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SYNOPSIS 

We report the concentration and temperature dependencies of the diffusion coefficients 
obtained from dynamic light-scattering studies for the poly ( y-benzyl a, 1-glutamate) -benzyl 
alcohol (PBLG-BA) system. These studies were made at  dilute and semidilute polymer 
concentrations, mainly in the isotropic phase. The measured translational and rotational 
diffusion coefficients in dilute solutions are consistent with predictions based on wormlike 
chain models. The mutual diffusion coefficient in semidilute solutions shows a marked 
deviation from scaling predictions, demonstrating the strong coupling between the trans- 
lational and rotational motions. The measured time evolution of the scattered intensity 
after the PBLG-BA system is suddenly quenched into the gel phase demonstrates that 
aggregation is a significant mechanism in the formation of the gel phase. 

INTRODUCTION 

The problem of ordering rigid rods in solution was 
first considered by Onsager.' His analysis was valid 
for low concentrations and was based on the second 
virial coefficient. He showed that a solution of rod- 
like particles with hard interactions undergoes a 
thermodynamic phase transition as the particle 
concentration is increased. Flory presented a lattice 
theory of solutions of semiflexible polymer chains 
and predicted a phase diagram consisting of three 
distinct phases depending upon the temperature and 
polymer concentration. At sufficiently low polymer 
concentrations and high temperature, the solution 
is in the isotropic phase. Between the concentra- 
tions, referred to as the Robinson A and Robinson 
B and at  high temperatures, the solution 
is the narrow biphasic phase, wherein the isotropic 
and liquid crystalline phases coexist. Beyond the 
concentration corresponding to the Robinson B 
point and at high temperatures, the solution is in 
the liquid crystalline phase. At lower temperatures, 
all regions go into the wide biphasic phase, where, 
again, the isotropic and liquid crystalline phases are 
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supposed to coexist. The Flory phase diagram is 
shown schematically in Figure 1. 

There have been extensive experimental studies 
reported in the literature over the past several de- 
cades regarding the phase diagram and properties 
of polymer solutions in different phases. Many 
polymers have been used as models of rigid rodlike 
polymer. The most commonly used polymer is 
poly( y-benzyl a, 1-glutamate) (PBLG) in a variety 
of solvents. Pioneering studies were carried out by 
Miller et aL5-I2 to obtain the phase boundaries for 
solutions of PBLG in dimethyl formamide using 
NMR and optical microscopy measurements. The 
experimentally observed phase diagram was quali- 
tatively similar to that predicted by Flory for stiff 
chains. In addition, they observed gelation in the 
wide-biphasic phase contrary to the Flory theory 
that predicted isotropic and liquid crystalline phases 
coexisting. Miller et al?,l3 also found that for gelation 
of PBLG in toluene there is a rapid increase of scat- 
tered intensity, while the scattering radius changes 
little. They believed the origin and nature of the gel 
phase to be a kinetic phenomenon and that the spi- 
nodal decomposition mechanism is dominant, lead- 
ing to bicontinuous interconnected phases that have 
little possibility or driving force to rearrange further. 
The effect of side-chain flexibility on the phase 
equilibria has been included in Flory's theory by Wee 
and Miller,7 and, later, Flory and his co-workers14- 
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CONCENTRATION 

Figure 1 Schematic phase diagram for a rigid rod polymer solution (not drawn to scale) 
indicating all three phases: isotropic ( I ) ,  liquid crystalline ( LC ) , and biphase ( I  + LC) . 
A and B are the concentrations corresponding to Robinson A and B points, respectively. 

l6 incorporated polydispersity in their theoretical 
model to study its effect on phase equilibria. Ex- 
periments done by Sasaki et al.'7*'8 and the recent 
rheological measurements made in our labora- 
t ~ r i e s " , ~ ~  also show that gelation occurs in the wide 
biphasic region at lower temperatures (Fig. 2). It is 
remarkable that a very dilute solution is able to ex- 
hibit gel behavior when the temperature is reduced 
by a few degrees. The process is also reversible, i.e., 
the solution is recovered on heating and the network 
is reformed on cooling. The nature of the boundary 
between the isotropic and gel phases at lower poly- 
mer concentrations is one of the issues investigated 
in this paper. 

