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ABSTRACT The translational diffusion coefficient of polystyrene, labeled with azobenzene derivatives and 
having a molecular weight range lo4 5 M I  1.8 X lo6, has been studied in matrices of the same polymer in 
toluene with the technique of forced Rayleigh scattering. The independent variables were the matrix con- 
centration C and molecular weight M of the labeled (tracer) polymer, over a wide range of the matrix molecular 
weight lo4 I Mp 5 8.4 X lo6. The diffusion coefficient of the tracer polymer D, at 20 "C is found to be sensitive 
to Mp until Mp 2 (3-5)M; when Mp exceeds this limit, D,, no longer depends on Mp and we call D,, a t  such 
a limit the asymptotic tracer diffusion coefficient D,". In the context of the reptation model, the Mp dependence 
of D, is interpreted as evidence for a substantial extent of the tube renewal process in semidilute solutions. 
A t  the high ends of M (-(1-2) X lo6) and C (-110-20 wt %), D,," a M-3C-3 is a better representation of the 
data than D,," a M-2C-'.75. Further, D,," is shown to scale with (C/C*) in semidilute solutions for 3.5 X lo4 
5 M I 1.8 X lo6. 

Introduction 
The dynamics of polymer chains above the overlap 

concentration has been extensively studied recently in 
conjunction with the development of scaling ideas' and the 
reptation Among various dynamic properties, 
the self-diffusion coefficient is the one receiving the most 
attention in the literature. Its popularity comes not only 
from the recognition of its fundamental importance, as- 
sociated with the terminal relaxation process of polymer 
chains, but also from the availability of a host of different 
experimental techniques in recent years."14 A substantial 
body of experimental data as well as new experimental 
techniques has been reviewed re~ent1y. l~ It is still true, 
however, that  our knowledge of polymer chain dynamics 
is far from complete, and the apparent initial success of 
the reptation model seems to have been somewhat clouded 
as more experimental data have been accumulated. In 
order to address the problem clearly, we will first sum- 
marize the current status of our understanding of polymer 
self-diffusion in two parts, polymer melts (bulk state) and 
semidilute solutions. 

In polymer melts, there seems to be good agreement 
between experiment and theoretical prediction in terms 
of the molecular weight dependence of self-diffusion 
coefficients, D a M-2. The major discrepancies found in 
some experiments have been taken care of by considering 
some additional effects beyond the simple reptation pic- 
ture. For instance, the M-2 dependence observed far below 
the entanglement molecular weights, where such a behavior 
is not expected, has been explained by taking into account 
the chain end free volume contribution to the local fric- 
tion.16 Also, the tube renewal or constraint release process 
has been examined experimenta1ly,l3 and the results ap- 
pear to be consistent with the theoretical prediction.17J8 
Experiments with nonlinear polymers such as starslg 
showed remarkable differences from linear polymers which 
are again qualitatively consistent with the reptation model, 
whereas with rings20,21 the results are not very different, 
which is inconsistent with the model. Perhaps the central 
question is whether the consistency constitutes a confir- 
mation of the reptation model. Certainly the observed M-2 
dependency is not a sufficient condition, possibly only a 
necessary one, to validate the model. In particular, the 
higher power molecular weight dependence of observed 
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viscosity over that of the theoretical prediction has been 
the major blemish of the reptation model and some mod- 
ifications or alternative models have been p r o p o ~ e d . ~ ~ - ~ ~  
Nevertheless there is a consensus that the majority of 
currently available self-diffusion data is successfully ex- 
plained by the reptation theory. 

Turning to the case of semidilute solutions, the agree- 
ment between theory and experiment is far less spectac- 
ular. Since Leger et al.9 reported D a M-2C-1.75 in good 
solvents, which is exactly the prediction of the reptation 
with scaling theory, most subsequent experiments have 
shown the -1.75 exponent over a quite limited concen- 
tration range 0nly.10330~31 Recently, a concentration-de- 
pendent local viscosity correction in terms of the friction 
felt by small tracer molecules has been proposed,32 and it 
has been somewhat successful in expanding the concen- 
tration range where the appropriate exponent of concen- 
tration dependence is observed. The proposal, however, 
ought to be regarded as at best a first-order approximation 
since hydrodynamic interactions are ignored whereas they 
should play an important role inside a hydrodynamic 
correlation length, particularly in the low-concentration 
regime below N 10%. 

The predicted concentration and molecular weight 
power exponents of polymer self-diffusion in solutions 
above the overlap concentration C* are the consequences 
of two separate concepts, hydrodynamic screening and 
reptation. To put it another way, the interpenetrating 
polymer chains effectively segregate a whole chain into 
hydrodynamically screened concentration blobs that be- 
have like Rouse segments, and the whole Rouse chain, 
composed of these blobs strung together, reptates through 
a tube delineated by the surrounding chains. Of these two 
concepts, the hydrodynamic screening has been well ex- 
amined by mutual diffusion33 and sedimentation mea- 
s u r e m e n t ~ . ~ ~  Given that there exists a well-defined hy- 
drodynamic screening length and its power law dependence 
on concentration is firmly established, poor agreement of 
the observed concentration dependence of the self-diffu- 
sion coefficient with the theory remains a serious pending 
problem for the reptation model. 

