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ABSTRACT Dynamic light scattering has been used to study ternary polymer solutions of the type long 
semiflexible rod/short semiflexible rod/solvent. The semiflexible rods are helical poly(y-benzyl a-L-glutamate). 
The correlation functions are well fit by two exponentials. The slow mode, corresponding to diffusion of the 
dilute longer rod, decreases to as little as 20% of its dilute binary solution value as concentration of the shorter 
rods is raised. Although the details of the decrease are not thoroughly clear, its magnitude is comparable 
to that seen earlier in concentrated binary solutions of poly(y-benzyl a-L-glutamate), where a thermodynamic 
correlation is required (Russo, P. S.; Langley, K. H.; Karasz, F. E. J. Chem. Phys. 1984,80,5312), but much 
smaller than that reported recently in concentrated binary solutions poly(n-butyl isocyanate) in CCl, (Statman, 
D.; Chu, B. Macromolecules 1984, 17, 1537) after an entirely different analysis. These results are discussed 
in terms of rod flexibility. 

Introduction 
The true self-diffusion coefficient, Dselh of the semi- 

flexible polymer poly(y-benzyl a-L-glutamate) (PBLG) 
dissolved in the good solvent N,N-dimethylformamide 
(DMF) was recently estimated by applying a thermody- 
namic correction factor to the mutual diffusion coefficient 
measured in dynamic light scattering and assuming equal 
friction factors fself = fmutual.l As the concentration was 
raised, the estimated self-diffusion coefficient, D', de- 
creased to less than 0.5D0 where Do is the diffusion 
coefficient a t  zero concentration and 0.50' represents the 
Doi-Edwards expectation in the semidilute regimeq2s3 If 
N is the number density of rigid rods with length L and 
diameter d, this region is bounded by 

L-3 << N << L-2d-1 (1) 
The Doi-Edwards expectations for Dew and the rotational 
diffusion constant, 0, are respectively 

( 2 )  

0 = P0°/(NL3)2; P N order (1-10) (3) 

Dself = D 0 / 2  = D,lo 

Superscript O represents the infinitely dilute limit. 
Equation 2 is obtained by assuming that diffusion per- 
pendicular to the rod axis, D,, is 0, while diffusion parallel 
to the rod axis, Dll, in unhindered. This should be rea- 
sonable not only for binary solutions of rodlike polymers 
but also for ternary solutions in which a thin rodlike 
polymer moves through a constraining matrix. In eq 3, P1lz 
may be viewed as the value of NL3 a t  the onset of entan- 
glement of the rods. By a rather indirect argument, it was 
estimated that P112 N 20.l Though surprisingly large, this 
is among the smallest values in the literat~re.~-lO The 
delayed onset of entanglement was explained by an es- 
capement mechanism arising from minor flexural motions 
of the imperfectly rigid rods, although the size and 
structure of the entanglement "cage" is also an important 
factoras Together with their finite thickness, the flexibility 
of the rods was also hypothesized to account for the re- 
duction of D' to values lower than DO12 by introducing 
barriers to motion parallel to the nominal axis, whereas 
no such barriers exist for the infinitely thin rigid rod. At 
very high concentrations, strikingly nonexponential cor- 
relation functions were measured. When an exponential 
sampling methodll was used, these appeared to be bimodal, 
and the slow-mode decay rate appeared to scale as q, rather 
than as q2, where q is the magnitude of the scattering 
vector. This is in qualitative agreement with the scattering 
correlation function predicted by Doi and Edwards,2a 
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which has a long time-decay rate proportional to the 
geometric mean of the rotational and diffusional decay 
rates. 

