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ABSTRACT: The diffusion coefficient D and the sedimentation coefficient s of poly(methy1 methacrylate) 
(PMMA, M ,  = 343000) in thiophenol (TPh) solutions of polystyrene (PS) have been studied as functions 
of PS concentration, cps (0.051-16.8 X lo-* g g-'), and molecular weight, M ~ s  (43900-8420000), by using dynamic 
light scattering and analytical ultracentrifuge, respectively. The concentration of PMMA has been fixed at 
a low value of 0.1 % so that D and s can be related, to a good approximation, to the transport of a single PMMA 
chain in semidilute solutions of PS. It has been found that the reduced quantity DID, is in agreement with 
s/so in solutions of PS with lower molecular weights of 43 900 and 186000. Here Do and so are the values 
of D and s for PMMA in pure thiophenol extrapolated to infinite dilution. In the solutions of PS with higher 
molecular weights of 175 000 and 8 420000, however, DIDo has been found to be less than the corresponding 
s/so by about 20-30%. These results have been interpreted as showing that the frictional force experienced 
by a PMMA molecule in the solutions depends on the relaxation time characteristic of the surrounding medium. 
The dependence of DID, and s/so on cps in the semidilute solutions of PS with high molecular weights could 
be well represented by the form of exp(-Ac*), which has been predicted by Ogston et al. for the diffusion of 
spherical particles in cross-linked gel networks. The exponent 6 was found as 0.55 A 0.05 and 0.67 i 0.05 
for the diffusion and the sedimentation data in the highest Mps solutions, respectively. The difference in 
6 suggests again that there is a clear distinction between diffusion and sedimentation in the transport mechanism 
of the polymer chain. 

Introduction 
The friction coefficient f is a fundamental quantity in 

the transport process of polymer molecules in solutions. 
At infinite dilution where individual polymer molecules 
move independently of each other, f has a clear physical 
meaning and is directly related to the size and shape of 
the molecule; for example, the Stokes law f = 6 q , R  is 
applicable to a spherical particle. Here R is the radius of 
the particle and qs is the solvent viscosity. For an estimate 
off, diffusion and sedimentation measurements are known 
as useful methods. Two transport coefficients, the 
translational diffusion coefficient Do and the sedimentation 
coefficient so, at  infinite dilution can be expressed in terms 
of the same friction coefficient f. The combination of Do 
and so then gives a well-known relationship that makes it 
possible to estimate the molecular weight of the polymer:' 

Here U is the specific volume of the polymer in the solution, 
and p, is the density of the solvent. 

At finite concentration, f becomes dependent on con- 
centration in quite a complicated manner due to the direct 
interaction as well as the hydrodynamic interaction be- 
tween  molecule^.^^^ Although the same friction coefficient 
has long been assumed to be operative in both diffusion 
and sedimentation even in the semidilute regime where 
polymer chains overlap extensively, recent experimental 
works"l on binary polymer solutions raised a question 
concerning the identity of three frictional coefficients, f*, 
f,, and f,. They are defined in eq 2-4, which can be ob- 
tained with three different techniques. Here, the sedi- 

(2) 

(3) 

s = ( M / N j * ) ( l  - U p )  

RT D = -  
Nafs 

(4) 

mentation coefficients has been measured by an analytical 
ultracentrifuge, the self-diffusion coefficient D, by pulsed 
gradient NMR, and the mutual diffusion coefficient D, 
by either the classical gradient diffusion technique or 
dynamic light scattering (DLS). p is the density of the 
solution, and and c are the chemical potential and the 
concentration (g/cm3) of the solute, respectively. It has 
been shown that (1) f, is equal to f* within experimental 
error if the molecular weight distribution of the polymer 
is sufficiently narrow, but (2) f, is not equal to f,. The 
latter result seems compatible with the theoretical argu- 
ment by Marqusee and Deutch that the fluctuating force 
due to the relative motion of the macromolecules gives rise 
to a significant contribution to the concentration depen- 
dence off. The effect of the direct interaction on f leads 
further to the supposition that in general f is frequency 
dependent; that is, values of f  may depend on both the 
time and the spatial scale on which the measurements of 
f a r e  made.2,26 

In a previous report,8 hereafter referred to as part 1, we 
showed that (1) polystyrene (PS) and thiophenol (TPh) 
were not only isorefractive but also isopycnic and (2) s and 
D of poly(methy1 methacrylate) (PMMA) in semidilute 
TPh solutions of PS were measurable fairly accurately at  
low PMMA concentration by the conventional sedimen- 
tation velocity experiments and dynamic light scattering, 
respectively. The use of this ternary system thus gives a 
unique opportunity for comparison of concentration de- 
pendence of two friction coefficients that are related to the 
sedimentation coefficient and the diffusion coefficient of 
a single PMMA chain. 