In this work, we examine the problem further by fol- 
lowing the diffusion coefficients of tracer polymer mole- 
cules dispersed in a matrix composed of the same polymer 
with differing chain lengths. Both the tracer and matrix 
polymer are of wide ranges of molecular weights in the 
semidilute solution regime. With this set of experiments 
we attempt to scrutinize the polymer diffusion in a truly 
semidilute regime where the local friction contribution is 
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Table I 
Summary of Sample Characteristics 
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Scheme I 

sample M ,  x 10-3 
10k 10 
35k 35 
51k 51 
lOOk 100 
390k 390" 
900k 929 
1800k 1760 
3800k 3840 
8400k 8420 

MdMn 
<1.06 

1.06 
<1.06 

1.06 
1.06 
1.10 
1.15 
1.04 
1.17 

source and lot no. 
PC 8b 
PC 80317 
PC 7a 
PC 70111 
PC 00507 
PC 80323 
PC 30622 
TS 34 
TS 31 

'Molecular weight provided by the manufacturer is quoted as 
293000. It is separately determined to be 390000 by light scatter- 
ing and GPC by Dr. Elizabeth V. Patton of Kodak Research Lab- 
oratories. PC and TS stand for Pressure Chemicals and Toyo 
Soda, respectively. 

negligible while keeping the constraint  release process to 
a min imum.  T h i s  c a n  be done b y  using matr ices  of m u c h  
higher molecular weights than t h e  t racer  polymers so that 
the m a t r i x  molecular weight  dependence of the t racer  
diffusion coefficients vanishes. The m a t r i x  effect was 
examined earlier b y  Leger  et al.,9 though not extensively, 
and they  concluded that the tube renewal process is weak 
at t h e  self-diffusion limit. Pursu ing  t h i s  point ,  we believe 
a more systematic s tudy  is certainly called for, particularly 
since i t  has been shown that the t u b e  renewal process may  
cont r ibu te  ra ther  significantly t o  the self-diffusion of low 
molecular weight  polymer cha ins  i n  melts.13 In t e r m s  of 
the number of equivalent Rouse segments, a given polymer 
cha in  i n  a semidi lu te  solut ion has a smaller  n u m b e r  of 
en tangled  uni t s  than i n  t h e  b u l k  state, so that the tube 
renewal process should contr ibute  m u c h  more in  solutions. 
Also, b y  varying the size of the tracer diffusant  gradual ly  
over  a wide range  f r o m  a smal l  t racer  molecule t h r o u g h  
the size of the concent ra t ion  blobs of the mat r ix ,  we c a n  
gain access to t h e  issue of local friction whereby the validity 
of the proposal  for  local viscosity correct ion c a n  be eval- 
uated. T h i s  will eventual ly  lead us to assess t h e  role of 
hydrodynamic  screening i n  t h e  t racer  diffusion. Hav ing  
thus examined the extent of contributions by tube  renewal 
and hydrodynamic  screening, we then focus on t h e  rep-  
tation process as t o  whether i t  indeed governs the transport  
mechan i sm i n  semidi lute  solutions. 

Among the different techniques that have been appl ied 
to measure  the tracer  diffusion of polymer chains, forced 
Rayleigh scatteringg-" ( F R S )  is a natural choice s ince i t  
allows the most f reedom i n  varying d i f fusants  and ma- 
trices. Al though the technique  suffers  f rom violation of 
s a m p l e  in tegr i ty  owing to  i t s  r e q u i r e m e n t  of s a m p l e  
modif icat ion,  the labeling is what m a k e s  the technique  
u n i q u e  i n  t h i s  c i rcumstance.  Fur thermore ,  we recent ly  
found a much  better procedure for labeling polymer chains 
randomly than was used i n  our previous worklo so that our  
signal-to-noise ra t io  has been greatly improved while t h e  
chemical  per turba t ion  is k e p t  t o  a m i n i m u m .  

Experimental Section 
1. Labeling of Polystyrene. Polystyrenes used in this study 

are commercial samples (Pressure Chemical Co. and Toyo Soda 
Co.) and their characteristics are summarized in Table I. The 
labeling procedure starts with a random aminomethylation of 
phenyl rings in polystyrene by the procedure of Mitchell e t  al.35 
with some modifications. The aminomethyl groups were subse- 
quently reacted with an appropriate azo dye to complete the 
labeling procedure. Detailed procedures are as follows. 

(a)  Aminomethylation of Polystyrene. One gram of poly- 
styrene and a calculated amount of N-(hydroxymethy1)phthal- 
imide (I) are dissolved in 300 mL of CH2C12, and then 100 mL 
of trifluoroacetic acid is added to the solution. For this work the 

