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This is to examine the retardation effect of semidilute 
polymer solutions toward the translational diffusion of like 
polymer chains. The objective is simpIe. It is to gain 
insight into restricted diffusions such as organelle and 
macromolecular diffusion in cytosols and in the molecular 
sieving process, e.g., gel filtration and gel electrophoresis. 
Transport phenomena of this sort have been studied ex- 
tensively in recent years, and some significant advances 
have been made. In particular, the recent development 
of the scaling theory of polymer physics1 provides a new 
perspective in terms of hydrodynamic screening. 

There is a consensus in the literature that the transport 
coefficients such as sedimentation coefficient, S, electro- 
phoretic mobility, p, and translational diffusion coefficient, 
D, do not scale with the macroscopic viscosity of the ma- 
trices (suspending media); they should so scale if the 
matrices were to act like simple homogeneous solvents 
(hydrodynamic continua), as would be predicted by the 
Stokes-Einstein equation. I t  is generally acoepted, on 
empirical grounds, that these coefficients follow a stretched 
exponential relation, 

Q/Qo = exp(-aC") (1) 

where Q can be S ,  p, or D ,  C is the matrix concentration, 
a and v are the empirical constants, and the subscript 0 
stands for the reference state of free solution without 
matrix. In all cases, the diffusant Concentration is assumed 
to be so small that  it does not affect the transport coef- 
ficient, Q or Qo. Beyond the general form of eq 1, the 
consensus vanishes. For instance, the value of v varies 
between l f2  and 1 according to various meas~rements.~- '~ 
While it is accepted that the constant a is related to a 
linear dimension of the diffusant, any specific relationship 
is yet to be fully e~ tab l i shed .~~?  97 l2-l8 Theoretically, there 
are also conflicts. The pore size distribution model of 
Ogstonlg has been frequently employed to explain unity 
for the u value15 such as one encounters in diffusion 
through gels. On the other hand, "the stochastic model" 
of Ogston et  aLZ0 is sometimes invoked to justify l f2  for 
the u value. 

Upon application of the scaling theory to the friction 
coefficient of a spherical particle with a radius, R,  sedi- 
menting through a semidilute polymer solution, Langevin 
and Rondelezg have proposed that 

Q/Qo = A exp(-R/O (2) 

where Q and Qo are the sedimentation coefficients, A is 
a proportionality constant, and 5 is the hydrodynamic 
screening length of the semidilute solution which is the 
matrix. Since 5 scales with the solution concentration as 
0: C", eq 2 is equivalent to eq 1 if a is proportional to 

R, which is a measure of diffusant size, be it radius or 
otherwise. Furthermore, CukierZ1 has recently provided 
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a theoretical justification of eq 2 and proposed the matrix 
concentration exponent, u, of eq 1 to range between 'Iz and 
1 depending on solvent quality. Our purpose is to test eq 
2 with semidilute solutions of polystyrene in toluene as the 
matrices and shorter chain length polystyrenes as the 
diffusants. 

Ideal experimental conditions require that the transport 
behavior of the diffusant be isolated from the rest of the 
system. The technique of forced Rayleigh s ~ a t t e r i n g ~ ~ - ~ ~  
(FRS) with photolabels only on the smaller chain diffus- 
ants should meet this requirement. Also, since eq 2 as- 
sumes a semidilute solution and stationary matrix, one 
must uae a much higher molecular weight polymer as the 
matrix compared to the diffusant. We have earlier re- 
ported such a set of FRS results,26 which span across R < 
5 and R > 4. Our focus in that paper was in the region of 
R > 4. Here, we report the analysis of R < 4 in the context 
of eq 2. Hence, we deal with the translational diffusion 
of linear polymer through coarse meshes. Putting it dif- 
ferently, we pick a subset of the restricted diffusion 
problem by studying small linear chain diffusion through 
loose matrices in a good solvent such that the diffusant 
is well represented by a nondraining random coil config- 
uration with fully developed hydrodynamic interactions. 
This should result in the diffusants behaving like hydro- 
dynamic spheres.lJ7 

In order to test with the data set listed in Table I1 of 
ref 26, eq 2 is rewritten as 
log [log (Do/D) + log A ]  = log R - log 5 

= constant + log R + x log C 
(3) 

where 5 a is used in the last line. Figure 1 shows a plot 
of the data points beIow C* using eq 3. Note that C* 
means the overlap concentration of the polystyrene dif- 
fusant. Hence, it is the concentration of the matrix where 
4 is the same as R, the root-mean-square radius of gyration 
of the diffusant; C* for a givee diffusant is calculated with 
the empirical formula of Adam and DelsantiZs for poly- 
styrene in benzene, C*(wt %) = 620M4.'= where M stands 
for the molecular weight of the diffusant. The plus signs 
in the figure represent C* for different diffusants. At  C*, 
values of DofD are more or less the same for all molecular 
weights examined, as indicated by the dashed horizontal 
line. This is the f i i t  prediction of eq 2 since the left-hand 
side is equal to a constant when R = 5 regardless of the 
size of diffusants.  We emphasize here that neither R nor 
4 is calculated or estimated explicitly to equate the two 
although that can be done. Instead, only C* is calculated 
for each M and indicated by + in the figure. All we have 
used is the condition that R = 5 at C = C*. 