Since the time and the spatial scale of the sedimentation 
experiments (min and mm) are much larger than those of 
the DLS (ms and Km), such a study is expected to give an 
additional insight on the frictional force experienced by 
the polymer molecule in the condensed state. This is the 
first objective of this paper. 

The second purpose of the present study is concerned 
with the transport mechanism of a flexible polymer mol- 
ecule in the semidilute regime. The diffusion of spherical 
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particles in gels has been treated by Ogston et al.9 The 
theory  is based on the stochastic model of diffusion mi- 
gration. The presence of the gel network has been con- 
sidered to  impede the diffusive motion of the particle in 
two ways; i.e., (1) diffusion effectively occurs only when 
the particle j u m p s  f rom a position i n  one mesh of the 
network to another mesh and (2) the jumping  frequency 
effective for the diffusion is decreased due to the collision 
of the particle with the network fiber. The final expression 
for the concentration dependence of D may be written in 
the form of eq 5 with 6 = lI2. Here A is a constant 

D / D o  = exp(-Ac6) (5) 

determined b y  the radius R of the diffusing particle. The 
exponent 'Iz agrees with their experimental data and also 
with an experimental  finding of Laurent et  al.1° on the 
diffusion and the sedimentation of compact particles in 
aqueous solutions of hyaluronic  acid. Langevin and 
Rondelez'l have recently shown that s of spherical particles 
in aqueous solutions of poly(ethy1ene oxide) decreases with 
polymer concentration in  the same form as eq 5 but with 
a slightly different value of the exponent 6 = 0.62. T h e y  
have suggested that 6 = 0.62 is in harmony with the current 
idea that i n  the semidilute regime the polymer solution 
is characterized b y  t h e  correlation length [ which is de- 
pendent only on concentrat ion as [ a c-" and that the 
solution can be viewed as a transient network of mesh size 
[. Lin and Phillies12 have reported 6 = 2/3 for the diffusion 
of polystyrene latex particles in aqueous solutions of 
poly(acry1ic acid). This value is very close to values of v 
reported for polymer-good solvent systems in the semi- 
dilute regime.13 Hydrodynamic  properties of a flexible 
polymer molecule are, in many cases, successfully ex- 
plained b y  modeling it as an impenetrable sphere of the 
hydrodynamic radius RH. For RH < 5 ,  eq 5 may be still 
applicable even if the diffusant is a flexible polymer. For 
RH > 5 ,  however, there  is no justification for the validity 
of eq 5, and other diffusion mechanisms such as reptation 
might  be responsible above the critical overlapping con- 
centration c.* T h i s  reptat ion model14 predicts the pow- 
er-law depdendence of the self-diffusion coefficient on c 
in the entangled region. This t y p e  of dependence is in  
contrast to that of the exponential type. Under the present 
circumstances where no reliable data a r e  present for the 
test of the models, it seems worthwhile to make diffusion 
measurements over a wide range of concentration of a 
matrix component  b y  using a well-characterized poly- 
mer-polymer-solvent te rnary  system such as PMMA- 
PS-thiophenol. 