(11) 

d HZ""2 THF 

(@)"  CH2-NH2 + H+b HN5 0 

(111) 

molar ratio of monomer units of polystyrene and N-(hydroxy- 
methy1)phthalimide is 300:l. If the solution becomes turbid, more 
CH2C12 is added until turbidity disappears. Trifluoromethane- 
sulfonic acid (0.5 mL) as a catalyst is then added, and the solution 
is stirred for 4 h at room temperature. At the end of the reaction, 
the intermediate I1 is precipitated in methanol and washed once 
more by dissolving in tetrahydrofuran and reprecipitating in 
methanol. The characteristic carbonyl stretching bands of the 
infrared spectrum a t  1720 and 1775 cm-' are observed to confirm 
the formation of methylphthalimide groups. Also, a GPC chro- 
matogram (Waters Associates, Milford, MA) is taken to ascertain 
that  the molecular weight distribution has not been altered by 
this reaction. Either excess catalyst or longer reaction time is 
found to induce cross-linking of polymers, but it can be controlled 
without difficulty. The intermediate I1 is then dissolved in 100 
mL of tetrahydrofuran containing 2 mL of hydrazine and refluxed 
for 2 days. After the reflux, the aminomethylated polystyrene 
I11 is purified by precipitating it in methanol. The cleavage of 
the phthalimide group and the formation of the aminomethyl 
group are confirmed to proceed quantitatively by infrared 
spectroscopy. At this point, a GPC chromatogram of amino- 
methylated polystyrene shows a slightly longer tail than that of 
the starting polymer, which we attribute to the interaction of 
amino groups of eluted polymer and the column packing of 
polystyrene beads. The chemistry of the labeling is schematically 
shown in Scheme I. 

(b) Dye Labeling. Three different azo dyes, namely, (di- 
methy1amino)azobenzene isothiocyanate (IV) (Pierce, Rockford, 
IL), phenylazobenzoyl chloride (V) (Kodak), and [(dimethyl- 
amino)phenyl]azobenzoic acid (VI) (Kodak), are used for this 
work. 

These dyes have slightly different characteristics. For instance, 
IV and VI show much better contrast, generating a strong FRS 
signal, but have a shorter photochromically shifted state lifetime 
than V. However, the diffusion coefficient of labeled polymers 
is found to be independent of the labels and the best dye for the 
specific use was appropriately chosen with the two factors in mind. 
Final dye labeling is carried out by dissolving aminomethylated 
polystyrene I11 in T H F  containing an excess of a chosen dye and 
stirring a t  room temperature for a few days. When VI is used, 
dicyclohexylcarbodiimide is added as a coupling reagent.36*37 The 
dye content of labeled polystyrene is determined spectrophoto- 
metrically, and it was found that the labeling ratio is practically 
the same as the stoichiometric ratio of monomer unit of poly- 
styrene and N-(hydroxymethy1)phthalimide used. Therefore, 
under the reaction conditions illustrated in Scheme I, all the 
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reaction steps seem to go quantitatively. The final product at 
the conclusion of the labeling procedure was also examined by 
GPC, and it was confirmed to have a chromatogram indistin- 
guishable from that of the starting polymer. 

2. Forced Rayleigh Scattering Measurements. Samples 
for FRS measurements were prepared by adding a small amount 
of labeled polystyrene, typically 0.05 wt % of the whole sample, 
to an appropriate amount of matrix polystyrene in toluene and 
allowing the polystyrenes to mix completely with occasional 
shaking. After the complete dissolution of polystyrene, which 
takes up to a few days for high molecular weight samples, the 
solution was directly filtered through a 0.45-pm-pore poly(tet- 
rafluoroethylene) membrane filter (Bio-Rad, Richmond, CA) into 
a precleaned 5-mm path length spectrophotometer cuvette for 
FRS measurements. For either high-molecular-weight or high- 
concentration samples where direct filtrations were difficult, more 
dilute samples were prepared and filtered, and the excess solvent 
was slowly evaporated under dust-free conditions to obtain the 
desired concentrations in an optically clear state. The optical 
configuration of the FRS instrument, similar to that of Leger et 
al.,9 and the data acquisition and analysis scheme are the same 
as in our previous work3* from this laboratory, and all the ex- 
periments were performed at 20.0 f 0.1 "C. 

Most of the decay profiles can be fit  with a single-exponential 
model function by using the typical relationg 
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In certain cases, however, the decay profiles deviate markedly 
from single exponential. When such a non-single-exponential 
decay was observed, a second-order cumulant model function 

( 2 )  

was used to fit the data. In these cases, the parameter B in eq 
1, which represents the coherent background optical field, is 
neglected because it is strongly coupled with the second cumulant 
B'and sometimes leads to anomalous results. The omission of 
the parameter B usually does not make a significant difference 
in the final results for either model function since a typical sig- 
nal-to-background ratio is about 100; we attribute this to our 
efforts to clean the samples and cells scrupulously. In any case, 
the final criterion to accept a given set of measurements is the 
reproducibility of the decay profiles and the confirmation of the 
decay time constant ( T )  dependence on the scattering wave vector 
q,  T - I  a q2. Having determined the results over more than five 
different angles, we obtained the diffusion coefficient from the 
slope of a least-squares fit according to the relation39 

(3) 

Here, T is the measured decay time constant, qife is the lifetime 
of the photochromically shifted state of the dye, and D is the 
diffusion coefficient. 