Next, we see in the plot that there exists a unique slope 
which is near 0.75 for different molecular weights of the 
diffusant. Recalling that the exponent x in eq 3 for a good 
solvent is 0.75, we can say that this observation confirms 
the second prediction of eq 3, namely, 5 a C4.75. For two 
samples, methyl red and polystyrene of 10K molecular 
weight, the data show some deviation above the concen- 
tration of 20 w t  % (K stands for kilodalton in molecular 
weight units). This behavior was interpreted earlier as due 
to the changes in local friction;% the matrix concentration 
is so large that it is no longer a semidilute solution even 
though its calculated 5 is larger than R of the diffusants. 
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Figure 1. Log (DOID) plotted against matrix concentration, C, 
in a double logarithmic scale. The data are from ref 26. Error 
bars are shown for a selected few points. The plus signs stand 
for C* of each diffusant, which is calculated from an empirical 
relation, C*(wt %) = 620 M-0.7ss (ref 28). At C*, R of the diffusant 
is equal to of the matrix; hence, Do/D = A / e  according to eq 
2. We do not calculate [ explicitly and equate it to the experi- 
mental R; instead we just use R = E at C = C*. The dashed 
horizontal line is drawn to show the constancy of Do/D at such 
a state. The solid lines have the slope of 0.75. In each case, one 
data point above C* is also plotted to display persistence of the 
same concentration dependence beyond C*. One data point of 
the 390k sample at 0.5% is not shown because of ita anomalous 
departure from the entire data set. For the 18OOk sample, no data 
are shown in the plot since none were available for C < C*. The 
diffusants are distinguished by 900K (e), 390K (O), lOOK (01, 
35K e, 10K (@), and methyl red (0). 

We pursue the case when R = [. If [ of the matrix in 
the semidilute solution is indeed given by 

.t OC (C*/C)" (4) 

then a universality should be obtained: 

log [log ( D o / D )  + log A ]  = constant + x log (C/C*) 
(5) 

for all diffusants. Such a plot is shown in Figure 2. All 
of the data points merge into a single line with a slope of 
0.75 which is drawn over the data point. Also drawn is a 
dashed line with a slope of 0.67 for comparison (see below). 
We do not use the data for 10K sample (0) and methyl 
red (a) here because of the complications referred to above. 
The deviation with the 10k sample would be due to its low 
molecular weight so that C* may not be calculated by using 
the same formula as in high molecular weights; in fact, one 
should define C* with care at such a low molecular weight 
even with the inherent ambiguity of numerical values of 
C*. 

Combining both observations, we conclude that eq 2 well 
represents the restricted diffusion process in a polymer 
matrix. Further, the hydrodynamic screening concept 
seems to be well borne out in the mixed system consisting 
of high molecular weight matrix with [ and low molecular 
weight diffusant with R where R I E. In other words, 
polymer coils exhibit nondraining behavior when their size 
is smaller than the correlation length of the matrix so that 
we can treat them as hydrodynamic spheres. The con- 
centration scaling of 0.75 is the first instance of such an 
experimental demonstration, whereas the same for the 
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Figure 2. Double logarithmic plot of log (DOID) versus C/C* 
where the symbols for different diffusants are the same as in 
Figure 1. Universal behavior for all diffusanta and concentration 
scaling with 0.75 slope for C/C* C 1 are both well represented. 
A dashed line with a slope of 0.67 is shown for comparison. Here, 
we have deleted the data for the 10k sample and methyl red (see 
text). More data points beyond C* than those shown in Figure 
1 are plotted here. It should be noted that the observed con- 
centration for C/C* < 1 persists for some range of C/C* above 
unity before a departure from such emerges. Note also that 
numerical values of C* are subject to inherent ambiguity even 
though we have maintained self-consistency in their evalutions. 

mutual diffusion coefficient is universally observedn to be 
0.67. 
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Introduction 
Most molecular theories of rubberlike elasticity are 

based on a Gaussian function for the required distribution 
of end-to-end distances r of the network chains.lp2 In the 
case of very large deformations, however, the Gaussian 
distribution becomes seriously inadequate. Specifically, 
stretching the chains close to the limits of their extensi- 
bility results in probabilities significantly lower than those 
given by the usual Gaussian exponential in -1.2.3 As a result, 
there are upturns in the elastic and this “non- 
Gaussian behavior” is of interest both for the evaluation 
of non-Gaussian theories2p3J1 and for the reinforcement 
effect it provides. 