Experimental Section 
Materials. Poly(methy1 methacrylate) (Scientific Polymer 

Products) was purified by dissolving it in benzene and precipi- 
tating in methanol. The freeze-dried polymer was used as the 
sample. Molecular weight of the sample was determined as 343000 
from [v] = 130 cm3 g-' in chloroform a t  30 "C by the use of the 
[o]-Mw relationship reported by Meyerhoff and Schultz.ls GPC 
measurements on the sample gave Mcpc = 342 000 and MJM, 
= 1.1. Four narrow-distribution molecular weight polystyrene 
samples (M, = 43 900 (sample code F4), 186 000 (F20), 775 000 
(F80), and 8420000 (F850, Mw/Mn = 1.17), Toyo Soda) were used 
as a matrix component of the polymer-polymer-solvent ternary 
solution without further purification. Reagent-grade thiophenol 
(TPh, Nakarai Co.) was distilled under nitrogen atmosphere a t  
48 OC and 7 mmHg. The distilled solvent was sealed in test tubes 
under nitrogen atmosphere until it was used for preparation of 
solutions. Specific densitites of the polymers in T P h  and the 
density of the solvent were measured with a mechanical oscillator 
(Shibayama, Model SS-D-200) and are listed in Table I. The 
table also gives values of refractive index nBD. nZD of thiophenol 

Table I 
Specific Densities of the Polymers, Density of the Solvent, 

and Their Refractive Indices 
p or 110, 

g cm-3 r P D  
polystyrene (PS) 1.0776 1.59-1.60" 
poly(methy1 methacrylate) (PMMA) 1.169 1.4947' 
thiophenol (TPh) 1.0728 1.5871b 

"Lindemann, M. K. "Polymer Handbook", 2nd ed.; Brandrup, 
J.; Immergut, E. H., Eds.; Wiley: New York, 1975; Chapter V. 

nzoD = 1.5897 ("Organic Solvents", 2nd ed.; Weissberger, A.; 
Proskaver, E. S.; Riddick, J. A.'; Toops, E. E., Jr., Eds.; Intersci- 
ence: Wew York, 1955.) 

Table I1 
M of PS and PMMA, Range of cps, and cps* Values 

CPS*/ 
CPSI (10-2 g g-1) 

sample M ,  x 10-~ (IO-' g g-') (=I/[W],J)~ 
PS F4 4.39 1-16 3.59 

F20 18.6 0.3-10 1.31 
F80 77.5 0.1-16 0.482 
F850 842 0.05-4 0.0907 

PMMA 34.2 

" [ q ]  = 1.46 X X 1Mo.70; cm3 8-l for PS in thiophenol at 25 "C. 

was measured with a Pulfrich refractometer. 
Ternary solutions were prepared by dissolving the polymers 

in the optically clean thiophenol. A series of solutions with 
constant PMMA concentration of 1 X gig and varying PS 
concentration were prepared for each molecular weight of PS. 
They are designated as F4, F20, F80, and F850 series following 
the code name of PS. Each solution of F4 and F20 series was made 
optically clean by filtering with a Millipore filter (nominal pore 
size, 0.5 pm). Filtration with a Millipore filter (nominal pore size, 
1 wm) was also applied to solutions of F80 series with cps I 0.05 
(g/g) and of F850 series with cps 5 0.02. Solutions of F80 series 
with cps > 0.05 and those of F850 series with cps > 0.02 were 
prepared by slowly evaporating thiophenol in a dust-free box from 
respective 5% and 2% solutions. Concentrations of solutions were 
determined by weighing. Concentration ranges investigated for 
respective series were chosen so as to cover both the dilute and 
the semidilute regime and are given in Table 11. Critical over- 
lapping concentration cps* was calculated as cps* = l / [ ~ ] p  and 
is also shown in the table. We used a [q]-MW relation of PS in 
thiophenol for the calculation 

[v] = 1.46 X 10-2Mwo70*0~01 (6) 

which has been reported in part 1. 
Since polystyrene and poly(methy1 methacrylate) are incom- 

patible with each other, phase separation may occur at higher 
Concentration. In the present study, however, no symptoms of 
phase separation were observable over the whole range of cps and 
Mps investigated. 

Methods. The dynamic light-scattering instrument used has 
been described earlier.16 A single-frequency 488 nm line of an 
argon ion laser (Spectra Physics, Model 165-03) with an output 
power of 300 mW was used as a light source. The vertical com- 
ponent of the scattered light from a solution in a sample cell (NMR 
tube with outer diameter of 12 mm) was detected by photo- 
multipliers (Hamamatsu Photonics) attached at  five fixed scat- 
tering angles 6,  Le., 30", 60°, 90°, 120' and 150". The homodyne 
autocorrelation function A ( T )  was measured at  25 f 0.02 O C  by 
using either a time interval correlator with 512 channels (Union 
Giken Co.) or a shift register correlator with 72 channels (Malvern). 