Results and Discussion 
Comparison of Self-Diffusion Coefficient with 

Mutual Diffusion Coefficient. In Figure 1 are displayed 
the diffusion coefficients of labeled 900k polystyrene by 
FRS and those of the unlabeled, but otherwise the same, 
sample by quasi-elastic light scattering (QELS). The 
mutual diffusion coefficients, measured by QELS, increase 
with polymer concentration as scaling theory predicts, and 
a straight line is drawn to show the concentration power 
law exponent 0.67 in good solvents, which was first ob- 
served by Adam and De1~ant . i~~ and subsequently by many 
 other^.^^^^^ On the other hand, the tracer diffusion coef- 
ficients measured by FRS drop rapidly with concentration 
so that the two diffusion coefficients at a concentration 
of 10 wt % are almost 3 orders of magnitude apart. Al- 
though the whole profile of the concentration dependence 
of the tracer diffusion coefficients would be best repre- 
sented by a smooth curve, two straight lines are drawn 
according to the scaling law predictions in order to compare 
the limiting slopes. We will come back to  the discussion 
of the power law exponents later. For now, we focus on 

V ( t )  = [A'exp(-t/r + B't2)I2 + c" 

1 / ~  = l/s1ife + Dq2 
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I 0 - 5 p f y  

0 

0 

Figure 1. Mutual diffusion and self-diffusion coefficients as 
functions of the concentration of 900k polystyrene in toluene at 
20 "C. Filled circles denote the mutual diffusion coefficients of 
the polystyrene (without photolabels) by quasi-elastic light 
scattering and open circles denote the self-diffusion coefficients 
of the labeled polystyrene by forced Rayleigh scattering. The 
infinite dilution diffusion coefficient Do reported by Appelt and 
MeyerhofP is indicated on the ordinate, and both mutual and 
self-diffusion coefficients are seen to merge to the same Do value. 
A 0.67 slope is drawn through the mutual diffusion coefficients 
in accordance with Adam and D e l ~ a n t i . ~ ~  Although the self- 
diffusion coefficients appear to be represented by a smooth curve 
over the entire concentration range, -1.75 and -3.0 slopes are 
drawn to show apparent power law ranges. 

how both the mutual and tracer diffusion coefficients 
merge to  the same value at the infinite dilution limit, as 
should be. Although this may appear to  be a trivial 
achievement, few techniques for tracer diffusion have been 
thus calibrated against other established techniques. Much 
more important is the fact that our labeling method confers 
sufficient sensitivity to  FRS signals so that  we can ex- 
trapolate the measured diffusion coefficient to the infinite 
dilution limit without ambiguity. Further, the perturba- 
tion of the sample is small enough to  ensure the coinci- 
dence of the mutual diffusion coefficient (without labeling) 
and the tracer diffusion coefficients (with labeling) at in- 
finite dilution. 

Matrix Molecular Weight Dependence of Tracer 
Diffusion. The q2 dependence of the decay time con- 
stants of the FRS signal is displayed in Figure 2. This 
particular set of data is obtained from the sample con- 
taining 0.05 wt % 900k labeled polystyrene in 2.0 wt % 
of unlabeled polystyrene of various molecular weights as 
the matrices. As molecular weight of the matrix increases, 
the plot shows a gradual decrease of the diffusion coeffi- 
cient of tracer polystyrene, which is represented as the 
slope of the plot according to  eq 3. Contrary to  the gen- 
erally accepted notion, the tracer diffusion coefficient of 
900k polystyrene does not reach the asymptotic value at 
the matrix molecular weight of 900k, which is the self- 
diffusion limit of the polymer. Instead, a much higher 
molecular weight is required to make the matrix molecular 
weight dependence disappear, as exhibited by the almost 
indistinguishable slopes at the matrix molecular weights 
of 3.8 x I O 6  and 8.4 x lo6. When we plot the tracer dif- 
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q2/ 107cm-* 
Figure 2. Plot of inverse decay time constant 7-l of 900k labeled 
polystyrene against the square of the scattering vector q2 in 2 wt 
% of matrix polystyrene of different molecular weights at 20 "C. 
The molecular weights of matrix polystyrene are identified by 
different symbols. The tracer diffusion coefficient is obtained 
according to eq 3; each slope corresponds to the tracer diffusion 
coefficient of 900k polystyrene at a given matrix molecular weight. 

fusion coefficient as a function of matrix molecular weight 
as in Figure 3, we must note two distinctive features. First, 
the tracer diffusion coefficient settles down only after the 
matrix molecular weight reaches a t  least a factor of 3-5 
higher than that of tracer polymers. Second, the onset 
matrix molecular weight (Mp*)  exhibiting the asymptotic 
diffusion coefficient (Dt,") does not seem to change much 
with matrix concentration. This should be contrasted to 
the entanglement coupling molecular weight in a given 
concentration M,(C) which is inversely proportional to 
concentration C, M,(C) = pM,/C, where p and M ,  are the 
polymer bulk density and entanglement coupling molec- 
ular weight a t  bulk state, i.e., 35k for polystyrene, re- 
spectively. 