Very little has been done to characterize the corre- 
sponding non-Gaussian effects on the optical properties 
of networks.2J2 The present investigation therefore ad- 
dresses this issue, using elastomeric networks of poly(di- 
methylsiloxane) (PDMS). The focus is on PDMS networks 
having a bimodal distribution of network chain lengths 
since such elastomers have very high extensibilities (rela- 
tive to their moduli), and the non-Gaussian characteristics 
of their stress-strain isotherms in elongation have been 
well d~cumented.~-lO 

Experimental Details 
The two PDMS samples employed were hydroxyl terminated, 

with the short chains having a number-average molecular weight 
of 880 and the long ones 21.3 X 109 g mol-’. Their polydispersity 
indices would be expected to be in the vicinity of 2. The three 
compositions investigated corresponded to 60.0, 70.0, and 93.4 
mol % short chains and 5.84,8,79, and 36.9 w t  %. The synthesis 
of the networks was carried out in the usual The 
required amounts of long and short chains were first thoroughly 
mixed with the stoichiometric amount of cross-linking agent 
(tetraethyl orthosilicate) and with the catalyst (stannous 2- 
ethylhexanoate, 0.1 wt%) and then cured for 2 days at room 
temperature. The resulting elastomers were extracted to remove 
the soluble material ( -3  w t  %) which they contained. They were 
then dried in vacuo to constant weight. 

A strip of the appropriate dimensions was cut from each (un- 
swollen) network and placed in the sample cell of the strain- 
birefringence apparatus, which was of conventional design? The 
light source was a He-Ne laser (632.8 nm), the optics included 
Glan-Thompson prisms (polarizer and analyzer), and the detector 
was a photometer/radiometer using a silicon light probe. The 
glass sample cell had a double-walled jacket, thus permitting 
temperature control (at 25 O C )  by means of water circulation 
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Figure 1. Stress-strain isotherms at 25 O C  for the bimodal 
poly(dimethylsi1oxane) networkslo in the Mooney-Rivlin repre- 
sentat i~n.~J~ The elastomers consisted of network chains havin 

and the short-chain concentrations were 60.0 (a), 70.0 (O), and 
93.4 mol % (0). In this and the following figures, the linear 
portions of some of the curves are extended by dashed lines to 
facilitate characterization of the departures from linearity. 

through the parts of the cell not in the path of the laser beam. 
The elastic force was measured by using a Statham “strain” gauge, 
the signal of which was monitored by a Hewlett-Packard chart 
recorder. 

The quantities of interest were (i) the reduced stress or modulu 
defined by15J6 

(1) 

where f is the equilibrium elastic force, A* is the cross-sectional 
area of the unstretched sample, and a = L/Li is the elongation 
(where L and Li are the stretched and unstretched lengths, re- 
spectively) and (ii) the birefringence An = R l t ,  where t is the 
sample thickness and R is the measured relative retardation. The 
relati~nship’~ 

C = A n / r  ( 2 )  

number-average molecular weights of 880 and 21.3 X lo3 g mol- I , 

v*] p f / A * ( a  - a-’) 

defines the stress-optical coefficient C, where T is the true stress 
(relative to the existing cross-sectional area). It is thus simply 
the slope of the line in a plot of An against T .  Finally, the op- 
tical-configuration parameter is defined by” 

(3) 

where k is the Bolt” constant, T i s  the absolute temperature, 
and n is the index of refraction of the (unstretched) network. This 
parameter is particularly important with regard to the rotational 
isomeric state analysisl8 of the optical properties of a polymer. 

Results and Discussion 

on the Mooney-Rivlin equation2J9 

Aa = (45kT/2*)[n/ (n2  + 2 ) 2 ] ( A n / ~ )  

The representation of the stress-strain data was based 

(4) 

where 2C1 and 2C2 are constants. These plots, of the 
reduced stress against reciprocal elongation, are shown in 
Figure 1. They also appear in an earlier publication,1° 
where they are analyzed in‘detail. In brief, the values of v*] increase with increase in short-chain concentration, 
since this corresponds to an increase in cross-link density. 
Only the network containing the largest concentration of 
short chains (93.4 mol %) shows the upturn in modulus, 
a t  an elongation of approximately 1.4. This is consistent 
with earlier results6 which show that a minimum concen- 
tration of short chains is required to observe this non- 
Gaussian effect. I t  also confirms that the deformation is 

[ f*]  = 2c1 + 2c2,-1 
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