Sedimentation veloctity experiments were made a t  25 f 0.05 
"C by using an analytical ultracentrifuge (Beckman Spinco Model 
E). The rotor speed was 59 780 rpm. 

Results 
Diffusion Behavior. The intensi ty  autocorrelation 

funct ion A(T) of the scattered light f rom the te rnary  so- 
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Figure 1. Reduced diffusion coefficients D/D, of PMMA in 
solutions of PS are plotted against PS concentration cPs. Symbols 
are (m) F4 series; (0) F20 aeries; (0) F80 series; and (0) F850 series. 
PMMA concentration is 0.001 g/g. Critical overlapping con- 
centration cps* and critical concentration for onset of entangle- 
ment c,ps are shown in the inset for respective series. The straight 
line with the slope of -1.75 illustrates the power-law dependence 
of D on cps predicted by the scaling theory. 

lutions has shown the presence of the distribution of the 
decay rate I?. Assuming the r distribution is a bimodal 
type, we have analyzed the data by using the five-param- 
eter equation 

A(7) = (1 + 6 )  + {al exp(-r,r) + a2 exp(-F2T))2 (7) 

where rl C rZ. The deviation of the base line from unity, 
6, is kept less than 0.003 in the analysis. The histogram 
method17 has been applied on a couple of data sets as an 
alternative procedure for data analysis. The analysis has 
not only confirmed the bimodal nature of the r distribu- 
tion but also given good agreement between rl values 
obtained by the two methods. 

Some data1* have been found to be fitted with the single 
exponential type of decay curve (variance 5 0.05). The 
F obtained from those data has been identified as rl. As 
has been discussed in part 1, the slow mode may be con- 
sidered to represent the translational diffusion motion of 
a PMMA chain in PS-TPh solutions, and the fast mode 
with small amplitude factor a,(a,/(a, + a,) I 0.3) may be 
identified as the local motion of a PMMA chain excited 
by the cooperative motion of surrounding PS chains. The 
diffusion coefficient D of each solution has been estimated 
from the plot of rl against the scattering vector q. They 
were reduced by using the value of the translational dif- 
fusion coefficient Do of PMMA at infinite dilution in pure 
TPh. D/Do listed in Table I11 are logarithmically plotted 
against cps in Figure 1. At the bottom of the figure two 
critical concentrations, cps* and c , , ~ ~ ,  are shown by arrows 
for each series of solutions. The latter ceps represents the 
concentration above which the entanglement effect be- 
comes dominant. It has been calculated from eq 9(b) in 
ref 19 by assuming that thiophenol is as good a solvent for 
PS as aroclor. D / D o  decreases monotonically with in- 
creasing cps and shows no sharp break near cps*. The 
decrease in D / D o  begins at  lower cps for higher PS mo- 
lecular weight; i.e., DID, takes, when compared at the same 
cps, smaller values with increasing Mps. According to the 
scaling theory,14 the D data for different molecular weight 
samples may be synthesized in the semidilute regime to 
one universal curve which is only a function of c/c*. As 
is clear from the figure, this is not the case. We have also 
found that an attempt to obtain a master curve by simply 
shifting the data along the horizontal axis is unsuccessful. 

Table 111 
Sedimentation Coefficient s and Diffusion Coefficient D of 

PMMA in PS-TPh Solutions and Their Reduced Quantities 
s / s o  and DIDOa 

F4 0.995 0.0985 1.22 0.75 1.129 0.85 
2.99 0.105 0.883 0.54 0.754 0.57 
4.98 0.105 0.637 0.39 0.514 0.39 
5.09 0.174 0.603 0.37 0.510 0.39 
5.09 0.241 0.577 0.36 0.503 0.38 
5.09 0.338 0.528 0.33 0.506 0.38 
9.97 0.0996 0.299 0.19 0.238 0.17 

F20 0.341 0.105 1.27 0.78 1.11 0.94 
0.995 0.0928 1.00 0.62 0.852 0.64 
1.92 0.102 0.735 0.45 0.596 0.45 
4.99 0.0970 0.304 0.19 0.238 0.18 
7.10 0.0959 0.196 0.12 0.144 0.11 
9.18 0.0911 0.126 0.077 