We now turn to the significance of these two points. I n  
the context of the reptation model, the first observation 
can be taken to confirm that the tube renewal process 
contributes significantly to tracer diffusion in semidilute 
solutions unless the matrix molecular weight is substan- 
tially higher than that of the diffusant. In other words, 
the tube renewal process is by no means a weak process 
a t  the self-diffusion limit. Hence, the self-diffusion mea- 
surements in semidilute solutions hitherto reported in the 
literature cannot be accepted as lending support to the 
reptation model by themselves without explicitly taking 
into account the tube renewal process. Alternatively, we 
could interpret the results without resorting to the rep- 
tation model; the dynamic processes, of whatever origins, 
of the matrix contribute substantially to the self-diffusion. 
The second observation of relative invariance of Mp* with 
respect to matrix concentration makes our results difficult 
to reconcile with the reptation model. One of its conse- 
quences is that the tube renewal process will progressively 
be weakened as the matrix concentration is raised. This 
is because the number of entangled subunits or hydrody- 
namically isolated Rouse segments increases in a polymer 
chain as the concentration of the matrix increases, and the 
theory predicts the contribution of the tube renewal pro- 
cess to diminish rapidly as the number of subunits in- 

Our observation does not follow such a pre- 
dicted behavior. 

Concentration Dependence of D,,". We now focus 
on the asymptotic tracer diffusion coefficient, designated 

IO-f 

lo-" 1 1  I lo5 I lo6 I 10' 1 lo8 I 
I 0' 

M P  

Figure 3. Matrix molecular weight (M,) dependence of the tracer 
diffusion coefficient D,, at 20 "C. The tracer polymers, 51k, 390k, 
and 900k, are denoted in all three graphs, and their diffusion 
coefficients at infinite dilution as reported by Appelt and Mey- 
erhofP2 are indicated on the ordinates. Concentrations of the 
matrices are indicated at the far right in each case. All three 
tracers show that the self-diffusion limit ( M  = M,), indicated by 
an arrow in each case, is substantially different from the as- 
ymptotic tracer diffusion coefficient D,," at M << Mp. These data 
sets show that when Mp is at least 3-5 times larger than M ,  the 
asymptotic diffusion coefficients D,," can be obtained. 

Dtrm, at  sufficiently high matrix molecular weight that the 
matrix molecular weight dependence vanishes. We call 
attention to our experimental conditions first; the matrix 
molecular weight is so chosen that its concentration is at  
least 3 times the overlap concentration in order to ensure 
the semidilute condition. From now on, we call the as- 
ymptotic tracer diffusion coefficients D," just the diffusion 
coefficients, and they are collected in Table I1 and plotted 
as a function of matrix concentration in Figure 4. Similar 
to the case of self-diffusion shown in Figure 1, D,," drops 
sharply as the concentration of the matrix increases. The 
self-diffusion data of 900k labeled polystyrene shown in 
Figure 1 are reproduced as a dashed curve in the same plot 
for comparison. Note that the diffusion coefficients are 
about a factor of 2-3 smaller than those of self-diffusion 
over the semidilute range. As noted in the previous section, 
this point appeared to have escaped experimental scrutiny 
in the literature. 

The diffusion coefficients a t  zero matrix concentration 
represent the values obtained by extrapolation to the in- 
finite dilution limit, and they are seen to match very well 
with the mutual diffusion coefficients measured by QELS 
as well as with other literature values.42 At this limit, the 
polymer chains diffuse with fully developed hydrodynamic 
interactions inside the chain and the hydrodynamic radius 
has a molecular weight dependence similar to that of the 
radius of gyration of the whole chain. As the matrix 
concentration increases, the hydrodynamic screening 
length E ,  i.e., the size of the concentration blobs formed 
by interpenetration of matrix chains, decreases; it even- 
tually reaches the size of diffusant at  a matrix concen- 
tration equal to the overlap concentration of the tracer 
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Figure 4. Matrix concentration dependence of D,," at 20 "C in 
toluene. Different symbols refer to the tracer polymer molecular 
weights M except for methyl red. The tracer concentration in 
each series is 0.05 wt %. In all cases, the data at 0.05 wt  % 
(without matrix polymer) are the self-diffusion coefficients, which 
compare favorably with Do values in the literature, which are 
indicated on the ordinate. In all cases, the matrix molecular 
weights M were large enough that the tracer diffusion coefficients 
reached tkeir asymptotic values, Dt,". For comparison, the 
self-diffusion coefficients of 900k polystyrene (Figure 1) are ov- 
erlaid as a dashed curve. D," at C* of a given tracer is estimateda 
by an empirical relationship and it is marked with a dagger for 
each tracer series. Such D,,"(C*) give rise to a slope of 0.67 as 
shown, except for the 10k sample (see text). Though all data sets 
can best be represented by smooth curves, -1.75 and -3.0 slopes 
(scaling predictions in a good solvent in the semidilute regime 
and at the @-condition, respectively) are drawn for comparison. 

polymer. The diffusion coefficients a t  such points are 
estimated by interpolation of D,," to C* using the empirical 
relation43 C* = 620M4.785, and these are marked by daggers 
in Figure 4. According to the scaling argument, these 
diffusion coefficients should follow the same concentration 
dependence as that  of the mutual diffusion coefficient in 
the semidilute regime. The prediction is confirmed here; 
we can draw a straight line with the same slope, 0.67, as 
that of the mutual diffusion coefficient through the points 
even though the two sets of diffusion coefficients differ by 
a few orders of magnitude. The deviation from the straight 
line a t  high concentration is an expected behavior since 
the local friction should be much different from that a t  
low concentration. In other words, it  is no longer a sem- 
idilute solution by definition. We should use this deviation 
for the purpose of local friction correction, rather than the 
change of small-molecule tracer diffusion coefficients as 
was proposed earlier by Nemoto et  al.,32 since the tracer 
diffusion coefficients of "blobs" include the necessary hy- 
drodynamic interactions. As can be seen, the local friction 
does not seem to play a significant role up to the concen- 
tration of 15 wt %, beyond which it begins to exhibit a 
pronounced effect. Therefore, we can conclude that it is 
safe to treat the data up to 15 wt % without accounting 
for the change of local friction. From these observations, 
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Table I1 
Asymptotic Tracer Diffusion Coefficient Polystyrene in 