The diffusion of polymer chains in the isotropic 
phase has attracted many theoretical treatments. 
The translational diffusion coefficient Do and the 
rotational diffusion coefficient 8' of a rodlike poly- 
mer in an infinitely dilute solution were calculated 
by Kirkwood and Riseman2' to be 

where L is the contour length of the rod, d is the 
diameter of the rod, and qo is the viscosity of the 
solvent. The Kirkwood-Riseman theory was gen- 
eralized by Ullman, and by Hearst and Stockmayer, 
for stiff chains by adopting the various familiar 
models of a stiff chain. The reader should refer to 
Ref. 22 for a review of theoretical calculations of Do 
for stiff chains. The net qualitative result is that the 
radius of gyration Rg of the chain decreases as the 
degree of chain stiffness decreases and, conse- 
quently, Do increases since Do - R;' for infinitely 
dilute solutions. 

As the concentration is increased, the polymers 
begin to interact with each other both thermody- 
namically and dynamically. The dynamical inter- 
actions consist of the screening of the hydrodynamic 
interactions and entanglement effects. These inter- 
actions are dominant if the polymer number con- 
centration CN is greater than or equal to L-3. In 
general, at nonzero concentrations, two translational 
diffusion coefficients, viz. self, D,, and mutual, D,, 
are to be recognized. Of course, in the infinite di- 
lution limit, D, = D, = Do. In the semidilute region, 
where L-3 I C,  I (dL2)-', the self-diffusion coef- 
ficient has been calculated by Doi and E d ~ a r d s ' ~ - ~ ~  
using reptation ideas to be D, = D0/2. Also, the self- 
rotational diffusion coefficient has been predicted to 
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Figure 2 
surements. 

The phase diagram for the PBLG-BA system obtained from rheological mea 

be proportional to ( CN)-2L-9. The effect of partial 
chain stiffness on the transport coefficients in semi- 
dilute solutions continues to be a theoretical prob- 
lem. Nevertheless, the limiting situation is the com- 
pletely flexible chain where the scaling results 

DiL-2C-1/4 

DlirL-2C3/4 ( 2 )  

are well known. C is the polymer concentration. 
Dynamic light scattering has proven to be a useful 

tool for the measurement of diffusion properties of 
polymers in solution. Such measurements offer an 
opportunity to verify the various theoretical predic- 
tions. There has been some recent work with the 
PBLG-dimethyl formamide system in semidilute 
 solution^^^^^ and on the PBLG-1,2 dichloroethane 
system by Zero and Pe~ora .~ '  In 1969, Ford et al.31 
studied the dynamic properties of PBLG using laser 
light scattering and they showed that the helix-coil 
transition of PBLG in dichloroacetic acid could be 
traced in terms of translational diffusional coeffi- 
cients. Zero and Pecora3' used conventional and de- 
polarized light-scattering techniques to study the 
PBLG-1,2 dichloroethane system and made many 

findings. The mutual diffusion coefficient in semi- 
dilute solutions was found to be roughly two-thirds 
of the infinite-dilution value and had little concen- 
tration dependence. The rotational diffusion coef- 
ficient in semidilute solutions was found to be pro- 
portional to C2L-' .  Russo et a1.26 showed that the 
mutual translational diffusion coefficient increases 
with concentration for the PBLG-DMF system, and 
they attributed it to a repulsive thermodynamic 
contribution. Above the overlap concentration, a 
slow decay mode was found, suggesting delayed onset 
of entanglement. The measurement of D and 8 using 
the dynamic light-scattering technique for PBLG in 
benzyl alcohol is the primary objective of the present 
study. 

In the gel phase formed by the stiff chains such 
as PBLG, the junction points are not permanent 
cross-links, but are generally believed to be formed 
by physical  entanglement^.^ These physical cross- 
links make the gels thermoreversible, with the gels 
going into solution on heating and reforming the 
network upon cooling. More basic than determining 
the phase boundaries are the questions concerning 
the definition and identification of the gel phase and 
the molecular origins of such a phase. It is of interest 
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to understand the onset, the equilibrium, and the 
dynamic properties of this gel phase. These ques- 
tions pose considerable difficulties to the successful 
development of a new theory that can describe the 
dynamics of such polymers in all phases. We have 
attempted to make a systematic study for each phase 
for the PBLG-benzyl alcohol (BA) system. Exper- 
iments, as well as the theory and simulations, are 
being carried out to get a better understanding of 
the gelation process. In a previous publication, we 
had determined the phase boundaries of the PBLG- 
BA system using rheological measurements, 2o and 
had studied the rheological properties of the system. 
We have also studied the supramolecular structure 
of the PBLG-BA system using static light scat- 
tering.32 