Because of the finite cross section and imperfect rigidity 
of the molecules, it is not surprising that diffusion may be 
reduced below the DO12 value expected from simple 
Doi-Edwards theory. However, there is considerable un- 
certainty as to precisely how much the self-diffusion is 
reduced. The extent of the reduction is the subject of this 
paper. Our previous result, based on an approximate 
thermodynamic correction, suggested reductions to per- 
haps D o / 8  prior to liquid-crystal formation. The highest 
concentration in that study corresponds to NL3 = 1500 
(NdL2 = 15). Zero and Pecora, who studied PBLG in 
dichloroethane, a thermodynamically poorer solvent than 
DMF,12 found overall reductions of D to N2/3Do  without 
thermodynamic c~r rec t ion .~  In contrast, the theory of 
Edwards and which takes into consideration the 
finite cross section of perfectly rigid rods, yields a rela- 
tionship, valid near N N (dL2)-', of the form 

Dself = 0.5D0(1 - g(NdL2)3/2); g E order (1) (4) 

Equation 4 predicts cessation of motion a t  some concen- 
tration that may or may not be achieved prior to formation 
of an anisotropic phase. Statman and Chu have applied 
the formalism underlying this equation to obtain a new 
expression for light-scattering correlation functions, which 
contains slow and fast decay modes, both proportional to 
q2, even in the absence of translational-rotational cou- 
pling.14 Identifying the average decay of the slow mode 
with Dself = Dv, they find that Dll is enormously reduced, 
even a t  relatively low concentrations, for the system 
poly(n-butyl isocyanate) (PBIC) in carbon tetrachloride. 
Their interpretation is summarized in Table I, and data 
from ref 1 are included for comparison. It is unclear 
whether differences in the systems studied or in the in- 
terpretation of data are responsible for the large differences 
represented in Table I. The PBIC fragment studied by 
Statman and Chu is probably shorter, relative to its per- 
sistence length,15 than the PBLG sample of ref 1.16 This 
might diminish the importance of escapement mechanisms, 
thereby enhancing entanglement effects. However, the 
origin of slow modes in concentrated binary polymer so- 
lutions, rodlike or otherwise, is still somewhat mysteri- 
O U S . ~ ~ - ~  Accordingly, we have undertaken more direct (but 
still approximate) measurements of the self-diffusion of 
rodlike polymers in complex solution, using dynamic light 
scattering to observe the motion of relatively dilute rodlike 
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(7) r' = 1/2q2I(D22 + D33)*[(D22 - D33)2 + 4D~3D321~'~) Table I 
Diffusion Data from Light Scattering in Two Binary 

Systems after Different Interpretations" 
D,~* x 109, 

NdL2 NL3 cm2/s D d D O  
0.55 
0.97 
1.08 
1.45 
1.70 
2.48 
2.65 

NdL2 

44 5.29 0.038 
76 3.14 0.022 
87 2.71 0.020 

117 1.96 0.014 
137 1.46 0.010 
200 0.72 0.0052 
214 0.32 0.0022 

NL3 cm2/s D'/Do 
D' X 

0.022 2.23 
0.146 15.0 
0.217 22.3 
0.292 30.0 
0.437 44.9 
0.583 59.9 
0.729 78.9 
2.51 258 
3.90 400 
7.41 761 

14.7 1513 

1.30 
1.15 
1.12 
1.04 
0.94 
0.83 
0.73 
0.40 
0.34 
0.25 
0.16 

0.98 
0.86 
0.84 
0.78 
0.71 
0.62 
0.55 
0.30 
0.26 
0.19 
0.12 

At sufficiently high concentration, D' should represent motions 
parallel to the rod axis, D The Doi-Edwards prediction in this 
limit is Dl, = D0/2. "Bib; as reported from average slow-mode 
decay in ref 14. Assuming L = 1212 A; d = 15 A, M = 75000. 
Persistence length for PBIC is uncertain, but the molecule appears 
to be rodlike up to M 105.15 Error: - 10%. PBLG; as reported 
after thermodynamic correction in ref 1. Assuming L = 2055 A; d 
= 20 A, M = 300000. Persistence length for PBLG is quite un- 
certain16 but a 700 A. Error: -10% below NdL2 = 1; -20% 
above NdL2 = 1. 

polymers (probes) in ternary solutions containing other 
polymers (the matrix) a t  much higher concentration. This 
paper gives some results for the simplest ternary system: 
long rod (probe)/short rod (matrix)/solvent. The system 
used is described in Table 11. 