Various Matrices 
tracer matrix C/(wt 70) &"/ (cm2/s) 

0 8.1 (zk0.4) X 1800k 

900k 

390k 

lOOk 

35k 

10k 

methyl red 

8400k 
8400k 
8400k 
8400k 
8400k 
8400k 

8400k 
8400k 
8400k 
8400k 
8400k 
8400k 
8400k 

8400k 
8400k 
8400k 
8400k 
1800k 
1800k 
1800k 
1800k 

3800k 
1800k 
600k 
600k 
600k 

3800k 
1800k 
600k 
390k 
lOOk 

3800k 
1800k 
600k 
390k 
lOOk 
lOOk 

900k 
900k 
900k 
900k 
51k 
51k 
51k 
51k 
51k 

1 
2 
3 
4 
5 

10 

0 
0.5 
1 
2 
4 
7 

12 
20 

C 
0.5 
1 
2 
5 
7 

10 
15 
20 

0 
1 
2 
5 

10 
20 

0 
1 
2 
5 

10 
20 

0 
1 
2 
5 
9.3 
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0 
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5 
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21 
40 

1.0 ( f O . 1 )  x 10-8 

1.34 (fo.09) x 10-9 

3.2 (k0.3) X 

6.4 (f0.4) X lo-'' 
2.08 (f0.18) X lo-'' 
3.01 (f0.13) X lo-" 

1.2 (f0.2) x lo-" 

9.0 (fo.6) x 10-9 
2.0 (ft0.i) x 10-9 

5.4 (f0.3) X 
2.5 (f0.3) X 

6.9 (f0.6) X 
1.57 (f0.16) X lo-" 
3.5 (f0.4) X lo-" 

1.7 (f0.2) X 
1.35 ( f O . l O )  X 
8.5 (f0.4) X 
5.0 (zk0.3) X 
1.3 (fO.l) X 
5.7 (zko.3) x 10-9 
3.2 (f0.2) x 10-9 
7.3 ( f l . 0 )  x 10-10 
4.39 (f0.06) X 

4.3 (f0.3) X lo-' 

2.5 (zkO.1) X lo-' 

4.2 (f0.3) X 
7.7 (zk0.j) x 

8.2 (zk0.3) X 
6.4 (f0.3) X lo-' 

4.0 (fO.l) X 
2.3 (f0.1) X lo-: 

3.0 e 0 . 2 )  x 10-7 

1.1 ( ~ 0 . 1 )  x 10-7 

5.9 (fo.4) x 10-7 

7.0 (fO.1) x 10-8 

1.38 (f0.06) X 
1.20 (f0.04) X 
1.08 (f0.06) X 
8.8 (f0.2) X 10-i 
7.0 (zk0.7) X 
2.6 (f0.2) x lo-' 
1.93 (f0.08) X lo-* 

1.26 (f0.09) x 10-5 
1.35 (f0.08) X lo-' 
1.14 (f0.08) X lo-' 
1.03 (zk0.05) X lo-' 
8.8 (f0.6) X lo4 
1.11 (zk0.08) X 10-6 
1.07 (f0.06) X 10-5 
8.6 (zk0.5) X lo4 
5.8 (f0.9) X lo4 
2.10 (f0.07) X lo4 

we can say that the hydrodynamic screening in a semi- 
dilute solution and its concentration dependence are 
confirmed. 

Another interesting observation near the overlap con- 
centration is shown in Figure 5. The decay profile of the 
FRS signal in the vicinity of C* markedly deviates from 
a single-exponential decay as seen in dilute solution. This 
probably reflects local inhomogeneity of the scale of i in 
the polymer matrix. Therefore, the diffusant feels a 
nonuniform environment, particularly when its size is 
similar to the screening length of the system. In other 
words, the tracer polymer chains are sieved most actively 
near the overlap concentration. A puzzling issue however 
is how any inhomogeneity in the scale of ,$ (102-103 A) 
could be manifested in the length scale of fringe spacing, 
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Figure 5. FRS signal profiles of 900k tracer sample by itself and 
in two different concentrations of 8400k matrix. The tracer 
polymer by itself at 0.05 wt  % (top) shows a clean single-expo- 
nential profile for two logarithmic decades in time. In the middle 
profile, a substantial departure from single exponential is seen 
for 2 wt %, corresponding to C = C* of the tracer polymer. In 
the bottom profile, the FRS signal appears to recover partially 
the single exponentiality at a matrix concentration of 12%. 
Similar trends were seen for all cases and particular departures 
from single exponentiality were observed at a matrix concentration 
close to C* as marked by daggers in Figure 4. This may be 
explained by a sieving effect of the tracers by the finite mesh size 
(or screening length) distribution G ( t )  of the matrix polymer. Also, 
this effect can be seen most prominently when the size of a tracer 
is close to the average screening length ( 5 ) .  

d = 3-20 Fm. Though our efforts were somewhat cursory, 
we could not detect any dependence on the fringe spacing 
relative to the departure from single-exponential decay. 
On the other hand, we can clearly rule out the sample 
heterogeneity as the cause since recovery from the de- 
parture is observed where it should have been most pro- 
nounced in the higher concentration region; Le., D m M-3. 
It is evident that  this observation must be pursued in 
further detail in order to come to grips with the intriguing 
puzzle. 