Prins and c o - w ~ r k e r s ~ ~ , ~ ~  and Tanaka et al.35 have 
shown that the autocorrelation function of scattered 
intensity can be related to the elastic properties of 
the gel network. In cross-linked polyacrylamide gels, 
Tanaka et al.35 showed that the autocorrelation 
function of the scattered intensity can be fitted to 
a single exponential. The decay constant depends 
on the shear modulus and friction factor of the gel. 
The decay rate is given by T = ( G q 2 ) / f ,  where f is 
the frictional force per unit volume on the fiber net- 
work as it moves with unit velocity with respect to 
the gel liquid, G is the shear modulus for transverse 
displacements of the fiber network, and q is the 
scattering vector. 

The technique of dynamic light scattering has 
been applied to both permanently cross-linked and 
entangled networks. Experiments by Munch et al.36 
on both types of systems indicate that the measured 
diffusion coefficient for cross-linked polymer net- 
works and for semidilute solutions show the same 
increase in effective diffusion coefficient D, with 
concentration D, - C0.7, which compares well with 
the scaling prediction D, - C0.75 . Whereas in the 
early literature only “single exponential” behavior 
was reported, complex relaxation behavior is nor- 
mally observed for semidilute solutions and gels, and 
an additional slow mode, which increases in ampli- 
tude as the concentration increases, is often detected 
in the time correlation function. 

In this paper, we report the concentration and 
temperature dependencies of the diffusion coeffi- 
cients obtained from dynamic light-scattering stud- 
ies for the PBLG-BA system. These studies were 
made at  low polymer concentrations, both in the 
isotropic and gel phases. To understand the aggre- 
gation behavior, the total intensity has been mea- 
sured as a function of temperature a t  different con- 
centrations. Also, we have monitored the scattered 

intensity as a function of time after the sample is 
subjected to a temperature quench into the gel phase. 
The persistence length of the chain has been esti- 
mated from the dilute solution data. The concen- 
tration dependence of the self-translational diffusion 
coefficient is also obtained by using Flory’s theoret- 
ical expression for the osmotic compressibility. 

EXPERIMENTAL 

PBLG purchased from Sigma Chemicals (M.W. 
= 318,000, catalog no. P-5136, lot no. 96F-5103) was 
treated to reduce the dust by dissolving in DMF and 
filtering into a large excess of vigorously stirred, 
twice distilled, twice-filtered water via a 0.2 pm Tef- 
lon filter (Millipore FG type) to precipitate the 
PBLG. This sample was vacuum-dried at  room 
temperature. The resultant polymer was dissolved 
in dioxane and filtered into water as above using the 
same type of filter. The sample was dried and dis- 
solved in DMF and, finally, precipitated out by ad- 
dition of methanol. The precipitate was then vac- 
uum-dried at room temperature and redissolved in 
benzyl alcohol at 70°C to make solutions, with the 
concentrations being expressed as weight percent. 
Benzyl alcohol used as solvent was purchased from 
Aldrich Chemical Co. (catalog no. 10800-6, lot. no. 
0229KL). 

Light-scattering measurements were made within 
about 8 h of dissolving the polymer. We did not see 
any signs of degradation after the measurements. 
The sample cells were exhaustively rinsed in twice- 
filtered, twice-distilled, dust-free water and heat- 
dried before introduction of the polymer solutions. 
It was not possible to filter the polymer solutions 
into the sample cells because of very high viscosity 
( [ 71 = 494.5 mL/g) and gel formation at room tem- 
peratures. 

The dynamic light-scattering studies were per- 
formed in the laboratory using a spectrometer pre- 
viously described.26 An argon-ion laser ( Spectra 
Physics model 165) provided a beam of light at 514.5 
nm wavelength. Correlation functions were gener- 
ated by a digital correlator (Langley Ford Instru- 
ments models CM-64 and CM-1096). Samples were 
visually inspected for the presence of dust using a 
microscope, which views the actual scattering vol- 
ume seen by the photomultiplier detector. The nor- 
malized field autocorrelation function g( ’ )  ( 7 ) ,  for 
each sample at  a given condition was obtained from 
the point-by-point summation of correlation func- 
tions from the acceptable runs out of 12 attempts. 
Each run was of 20 min duration and the same cri- 
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teria as described in Ref. 26 were used to determine 
the acceptability. 