Theoretical Considerations 
The light-scattering spectrum from a strongly interacting 

ternary solution has been considered by several au- 
thors.21-26 The starting point in the theoretical develop- 
m e n t ~ ~ ~ - ~ ~  is the set of simultaneous diffusion equations 
describing the flux, Ji,  of the polymeric components: 

Here, 2 and 3 are labels for the two distinct polymer 
components, subscript 1 being reserved for the solvent; DZ2 
and D3, are the diffusion coefficients associated with 
gradients in concentrations, c2 and c3, of components 2 and 
3, respectively; D23 is the cross-diffusion coefficient cou- 
pling fluxes of 2 to gradients in 3. I t  has been s h o ~ n ~ ~ - ~ ~  
that the correlation function of the electric field of light 
scattered by a system governed by these equations is 

where 

The coefficients A+ and A- depend, in general, on the 
concentrations, thermodynamic interactions, and scattering 
powers of both  specie^.^^^^^ Clearly, both I++ and r- depend 
on all four diffusion coefficients, and the general situation 
is rather complex. However, there are several simplifying 
limits. We define polymer 2 to be the relatively dilute 
"probe"; polymer 3 is the matrix. In this case, the needed 
simplifications arez7 

lim D23 = lim D32 = 0 (84 
C 2 1 c 3 4  c,,c,-.o 

lim D23 = 0 
c 2 4  

lim D22 = D22(c3) % D2,&~3) (84 

Thus, if both species are very dilute, one obtains a 
c 2 4  

correlation function with decay rates: 

r+ = q2DZ2; r- = q2D33 (9) 

This permits identification of DZ2 and D33. In this limit, 
these correspond to the mutual diffusion coefficients of 
species 2 and 3, respectively, in the solvent (component 
1). However, as c2 and c3 are both small, DZ2 and D,, 
closely approximate the self-diffusion coefficients D2& and 
D3,self of components 2 and 3, respectively. With appro- 
priate hydrodynamic relationships, this permits particle 
sizing in bidisperse systems, provided the decays are ex- 
perimentally separable. 

If only the probe species (2) is dilute, one again obtains 
eq 9. However, D33 now represents a "collective" motion 
of the matrix, while DZ2 now approximates the self-diffu- 
sion coefficient of the probe, D2,seu(~3). If c2 is small and 
the matrix polymer is isorefractive with the solvent, the 
contribution of the D3, mode to the scattering is extremely 
weak and a single exponential decay will be observed. 
Though the experiments are not trivial, this ideal case has 
been realized in several ternary mixtures of random-coil 
 polymer^.^^-^^ Unfortunately, miscibility becomes a very 
serious problem where rodlike polymers are concerned.28,29 
To date, our studies are limited to ternary systems in which 
a long rod is present a t  a concentration low in comparison 
to a chemically identical, but shorter, matrix rod. Fol- 
lowing Daivis et a1.,26 the strategy has been to vary the 
concentration of the low molecular weight matrix while 
holding the longer probe at  constant concentration. Since 
it is difficult to achieve large differences in scattering power 
between the probe and matrix, we have, so far, maintained 
the concentration of the longer polymer rather high (5 
mg/mL) in order to reliably observe the slow-mode dif- 
fusion corresponding to DZ2, which should thus be con- 
sidered a "particle diffusion coefficient" for the probe, a 
fair (but imperfect) approximation to the self-diffusion 
coefficient, DZaelf(c3). In what follows, we will often simply 
refer to the diffusion coefficient DZ2 as the "slow mode", 
while DS is the "fast mode". These should not be confused 
with the same terminology as applied to concentrated 
binary solutions. 

Table I1 
Ternary System Studied 

molecule Ma L ,  A d ,  A source C 

probe PBLG 210 000 1440 20 Sigma 5 5  mg/mL 
matrix PBLG 40 000 273 20 Sigma 0-120 mg/mL 
solvent DMF Baker reagent, 

water < 0.001% 

and second cumulants3' of the decay profile. For our samples, p2/F2 5 0.3, so we estimate M J M ,  5 1.4. 
"From viscosity, reported by Sigma and confirmed by us. Kubota and Chu' predict that  M,/M, N 1 + p2/F2 where F and p2 are the first 



Macromolecules, Vol. 18, No. 12, 1985 Ternary Solutions of Semiflexible Polymers 2735 

Table I11 
Bimodal Deconvolution of Data in Ternary Systems" 