F80 0.0956 0.100 1.38 0.85 1.11 0.84 
0.295 0.0981 1.19 0.73 0.811 0.61 
0.495 0.0995 1.04 0.64 0.673 0.51 
1.00 0.0999 0.756 0.47 0.523 0.40 
2.01 0.0988 0.448 0.28 0.323 0.24 
3.00 0.115 0.304 0.19 0.209 0.16 
5.16 0.103 0.160 0.098 0.103 0.078 
4.95 0.124 0.126' 0.095' 
6.40 0.100 0.108 0.066 
8.27 0.0827 0.0420 0.032 

13.9 0.924 0.0177 0.011 0.0103 0.0078 
16.2 0.924 0.0113 0.0070 0.00561 0.0043 

F850 0.0514 0.0993 1.43 0.88 1.14 0.86 
0.0926 0.0804 1.38 0.85 0.961 0.73 
0.478 0.0992 0.914 0.56 0.601 0.45 
0.795 0.0920 0.716 0.44 0.438 0.33 
0.998 0.0997 0.622 0.38 0.385 0.29 
1.01 0.204 0.377 0.29 
0.998 0.215 0.591 0.36 0.356 0.27 
0.997 0.318 0.580 0.36 0.332 0.25 
1.01 0.104 0.50Zb 0.38' 
2.03 0.0995 0.379 0.23 0.243 0.18 
3.11 0.103 0.227 0.14 0.136 0.10 
3.80 0.0952 0.183 0.11 0.0981 0.074 

F40 1.01 0.101 0.832 0.51 0.621 0.47 
F550 0.990 0.100 0.645 0.40 0.427 0.32 

O s o  = 1.63 X 

16.83 0.0832 0.145 0.089 

s-l, D, = 1.32 X cm2 s-l from ref 8. 'From 
diffusion measurements under small centrifugal force field with 
the synthetic boundary method. 

The scaling theory with the reptation model predicts the 
power-law dependence of the self-diffusion coefficient D, 
on polymer concentration in the semidilute regime. The 
D data in the present study may be identified as D, be- 
cause of the low PMMA concentration adopted, 0.001 
g/g.20 It can be also shown that the hydrodynamic 
screening length EH of PS chains in TPh  becomes smaller 
above cps = 0.01 than the hydrodynamic radius RH of the 
PMMA molecule used as a probe. These considerations 
may provide the comparison of the D data with the theory. 
By comparing the straight line of the slope -1.75 drawn 
in the figure with the data of F80 series which have covered 
the largest concentration range, we can conclude that the 
power-law dependence is observed only in a very restricted 
region even if such a region exists. As was pointed out in 
a previous paper,21 the concentration dependence of D 
must be corrected for the concentration effect on the 
monomeric friction coefficient for the rigorous test of the 
theory. This correction factor is, however, small in the 
concentration range investigated so that the correction 
would not change the above conclusion. 

Recently PhilliesZ2 has measured the diffusion coefficient 
of spherical particles in solvents of high viscosity. He has 
shown that D-' is linearly proportional to qs/T even for 
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Figure 2. Reduced sedimentation coefficients s/so of PMMA 
in solutions of PS are plotted against cps. Symbols are the same 
as in Figure 1. 

qs 2 100 cP; i.e., the Stokes-Einstein equation is quite 
successful for describing the diffusion behavior of macro- 
particles in viscous solution as far as the solvent is com- 
posed of low molecular weight substances. When the size 
of the solvent becomes comparable with or larger than that 
of the particle, however, the decrease in D may not be 
explained by the increase in the macroscopic viscosity of 
the solution. We have measured the steady-state viscosity 
qo of two solutions with about the same value of D / D o  = 
0.1. Here one solution belongs to F4 series and the other 
to F850 series. We have found that v0 values of the two 
solutions are different by more than 2 orders of magnitude. 
This suggests that the macroscopic viscosity cannot be 
directly related to the diffusion behavior of a flexible chain 
through the transient gellike network of other flexible 
chains, but that the solvent viscosity is mainly responsible 
for the micro-Brownian motion of the fundamental unit 
(or the segment) in the semidilute regime, as is proposed 
by the scaling theory. 