The observed g'"( 7 )  are not single exponentials. 
We have assumed in this paper that g( l )  ( T ) are not 
single exponentials. We have also assumed in this 
paper that g("( 7 )  is a sum of two exponentials: 

g(l ' (7) = Alexp(-T17) + Azexp(-T27) (3)  

The decay rates T1 and T2 are obtained using the 
multiexponential fit algorithm described in Ref. 26. 
Assuming rigid body motion for the polymer in dilute 
solutions, the decay rates are expressed in terms of 
translational and rotational diffusion coefficients D 
and 8 as 

Tl = 4'0, and, 

T2 = T1 + 6 8  ( 4 )  

where q is the scattering vector, q = [(47rn)/ 
A] sin (6,/2), where n is the sample refractive index; 
A, the vacuum wavelength of the incident laser beam; 
and &, the scattering angle. Of course, the separation 
of the translational and rotational motion assumed 
here is strictly valid only in dilute solutions. Nev- 
ertheless, we have determined D and 8 for all ex- 
perimental conditions studied here, based on fitting 
the experimental g " ) ( 7 ) to a double exponential. 
Concentration dependence of the self-translational 
diffusion coefficient is obtained by using Flory's 
theoretical expression for the osmotic compressi- 
bility.' 

RESULTS AND DISCUSSION 

Consider a PBLG-BA solution with the polymer 
concentration of 1 %. The experimentally measured 
normalized field autocorrelation function, g(') ( 7 )  , 
is presented in Figures 3 ( a )  - (c )  , as a function of 
time for different temperatures. At high tempera- 
tures, such as 70°C [ Fig. 3 ( a ) ] ,  g(')( 7 )  is decaying 
monotonically with time. g(') ( 7 )  could not be fitted 
to a single exponential and the procedures described 
in the preceding section were followed to obtain the 
transport coefficients. As the temperature is lowered 
toward the gel point ( N 32"C), the correlation func- 
tion exhibits a damped oscillatory decay, as shown 
in Figure 3 ( b )  . This pattern appears suddenly with 
a decrease in temperature of about 1"C, and we take 
the gelation temperature to be the temperature a t  
which the oscillatory behavior sets in. The damped 
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Figure 3 (a )  A typical normalized base-line substrated 
correlation function at low concentrations and above gel 
temperatures (concentration = 1%, T = 70°C). (b )  Typ- 
ical correlation function at the gel temperature (concen- 
tration = 1%, T = 32°C). ( c )  Typical correlation function 
well below the gel temperature (concentration = 1%, T 
N 25°C). 

oscillatory decay may be due to a nonequilibrium 
mass flow during gelation, with the polymer and sol- 
vent making in opposite directions. At temperatures 
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below the gelation temperature ( N 25"C), the cor- 
relation function is essentially independent of time, 
as shown in Figure 3(c) .  The damped oscillatory 
decay of Figure 3 ( b )  actually persists only for about 
3 h and essentially settles into the pattern of Figure 
3 (c)  while the temperature is maintained constant, 
indicating the kinetic nature of the formation of the 
gel phase. The decay pattern of Figure 4 (c )  for tem- 
peratures near the gel phase is quite like that re- 
ported already by Pines and for other ag- 
gregating systems. 

Accompanying the change in the nature of g(l) (7) 
as the temperature is lowered, there is also a tre- 
mendous change in the scattered intensity. On en- 
tering the gel phase, the scattered intensity appears 
to diverge. The temperature at which this happens 
depends on the polymer concentration. The tem- 
perature dependence of the scattered intensity at 
various polymer concentrations is given in Figure 
4. In an attempt to understand the nature of the 
gelation process, we have monitored the time de- 
pendence of the scattered intensity after tempera- 
ture quench. A 5% concentration sample is quenched 
from 70 to 25°C within 2 s, and the time evolution 
of the scattered intensity is shown in Figure 5. The 
observed growth in intensity with time is indicative 
of aggregation process and is not consistent with 
the mechanism of spinodal d e c o m p ~ s i t i o n . ~ ~ ~ ~ ~  In 
fact, the data of Figure 5 for times greater than to 
can be fitted to an empirical Avrami equation with 
the Avrami exponent of - 1.5, indicating the pres- 
ence of diffusion-controlled fibrillar formation as the 
mechanism of gelation. 