DslowAPP = Df,,APP = Aslow/ 4ut  (f-1070 ), 
sample c3 = Cmatrix, cz = cprobe, 0 2 2  X IO7, 0 3 3  X IO7, As~ow/Afast (fN1O%O), av over all 

P5M5 7.26 4.97 325 1.5 * 0.15 10.3 f 0.8 2.70 at 8 = 90 3.6 
P5M10 10.2 4.72 457 1.14 f 0.14 7.68 f 0.14 2.45 at 8 = 57.6 2.0 2.4 
P5M20 21.2 4.89 949 1.2 0.08 11.1 f 0.2 1.12 at 8 = 55.05 1.05 1.2 
P5M28 27.6 4.85 1230 1.1 * 0.10 10.6 f 0.9 0.75 at 8 = 90 0.9 
P5M50 53.7 4.74 2400 1.2 f 0.03 12.2 * 0.5 0.75 at 8 = 55.05 0.7 0.5 
P5M80 78.2 4.66 3500 0.66 f 0.07 11.4 f 0.9 0.36 at 8 = 90 0.3 
P5M100 96.3 4.57 4310 0.36 f 0.03 10.5 0.38 0.52 at 8 = 55.05 0.4 0.25 
P5M120 120.3 4.48 ' 5390 0.46 f 0.09 11.5 f 0.2 0.39 at 8 = 55.05 0.34 0.2 

L2 is the length of the probe rod. 'This is the zeroth-order expectation for the ratio Aelow/Afut, valid at 8 = 0 and low concentrations. 

code mg/mL mg/mL N&2b cm2/s cm2/s at lowest 8 measured angles measured c ~ M ~ / c & ~ ~ ~  

"g(')(T) = As~oWe-rq2D~~~ApP + A fast e-rq*Df-tApP. See also Figure 3. bThis is the number of small matrix polymers in a box with volume ,523 where 

Experimental Section 
PBLG was purchased from Sigma. Solutions were prepared 

by weight, and the total volume was computed by using D~ = u3 
= 0.791 mL/g and density of DMF = 0.944 g/mL. In order to 
reduce dust, PBLG-40, to be present at high concentrations, was 
first dissolved in dimethylformamide and filtered (0.2 pm; Mil- 
lipore Teflon) into deionized filtered water. The precipitate was 
dried under vacuum at temperatures less than 50 "C. Stock 
solutions of the probe polymer, PBLG-210, were prepared and 
filtered (0.2 pm; Millipore Teflon) into cleaned containers, which 
were sealed with Teflon-faced caps and then stored in a desiccator 
until used to dissolve the PBLG-40 to make the ternary solutions 
which were finally filtered into clean fluorimeter cells (four sides 
polished). The resulting samples were checked for dust by ob- 
servation of the scattered beam against a dark background at 10Ox 
magnification. Minor dust was seen in some samples. However, 
at the flip of a lever, our detection optics permit us to see precisely 
the same volume that will be measured by the phototube. In all 
the samples reported, the frequency of dust in this small volume 
was very low. Indeed, most samples were sufficiently clean for 
automatic data collection. However, in some instances the cor- 
relator was operated manually while sudden deflections of a 
ratemeter, indicating scattered intensity, were watched for. When 
such deflections were seen, the entire run was discarded. 

