : characteristic time of  fluid by diffusive mechanism 
xc : characteristic time of  a polymer molecule 
Z : extinction angle of  polymer solution 
to : reference frequency of  photo-elastic modulator 
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