As pointed out earlier, the correlation function 
g ( ' ) ( ~ )  in the isotropic phase is fitted to a double 
exponential and the translational and rotational dif- 

~ ~ " ' ' ' ~ ' ~ ' ' ' ' ' ~  
0 2 4  6 8 10 12 14 

Time (min) 

Figure 5 
concentrated sample quenched from 70 to 25°C. 

Plot of intensity vs. time at 35"C, for a 5% 

fusion coefficients are obtained using eqs. (3)  and 
( 4 ) .  For example, the decay rates T1 and T 2  of 1% 
concentration solution at 70°C are plotted against 
the square of the scattering vector in Figure 6. Both 
T1 and T 2  are linear in q 2  in accordance with eq. 
( 4  ) . D and 8 are obtained from the slopes and in- 
tercept of T 1  and T 2 ,  respectively. For the higher 
concentration samples (about 1% and higher), at 
low angles ( < 60" ) , the amplitude of the second 
decay rate T 2  is only about 5-1076 of the total am- 
plitude, while at higher angles (> 60" ) ,  the ampli- 
tude of T 2  is about 20-25% of the total amplitude. 
For the lower concentration samples, the relative 
amplitudes of T2 are much smaller, though observ- 
able, indicating effects of polydispersity, other dif- 
fusion and bending effects, aggregation, coupling 
between different diffusion modes, etc. 

The temperature dependence of the translational 
diffusion coefficient D obtained as above for 1% 

30 40 50 60 70 
Temperature ("C) 

Figure 4 
concentration PBLG-BA solutions ( 0  = 90" ) . 

Plot of intensity vs. temperature for different 

" 
0 2 4 6 8 10 12 

q2 x lC~10 (cm-2) 

Plot of T I  and T2 vs. q 2  (angular dependence Figure 6 
of D and 8 for 1% concentration solution at  70°C). 
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Figure 7 Plot of translational diffusion coefficient vs. 
temperature for 1% concentration of PBLG-BA solution, 
at 0 = 90". 

concentration solution in the isotropic phase is given 
in Figure 7. Although D cannot be obtained in the 
gelation temperature due to the oscillatory nature 
of g(') ( 7 ) ,  D is finite and measurable at tempera- 
tures even 1 degree above the gelation temperature. 
The decrease in D is more rapid as the temperature 
is lowered further. This may be because of some 
conformational changes of the polymer chain as the 
temperature is reduced, causing formation of bun- 
dles of three or four chains, which, upon reaching 
the gelation temperatures, aggregate to form an in- 
terconnected microfibrillar network. 

We now proceed to discuss the concentration de- 
pendence of D and 8 at different temperatures. As 
pointed out in the Introduction, there are two con- 
centration regimes, namely, dilute and semidilute, 
separated by the overlap concentration c* .  The 
overlap c ~ n c e n t r a t i o n ~ ~  is given approximately by 

where N A  is the Avogadro's number and Rg is the 
radius of gyration of the chain. We now estimate Rg 
using our earlier data on the intrinsic viscosity [ q] 
of PBLG-BA solutions20 and the Einstein formula. 
We found that 

where veff = 0.82 * 0.01 and 

K = 4.3 X mL/g ( 7 )  

Taking [ 71 to be related to Rg by the Einstein for- 
mula: 

where q and lo are the viscosities of the solution and 
solvent, respectively, we estimate the radius of gy- 
ration in infinite dilute solution from eqs. (6), ( 7 ) ,  
and (8) as Rg - 292 A. 

Because of the Einstein assumption, we are prob- 
ably underestimating the real value of Rg. Anyway, 
the use of this value of Rg in eq. ( 5 )  gives c x  to be 
0.005 gm/cm3 (0.5% ) . 