In Figure 6 
is shown the diffusant molecular weight dependence of 
D,,". With no matrix polymer present we clearly observe 
power law behavior with a slope -0.6. Since our tracer 
polymer concentration is only 0.05 wt 70, this dilute so- 
lution behavior showing the Flory exponent in a good 
solvent is to be expected. As matrix concentration in- 
creases, D,," depends more sensitively on M beyond -0.6. 
These are easily recognized by smooth curves drawn over 
the experimental data. The arrow on each curve designates 
the molecular weight of the diffusant beyond which the 
semidilute regime should prevail at the given concentra- 
tion. From all profiles it is easily discerned that there 
exists no well-defined unique exponent over a wide mo- 

Molecular Weight Dependence of D 

' I  20 
I I I 

lo4 to5 IO6 
M 

17 

Figure 6. Plot of D," vs. tracer molecular weight M at different 
matrix concentrations. Error bars of individual datum points are 
slightly larger than the circles; hence they are not shown (however, 
the numbers are collected in Table 11). The matrix concentrations 
are distinguished by different symbols. In all cases, the tracer 
concentration is 0.05 wt %, and at this concentration the tracers 
by themselves exhibit infinite dilution behavior in a good solvent, 
Do a M-'.6, and this is shown by the straight line at the top. As 
the concentration is increased the M dependence becomes pro- 
gressively more sensitive, and at 20 wt 70 the apparent power law 
exponent ranges from -1 to -3. 

lecular weight range, and the dependence is greater as M 
gets larger. We note here that error bars on individual 
datum points are slightly larger than the drawn circles on 
the log-log scale of the figure, so they are not shown ex- 
plicitly; however, the numerical values of the errors are 
collected in Table 11. Hence, even with error bars included 
in the plot, we can cleanly claim that the observed M 
dependence is progressively varying; in fact, if we insist 
on an exponent, we can find a limited molecular weight 
range showing -2.0 exponent just above c*, but the slope 
quickly becomes steeper than -2.0. In particular, the data 
for 10 and 20 wt % show a substantial range of M where 
the dependence is clearly better represented by -3.0 ex- 
ponent. 

Not having the data beyond M = 1800k, it is difficult 
to extrapolate how the dependence should vary from -3.0 
exponent. In any event, the most likely applicable expo- 
nent is greater than -2.0, which is the reptation prediction 
in the high-molecular-weight and high-concentration re- 
gimes. Given that we are dealing with tracer diffusion in 
the limit of large molecular weight of the matrix, the 
reptation condition should best be fulfilled by these ma- 
trices. We further note that the -2 exponent has been 
observed by many in bulk as well as in semidilute solutions. 
To the best of our knowledge, this departure from the -2 
exponent is the first such observation. In order to examine 
this behavior further, we turn to Figure 7a, where WD,," 
is plotted as a function of matrix concentration. A t  first 
glance, I@ scaling makes a universal curve above C*, and 
a reasonable power law region with -1.75 slope is found 
a t  a relatively low concentration range but still above C*. 



Macromolecules, Vol. 19, No. 11, 1986 Polystyrene Diffusion in Toluene 2743 

Figure 7. (a) Double-logarithmic plot of WD,," vs. C. All data 
are plotted to show where the concentration dependence of D,," 
follows a power law of -1.75. (b) Double-logarithmic plot of MD," 
vs. C; an asterisk in each series designates C* of the tracer. 

At higher concentrations and for higher diffusant molec- 
ular weights, however, such a scaling fails to yield a 
universal curve. When we apply the correction for local 
friction using the "blob friction coefficient" discussed in 
the previous section, they get closer to the power law line 
but not enough to put all the points on a universal curve. 
If we examine Figures 6 and 7 carefully, those points de- 
viating from a concentration power law also deviate from 
a molecular weight power law behavior, and vice versa. 
Obviously something is missing to take account of both 
concentration and molecular weight dependences of the 
diffusion coefficients. 

Alternatively, we can try with WDtrm against C. This 
is shown in Figure 7b. The concentration power law of -3 
appears to give a better universality, except for a few points 
just above overlap concentration. In order to clarify the 
semidilute range in each molecular weight series, an as- 
terisk is marked for C* on each series. The results make 
it apparent that  we can recast D,," 0: M-2C-'.75 into D,," 
0: M-3C-3 with the same set of data. We thus come to the 
inescapable conclusion that our data are not uniquely 
explained by the reptation prediction. 