Sedimentation Behavior. Sedimentation velocity ex- 
periments have been made mostly on the same solutions 
as used for DLS measurements. A single peak due to the 
sedimentation of PMMA molecules has been observed in 
the photographs of the sedimentation pattern. Therefore 
s has been estimated by the standard procedure to an 
accuracy of 5%. Both the pressure effect and the con- 
centration effect were found to be negligible. By using the 
value of s at infinite dilution in pure TPh, so = 1.63 X 
s-l, we show the logarithmic plot of the reduced quantity 
s/so against cps in Figure 2. At first glance, the behavior 
appears very similar to the diffusion behavior shown in 
Figure 1; s/so decreases monotonically with increasing cps 
and is dependent on Mps. One noticeable difference be- 
tween s and D is that for the s data a master curve can be 
obtained within experimental error from the horizontal 
shift of the data of each series with different Mps. The 
shift factor is, however, not proportional to cps*. Thus the 
master curve is not an universal function of cps/cps*. 

Discussion 
Comparison of D / D o  and s/sP It has been described 

in the introduction that if the same friction coefficient is 
operative in both diffusion and sedimentation, DIDo and 
s/so should agree with each other. Figure 3 shows this 
comparison. For solutions of F4 and F20 series in which 
the molecular weight of PMMA is larger than that of PS, 
the two quantities appear to agree with each other, al- 
though D/Do has slightly stronger dependence on cps. In 

1 ' ' ~ ' " d  I ' 1 I ' ( ( ' l  ' " 1 ' " ' '  ' ' ' 1  0% 

0.01 0.1 1 10 

Figure 3. Comparison of DIDo and s/so For clarity of the figure, 
the data of each series are shifted arbitrarily along the ordinate 
axis. From the top, F4, F20, F80, and F850 series. Symbols are 
(0) DIDo and (A) s/so. 

Cps I 10-29 g-' 

contrast, more systematic disagreement has been found 
for F80 and F850 series in which Mps is much larger than 
MpMm s/so is always larger than DIDo, and the difference 
amounts to more than 30% for the data at the highest cps. 
The 30% difference is, of course, quite small as compared 
with the decrease of 2 orders of magnitude in D / D o  and 
s/so with increasing cps but seems to be beyond unavoid- 
able experimental uncertainty in the procedure taken for 
determination of D and s. We have reexamined our 
measurements concerning a few possible experimental 
artifacts that might rise to the 30% difference. They are 
(1) D and s are not values at infinite dilution of C P ~ A  but 
at finite cpMm of 0.001. Therefore, D measured with the 
DLS technique is not the translational diffusion coefficient 
of a single PMMA molecule in a strict sense, but is the 
mutual diffusion coefficient that contains the contribution 
from the thermodynamic force (dpldc), whereas s is not 
influenced by this force. (2) The effect dust particles and 
nonuniformity of the solutions may have on DLS. (3) The 
apparent sedimentation velocity of PMMA is increased by 
the sedimentation of PS. Possibility 1 has been examined 
by studying the dependence of D and s on cPMMA for two 
solutions, one of F4 series with cps = 0.05 and one of F850 
series with cps = 0.01. The results are shown in Figure 4. 
Both D and s of the two solutions are linearly dependent 
on cpMm in the range of 0.001-0.004 investigated, and all 
slopes are negative and small. For the solution of F850 
series the ratio of D a t  infinite dilution, D(O), to D(O.001) 
at c ~ M M A  = 0.001 is 1.07, and the corresponding ratio s- 
(O)/s(O.OOl) is 1.04. For the solution of F4 series, D(O)/ 
D(O.001) and s(O)/s(O.OOl) are 1.01 and 1.07, respectively. 
The use of D(0) and s(0) instead of corresponding values 
a t  c ~ M M A  = 0.001 would vary the difference between s/so 
and D / D o  by about *5%. Such a small correction alone 
cannot explain the 30% difference observed for solutions 
with high PS molecular weights a t  high cps. This may 
eliminate possibility 1. (2) Dust particles contaminated 
in solution surely affect the base line of A ( T ) .  Because of 
their slow decay rates the apparent diffusion coefficient 
may be more or less decreased. Either formation of ag- 
gregates or inhomogeneity of PS networks would also 
contribute to the decrease in D. Nevertheless, the careful 
filtration procedure we adopted and the reproducibility 
of the data have confirmed that such effects need not be 
taken into account. (3) The sedimentation of PS in 
thiophenol could not be observed because they are isore- 
fractive. We have prepared a 1% solution of PS with M 
= 8420000 in a mixture of chlorobenzene and benzene 
whose mixing ratio is adjusted so as to have the density 