For very dilute concentrations, up to 0.4% con- 
centration, as shown in Figure 8, a plot of the trans- 
lational diffusion coefficient vs. concentration is 
linear. On extrapolation to zero concentration, we 
obtain a linear concentration expansion for D :  

where the diffusion coefficient at infinite dilution, 
Do, is given by D o  = 4.763 X cm2/s and the 
coefficient kd of the leading concentration term is 
given by kd = 3.384 X lo-' cm3/g. Just for compar- 
ison purposes, Do is also consistent with the value 
estimated from the Stokes-Einstein relation ( as- 
suming a hard sphere of radius Rg): 

5 I I I I I I I 

4 9  c 0 

0 -I 

O I  4 6  

4 5  7 
0 02 0 4  0 6  0 8  

Concentration (96) 

Plot of translational diffusion coefficient vs. Figure 8 
concentration at 70°C in dilute solution regime. 
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Figure 9 
concentration for PBLG-BA at 70°C. 

Plot of the rotational diffusion coefficient vs. 

where to of benzyl alcohol at 70" is 2.4 centipoises 
and the above value of Rg is used. 

Figure 9 is a plot of the rotational diffusion coef- 
ficient 8 = ( T2 - T l ) / 6  vs. concentration at 70". 
No concentration dependence of the rotational dif- 
fusion coefficient is observed. On extrapolating the 
curve to zero concentration (getting an average 
value), we get a value for the rotational diffusion 
coefficient at infinite dilution to be about 1150 s-'. 

We now attempt to fit the experimental data to 
a model of a stiff chain. For the wormlike chain 
model of Kratky and P ~ r o d , ~ '  the radius of gyration 
is given by 

2 - - - - + -  L X 2  X3L 
R g -  6X 4 4 

where L is the contour length of the polymer chain 
and (2X)-' is the presistence length Q. The dimen- 
sionless parameter x = 2hL for our PBLG-BA sys- 
tem is found to be 2.45 by fixing the effective ex- 
ponent of the molecular weight dependence of 
RiL2 to be -0.36 so as to be consistent with the 
radius of gyration exponent given in eq. (7 ) .  Know- 
ing the value of x ,  the other parameter L is fitted 
from the amplitude of Rg given by eq. ( 11 ) to be 
1248". 

Next, we use the generalization of the Kirkwood- 
Riseman theory of dynamics of flexible chains in 
infinitely dilute solutions to wormlike chains. By 
incorporating the effect of chain stiffness as a re- 
normalized Kuhn length just as in the case of ex- 
cluded volume effect, 39 [ 111 , D , and 8 are given by4' 

N NA L3I2 <( 3 /2) ( 6 ~ )  -'I2 

1.5 

x l / X - -  1 (1 - e-'")] (12b) [ 2LX2 

and 

where 

and ll(p) is the mode-dependent step-length ac- 
counting for the chain stiffness. In obtaining eqs. 
(12b), (13b), and (14b) from eqs. (12a), (13a), and 
(14a), we have approximated ll ( p )  to be given by 
only the lowest mode, viz. 

1 
l i ( P )  = 1 / h  -- ( 1  - (16) [ 2Lh2 

<( 3/2) in these equations is the Riemann zeta func- 
tion with the value of 2.612. 

Now keeping L = 1248 A and x = 2.45 (i.e., Q 
= 509 A, h = 9.82 X A-l), we obtain from eqs. 
( 12b), ( 13b), and ( 14b), [ ?)]KR = 814 mL/g, 

cm2 
DgR = 4.29 X 1 0 - ' ~ ,  

S 
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Although the theoretical values from the generalized 
Kirkwood-Riseman theory for D o  and 8' are in re- 
markable agreement with the experimental data, the 
[ 73 is only qualitatively correct. 

It would be of considerable interest to measure 
Rg directly from light-scattering experiments. How- 
ever, we found it very difficult to get this informa- 
tion, because of the highly nonlinear nature of the 
Zimm plot and significant intensity fluctuations at 
small wave vectors in the sample. 

Figure 10 is a plot of D obtained experimentally 
vs. concentration extending into the semidilute re- 
gion. We observe that on increasing concentration, 
a t  70°C, the mutual translational diffusion coeffi- 
cient increases. 

For semidilute solutions of polymer chains, the 
scaling theory4' predicts that 

where [ is the correlation length. Since uee for PBLG 
in BA is 0.82, we expect D to be proportional to c0.56 
in the semidilute region. However, we find the ef- 
fective power law, D N c0.* (Fig. 11 ) . This deviation 
implies that there is an additional variable arising 
from orientational interactions in addition to the 
overlap concentration that determines the diffusion 
coefficients. 