The home-built spectrometer employed a 7-mW HeNe laser 
operating at 6328 (Hughes), which was sufficient for these 
studies when focused with a 6-cm lens. A few experiments were 
performed by using a Lexel Model 95 argon ion laser (2 W at 5145 
A). The results from either laser were identical. The phototube 
was a Hamamatsu R928P, selected for photon counting, that was 
connected to a Pacific Precision Instruments Model AD126 photon 
counting system. There was no correlated afterpulsing beyond 
1 ps. The correlator was a 144-channel Langley Ford Model 1096, 
equipped with 80-channel "multi-? option, enabling three si- 
multaneous correlation functions to be obtained at different 
channel times using the same photopulses. For the f i t  correlation 
function, the instrument acted as a 4-bit correlator, while the 
capacity of the shift registers was increased for the higher cor- 
relation functions to prevent saturation (overflow). This device 
was invaluable in the present study, since correlation functions 
that spanned the interesting range could be obtained without any 
artifical device, such as splicing. It was always possible to assign 
a sufficient number of channels to a time-delay region where the 
correlation function was actively decaying. Instrument control 
and data analysis were performed with an IBM PC-XT computer 
equipped with an Intel 8087 80-bit math coprocessor. At  each 
angle and concentration, a number (typically 15) of correlation 
functions were obtained, and each was analyzed by a second-order 
cumulants30 fit. Abnormal runs were rejected. The factors 
identifying a run as abnormal are discussed in ref 1. The re- 
maining runs were summed to give a net correlation function with 
base line typically 106-107, and this was refitted using first-, 
second-, and third-order cumulants. Next, a discreet multiple 
exponential nonlinear least squares algorithm was applied to the 
summed data. Though the routine will handle up to five expo- 
nentials, we used only a bimodal analysis, as appropriate to the 
problem at hand. The use of correlation functions with small base 
lines (in this case corresponding to total data acquisition periods 
of about 5-30 min) is justified by the wide separation of the decay 

rates. In general, we recommend higher quality data (e.g., base 
lines of 1@), particularly if the decay rates are separated by a factor 
of 3 or less or if one component is minor. All experiments were 
at 40 "C. 

Results and Discussion 
A typical correlation function is shown in Figure 1. The 

bimodal nature of the decay is clearly evident from the 
semilogarithmic representation (Figure IC). Even without 
fitting the data by computer, i t  was possible to  see that 
the slow mode became increasingly slow as matrix con- 
centration was increased, while the fast mode increased 
slightly. Figure 2 shows the angular dependence for both 
fast and slow decays at two disparate concentrations; each 
appears linear in q2.  The concentration dependences of 
slow and fast modes are reported in Table I11 and plotted 
in Figure 3. Errors were estimated empirically by 
measuring the effects of time window (the range of delay 
times covered) and base-line uncertainty on several of the 
samples. The statistical uncertainty from the fitting al- 
gorithms is much less. In all cases, the multiexponential 
algorithm was very insensitive to  initial guess, and fitted 
base lines typically agreed with the theoretical base line 
to within 0.1%. Generally, two exponentials were sufficient 
to  fit g(l)(.) to  within statistical uncertainty. Failure of 
the two-exponential approach was never severe. (Mean- 
square residual divided by uncertainty in measurements, 
x2, was -7 in the worst case. However, better data with 
less uncertainty would increase the value of x2.) We at- 
tribute this degree of failure to  a small amount of poly- 
dispersity and also an additional slow mode arising from 
the matrix, as is now expected in many concentrated 
polymer solutions (see ref 16-19 and citations therein). 
Correlation functions measured with the matrix polymer 
alone showed a very weak slow-mode decay. Whether this 
additional slow contribution comes from the finite rod 
cross section, as suggested in ref 14, or from coupled ro- 
tational-translational motions, valid even for infinitely thin 
rods, is unknown. The effect of an additional very slow 
decay would be to  decrease the estimate for slow-mode 
diffusion. The good agreement between fitted and theo- 
retical base lines indicates that  this effect is minor. 

Because of the substantial experimental uncertainties, 
the precise dependence of DslowAPP on c3 cannot be estab- 
lished. Thus, even though the plateau near 0.5D0 is very 
intriguing, the solid curve in Figure 3 is merely t o  guide 
the eye. It is especially difficult to trace the initial rapid 
decline in DslowAPP. The problem is that  as the matrix 
concentration, c3, decreases, the double-exponential fit 
responds increasingly to the small polydispersity of the 
larger probe polymer. The  severity of this problem can 
be gauged from the ratio of scattering intensities of the 
two modes, Aslow/Afast. We are not aware of any theory 
predicting Aslow/Afast for semiflexible rods in concentrated 
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f(A)=.151 