At this point one may argue that ours is the only 
anomaly to bring about a discordance with the reptation 
model, which seems to "account for" most of the previous 
diffusion experiments. We, of course, can hardly cast 
doubt on the validity of the reptation model based solely 
on this set of data. Instead, we are mostly concerned with 
whether the reptation prediction has been frequently used 
with due consideration given to the basic criterion for its 
application. It can be shown that one can predict the 
power law dependence of C if the corresponding one of M 
is given and vice versa using a simple scaling argument. 
It depends on a scaling behavior of D,,"(C) with (C/C*) 
if C > C*: 

D,"(C) = D,,"(C*)(C/C*)" (4) 

C* = M/R,3 (5) 

and 

IO '  

r 
= 
80k 
\ 

z- 
Y 10- 
8& 

lo- 
Y 

CI u 

io- 
I 

I IO 5c 
c/c* 

Figure 8. Double-logarithmic plot of Dtrm(C)/Dtrm(C*) vs. (C/C*). 
The values of D,,"(C*) are the interpolated ones given in Figure 
4 as (t), and C* is calculated from the empirical relation C* = 
620M-0.785.43 Error bars of individual datum points are slightly 
larger than the circles. The dashed curve is the best fit to a trial 
function, eq 6, with a = 1.77 and b = 23.4. 

If we assume that D,,"(C) is proportional to M-", and 
D,"(C*) to M-v, then x turns out to be (v - m)/(3v - 1). 
Thus, we can have the set (m, x )  as (1, -0.25), (2, -1.75), 
and (3, -3) for three simple cases when Y = 0.6 for a good 
solvent. An empirical test of eq 4 is exhibited in Figure 
8, where D,"(C)/D,"(C*) is plotted as a function of (C/C*) 
on a log-log scale. We see that all the data points of 
different M merge to form a universal curve, and our 
scaling analysis according to eq 4 seems to work reasonably 
well for the range of 35 000 I M 5 1800 000. Note here 
also that error bars on individual datum points are only 
slightly larger than drawn circles, so we have chosen not 
to show them. In order to test whether the suggested 
concentration scalings are indeed borne out by the data, 
we fit the entire set to the following trial function: 

log (Dtr"(C)/Dtr"(C*)l = I-a - [(C/C*)/bl)  log (C/C*) 
(6) 

where a and b are the adjustable fitting parameters. The 
result of such a f i t  is shown in the figure as the dashed 
curve and the parameters are found as a = 1.77 f 0.08 and 
b = 23.4 f 4.6. Thus, the test appears quite positive, a t  
least relative to -1.75 slope, whereas -3 slope in the vicinity 
of C/C* 5 could easily be replaced by progressively 
changing slope. Of course, there is no theoretical basis for 
eq 6, whereas x = -3 has a scaling basis if m = 3, and this 
is shown to be the case in Figure 7. In any event, the plot 
confirms the universal behavior of Dam(C)/Dtrm(C*) relative 
to (C/C*) invariant of M and that is the point of eq 4. 
Further, our interpolated data in Figure 4, marked, with 
daggers, confirm one of the above assumptions, Dtr"(C*) 
a M-", If we assume a t  this point that  the observed mo- 
lecular weight dependence is not derived from the repta- 
tion theory, then the concentration power exponent has 
no bearing on the assumed diffusion mechanism. In other 
words, a different concentration dependence can be easily 
expected in the region where a different molecular weight 
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dependence is observed. For example, we can get the C 3 . 0  
dependence shown in Figure 7b in the high-concentration 
range by using the M-3.0 dependence observed at the same 
concentration region in Figure 6. This makes our argument 
self-consistent. Of course, we have no basis to justify how 
MV3.O should arise; hence we cannot offer any plausible 
alternative to the reptation process. What we claim here 
is that the reptation prediction is not uniquely confirmed 
by our experiments, and the same could be said of other 
experimental results. Perhaps the current rush to confirm 
the reptation model by experiment should be tempered 
by a more critical evaluation of the results. 

Conclusions 
We can summarize our results as follows. 
1. In semidilute solutions, there is a substantial matrix 

molecular weight dependence of the tracer diffusion 
coefficient. Also, it was found that matrix molecular 
weight dependence vanishes only when it reaches at  least 
a factor of 3-5 higher than that of the diffusant. 

2. In the framework of the reptation model, the pro- 
posed tube renewal process does not appear to be weak in 
the semidilute regime. 

3. The hydrodynamic screening concepts in semidilute 
solutions are proven to be valid by this tracer diffusion 
measurement. We could reproduce the same concentration 
dependence of the screening length, [ C0.67, as that found 
in other dynamic measurements such as quasi-elastic light 
scattering. 
4. The local friction change does not appear to be sig- 

nificant up to the concentration of 15 w t  % , and the simple 
scaling argument for semidilute solution should be valid 
below this concentration even if local friction change is not 
taken into account. 

5 .  The tracer diffusion coefficients deviate from the 
prediction of the reptation model for high molecular weight 
diffusants a t  high concentrations of matrix. This raises 
the question of whether the reptation model can correctly 
represent the diffusion process of polymer chains in sem- 
idilute solutions. 

6. An alternative scaling argument was used to interpret 
our data. There appears to exist a reasonable scaling 
relation between D,,"(C)/D,,"(C*) and (C/C*) and we can 
adopt a different molecular weight dependence than the 
reptation model to account for the observed concentration 
dependence and vice versa. 
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