The mutual diffusion coefficient is related to the 
self-diffusion coefficient D, by 

where [ ( 6 7 )  / ( 6 c )  ] is the osmotic compressibility 

0 

0 

0 0.4 0.8 1.2 1.6 2 2.4 
Concentration (%) 

Figure 10 Plot of translational diffusion coefficient vs. 
concentration at 7OoC for solutions extending into the 
semidilute regime. 

0.6 I I I I I I I 1 
4.4 4.2 0 0.2 0.4 

Log Conc (56) 

Figure 1 1  
centration. 

Plot of self-diffusion coefficient D, vs. con- 

and represents a driving force for diffusion due to 
concentration fluctuation, NA is the Avogadro's 
number, and u2 is the specific volume of polymer of 
molecular weight M .  

In the isotropic phase, [(6~)/(6c)] is given by 
Flory's theory of stiff chains as 

where R is the gas constant, Vl is the partial molar 
volume of the solvent, y is the axial ratio, and X is 
the usual Flory-Huggin's interaction parameter. By 
comparing the theoretical phase diagram of Flory's 
theory and the experimental phase diagram of Figure 
2, we have obtained an empirical temperature de- 
pendence of X and the value of the axial ratio y as 

440.6 
X = -1.304 + - T 

y = 150 

Taking M = 318,000, v2 = 0.769 cm3/(gm - mol), 
D, at  70° is calculated for different concentrations. 
The result is given in Figure 12. D, is seen to be a 
decreasing function of concentration. Based on the 
scaling theory, 

we expect the exponent to be -0.81. We observe an 
apparent exponent of -0.75. Although the use of 
the Flory's expression is very approximate and may 
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Figure 12 Log-Log plot of D vs. concentration in the 
semidilute regime. Experimental data D N co2  (solid line). 
Scaling prediction, D N c056 (dashed line). 

be partly responsible for the discrepancy, the dis- 
agreement may be due to the coupling between the 
translational and rotational motions. It must also 
be pointed out that D, is smaller than even the pre- 
dicted 

In addition, 8 is found to be independent of c in 
the semidilute solutions, in contrast to the Doi-Ed- 
wards prediction of 8, N c-' for rodlike polymers. 
Attempts to measure 8 by depolarized dynamic light 
scattering were not particularly successful because 
of the weak excess depolarized scattering from 
PBLG above that of the benzyl alcohol. 

for rodlike chains, viz. D0/2. 

CONCLUSIONS 

Dynamic light-scattering studies have been made at 
low polymer concentrations, both in the isotropic 
and gel phases, to study the concentration and tem- 
perature dependencies of the diffusion coefficients 
for the PBLG-BA system. For PBLG solutions 
above the gel temperature, and at low concentra- 
tions, the correlation functions are fit by double ex- 
ponential decays. To understand the aggregation 
behavior, the total intensity has been measured as 
a function of temperature at different concentra- 
tions. The intensity appears to diverge at the gel 
point. Also, we have monitored the scattered inten- 
sity as a function of time after the sample is sub- 
jected to a temperature quench into the gel phase. 
The observed growth in intensity with time is in- 
dicative of aggregation process and indicates the dif- 
fusion-controlled fibrillar formation as the mecha- 
nism of aggregation. On decreasing temperature 
from 70°C and up to going into the gel phase, we 
observe a decrease in the translational diffusion 
coefficient, with the decrease more rapid as the tem- 

perature is lowered. On increasing concentration, in 
the dilute and semidilute concentration regimes we 
observe an increase in the mutual translational dif- 
fusion coefficient. The persistence length of the 
chain has been estimated from dilute solution data 
to be about 509 A. We expect D, N c0.56 in the semi- 
dilute region. However, we find the effective power 
law, D, N c0.', with the deviation implying that there 
is an additional variable arising from orientational 
interactions. The concentration dependence of the 
self-translational diffusion coefficient is obtained by 
using Flory's theoretical expression for the osmotic 
compressibility. We expect D, N c0.44 . We observe 
an apparent expression of -0.75. Although the use 
of Flory's expression is very approximate and may 
be partly responsible for the discrepancy, the dis- 
agreement may be due to coupling between the 
translational and rotational motions. The rotational 
diffusion coefficient has been measured and is found 
to be independent of concentration. At  temperatures 
near the gel temperature, the normalized field au- 
tocorrelation function has an oscillating decay. At  
lower temperatures, in the gel phase, the correlation 
function is independent of time, and the diffusion 
coefficient cannot be measured using this technique. 
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