0 0  0 

CHANNEL # 

+ .  . 
* *  f . .  1 1 1 1 1 1 1 1 1 1 1 1  

2 exponent ia l  
x *  = J.OS4 

LL 
0 t f  

Figure 1. Correlation function, in several representations, for ternary solution P5M1201 PBLG-210 (probe) at 4.5 mg/mL; PBLG-40 
(matrix) at 120.3 mg/mL; DMF at 40 ‘C; 0 = 60.4’ (qL H 2); acquisition time = 3000 s as 16 separate runs; A, = 6328 A. (a) Raw 
data counts for homodyne correlation function. G(T)  = & +  f(A)k(’)(7)l2) where B = base line, f ( A )  = coherence factor. Due to memory 
limitations, our 144-channel correlator only gives 80 channels in the “multi-7’’ mode. The three correlation functions shown overlap 
at short times and were measured simultaneously at A7  = 1.6, 12.8, and 102.4 ws, channels 1-32, 33-64, and 64-80, respectively. The 
instrument is capable of much higher f(A), but the optics were adjusted to optimize ease of data collection with our relatively weak 
He-Ne laser. (b) Normalized, base-line-subtracted correlation functions g(’)(T) (upper curve) and g‘”(T) = lg(’)(T)12 (lower curve). (c) 
Semilog representation of g@)(7) showing the bimodal character of the decay. (d) Error plots for third-cumulant tit and double-exponential 
fit. The horizontal (time) scale is the same as in b. Vertical distance from 0 line to center of a bar is the error of fit for a given channel. 
The height of each bar represents the uncertainty in measurement of g(’)(7) and is the same for both fits. (Note scale expansion in 
double-exponential fit.) If all bars touch the line of 0 error, the data is fit to within statistical uncertainty: x 2  = 1. 

ternary solution. However, for the relatively dilute solu- 
tions, a zeroth-order expectation is Aslow/Afast 
P2(qL2)c&/c@3 where Pz(qLz) is the particle form factor 
for the longer (probe) rod. (In the present experiments 
the particle form factor for the shorter rod, P3(qL3), is near 
unity 1 a t  all 9.) If this is true, P,’(qL,) = 
(A,,,/Af,t)/(c,Mz/c3M3) should roughly equal the theo- 
retical P,(qL,) (see tables of ref 31). Figure 4 and Table 
I11 show that for 7 5 c3 I 28 mg/mL adherence to this 
admittedly simple expectation is well within experimental 
uncertainty. Below 7 mg/mL, serious deviations were 
noted and were attributed to the polydispersity problem 
just described. The slow component became relatively 
stronger a t  c3 > 50 mg/mL, although the angular depen- 
dence was not markedly altered, within experimental un- 
certainty, suggesting freedom from aggregation or dust, and 
Figure 1 shows that the correlation function is still clearly 
separated into two decay modes. 

Despite the uncertainties, the decrease in slow-mode 
apparent diffusion clearly meets or exceeds the Doi-Ed- 
wards prediction for an infinitely stiff, infinitely thin rigid 
rod. While the magnitude of decrease is mild in com- 
parison to ref 14, i t  is comparable to that obtained for 
binary solutions after thermodynamic correction in ref 1. 

This qualitative agreement has encouraged us to plot the 
data from ref 1 in the fashion suggested by eq 4. See 
Figure 5. The four points at concentrations in excess of 
(dL2)-l do appear to fall on a straight line, with intercept 
somewhat below the predicted 0’12. The slope gives a 
value of g 0.02, much less than expected for a perfectly 
rigid rod. The implications of this result are threefold: 

(1) The low intercept may be explained as the extra 
friction of the bent rod, compared to a rigid one, for motion 
in a direction parallel to its nominal axis through a complex 
matrix of other polymers. It is unclear whether this value 
represents the true translational anisotropy of the bent rod 
in dilute solution, since the extrapolation is made from a 
regime where the friction arises partly from polymer- 
polymer interaction. 

(2) In contrast, because i t  is only bent temporarily, the 
semiflexible rod can jump over the “gates” placed in its 
path by neighbors of finite diameter, and this may account 
for the very low g value. Whatever the reason, a low g 
value is qualitatively consistent with the high pllz values 
noted previously. 

(3) Due to low g and high p1lz values, the “glass” state 
envisioned by Edwards and Evans may indeed be unre- 
alizable in the equilibrium isotropic state. However, a 
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Probe  P B L G - 2 1 0  4 5 m g / m l  
Matr ix  P B L G - 4 0  1 2 0 m g / m l  

q2 x (cm-2) 
Figure 2. Angular dependence of fast (0) and slow (0) expo- 
nential decay rates for probe (PBLG-210) concentrations of about 
4.5 mg/mL (a) matrix (PBLG-40) concentration = 54 mg/mL; 
(b) matrix (PBLG-40) concentration = 120 mg/mL. The slope 
for the fast mode is similar at both concentrations, while the 
slow-mode is much less in b. 

metastable frozen state might be achievable by rapidly 
quenching a rcdlike polymer solution into its wide biphasic 
region. In  the emerging polymer-rich phase, frozen, es- 
sentially isotropic (or poorly ordered) bundles of the 
polymer at high concentration may be created, at least over 
microscopic domains, before liquid crystalline structure 
can form. In this regard, i t  is interesting to  note that  
rodlike polymers without visible means of cross-linking 

14 i 

::I 2 .o 

1.8 

I I I I I 

.e  - 

. 6  - 

.4 - 
.2 - 

....., 

4 ' i o  ' 40 ' $0 ' e'o ' lb0 ' IiJO 

c3 ( m g / m l )  
Figure 3. Dependence of apparent diffusion coefficients of slow 
and fast modes on matrix polymer concentration, c3. For points 
with filled circles D is calculated as dr/dq2. Otherwise, D is taken 
as (r/q2)emwo. The point at c3 = 0 (m) represents a cumulant fit 
for the binary solution PBLG-210 at 5 mg/mL in DMF, but a 
single-exponential fit lies within the stated error bars for this point. 
See also Table I11 and text for discussion of error bars. 

a 
b 
n 

I I 1 1 
0 I 2 3 

0' 

qL2 
Figure 4. P,'(qL2) = (A~w/Ab+)/(c&f2/c&3) and the theoretical 
form factor P2(qL2). Agreement at moderate c3 is within ex- 
perimental uncertainty (= lo%), while amplitude of the probe 
component (2) increases at higher c3. 

have been observed to  gel reversibly under such treat- 
ment.32e33 

For PBLG, the emerging picture is one in which the 
onset of entanglement behavior in binary solutions occurs 
at a concentration higher than expected for rigid rods. 
However, entanglement ultimately reduces the transla- 



2738 Russo Macromolecules, Val. 18, No. 12, 1985 

ficiently high concentration. 
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Figure 5. Data of ref 1 for binary solutions of PBLG-300 ( M  = 
300000) plotted in the format suggested by eq 4. D’ is an  ap- 
proximation to  the self-diffusion coefficient obtained by making 
a thermodynamic correction, as discussed in ref 1. T h e  linear 
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tional diffusion coefficient more than expected for a per- 
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cross section for motions parallel to the nominal axis than 
a perfectly rigid rod would have, thus introducing barriers 
to diffusion along the axis of any rod, even an infinitely 
thin one. However, these barriers are “soft”, meaning that 
they can be relaxed by the very flexural motions that cause 
them, which is also true of barriers due to finite thickness. 

Conclusion 
Dynamic light scattering has been used to follow the 

motion of a large rodlike polymer a t  relatively low con- 
centration in a matrix made up of chemically identical 
small rodlike polymers. The correlation functions are fit 
well by two exponentials over a wide range of matrix 
concentration. The slow-mode decay is associated with the 
“particle diffusion coefficient”, DZ2,  of the larger rod 
through the complex matrix, and this should be close to 
the true self-diffusion coefficient of the larger rod. Dzz is 
found to decrease by as much or more than predicted in 
the Doi-Edwards theory for perfectly rigid, infinitely thin 
rods. The magnitude of decrease is substantially less than 
found by identifying the slow mode of concentrated binary 
solutions of poly(n-butyl isocyanate) in CC1, with the 
self-diffusion of the rigid rod but is comparable to earlier 
estimates of self-diffusion in binary solution, which relied 
on an approximate thermodynamic correction. When 
these older data are analyzed in accordance with the Ev- 
ans-Edwards equation, the serious effects of rod flexibility 
are again suggested, but a linear plot does result a t  suf- 
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