2520 Nemoto et al. Macromolecules, Vol. 18, No. 12, 1985 

10 1 I I I - I 

0.5 

. 
* 0.5 

0 '  I I I I 
0 1 2 3 4 

cpMMa/ ~ ~ ~ ~ g c m - ~  
( b )  

Figure 4. Dependences of D and s on PMMA concentration at 
constant cps are shown for two samples: (a) the diffusion coef- 
ficient; (b) the sedimentation coefficient. Symbols are (0) Mps 
= 43 900 and cps = 0.05 ( g i g )  and (0) MPs = 8420000 and cps 
= 0.01. 

the same as that of thiophenol. Sedimentation of the 
polymer has not been detected for this solution with the 
schlieren method. These reexaminations strongly suggest 
that the difference between D / D o  and s/so of PMMA in 
semidilute solutions of high molecular weight polystyrenes 
is real. 

The dinstinction between the diffusion and the sedi- 
mentation behavior may be also apparent in dependences 
of D/Do and s/so on PS molecular weight. For this purpose 
we have made additional measurements of D and s of 
PMMA in a 1 % solution of PS with Mps = 422 000 and 
also in a 1 % solution of PS with M ,  = 5 530 000. Figure 
5 shows the dependences on Mps a t  cps = 0.01. Both 
quantities decrease with increasing Mps and do not seem 
to approach asymptotic values in the range of molecular 
weight investigated. Two curves made from simple con- 
nection of the respective data points intersect around Mps 
= 270000. It is interesting that cps = 0.01 corresponds to 
the critical overlapping concentration c* for PS with Mps 
= 270000 in TPh, For MPE 1 400000 D/Do is smaller than 
s/so, and the difference between both quantities increases 
with increasing Mps. For Mps I 200000 D/Do looks larger 
than s/so, but, in view of experimental uncertainties in- 
volved ifi D and s, we do not discuss this difference in the 
low Mps region further. 

It has been stated earlier that the time and the spatial 
scale over which DLS and sedimentation velocity mea- 
surements are made are quite different from each other. 
In 30 min, which is a typical time interval for taking 
photographs of the sedimentation pattern, numerous 
conformational rearrangements of PS molecules sur- 
rounding a PMMA molecule are allowed. In the sedi- 
mentation measurements, therefore, details of the transient 
network structure of PS a t  respective time t need not be 
considered. The force experienced by the sedimenting 
PMMA molecule can be taken as the random force. In 
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Figure 5. Dependence of DIDo and s/so on PS molecular weight 
at cps = 0.01. Symbols are (0) s/so and (0) DIDo. The solid curve 
is drawn empirically by simple connection of data points. 

contrast, the maximum delay time T, in the diffusion 
measurements by DLS is less than 1 s a t  longest, and the 
distance traveled by the PMMA molecule within T, is a 
few times as long as the inverse of scattering vactor q. For 
such a short time behavior, we now must take into account 
the relative magnitude of the longest relaxation time T~ 

of PS chains for their conformational rearrangements to 
7,. When T~ << r,, the same argument as was used in the 
sedimentation may be still applicable for the diffusion case. 
When T~ >> T,, however, PS molecules do not change the 
positions of their center of gravity during the characteristic 
time (=l/I') of the translational diffusion of PMMA. As 
a result, time and spatial correlations between PS and 
PMMA are enhanced and might retard the diffusion 
motion of PMMA. From this point of view it seems 
worthwhile to notice the result of Laurent et a1.I0 that 
DID, obtained by the classical free-diffusion technique is 
in excellent agreement with s/s@ We have measured D 
of PMMA in two solutions of PS in TPh with a technique 
that makes use of an analytical ultracentrif~ge.~~ The two 
solutions tested are a 5% solution with Mps = 775000 and 
a 1% solution with Mps = 8420000. The synthetic 
boundary method which uses a double sector cell has been 
adopted, and the spreading of the synthetic boundary with 
time due to the diffusion of PMMA under small centrifugal 
force has been detected by using the schlieren optics. It 
has been shown that this method can give D to an accuracy 
of 10% under careful experiments. As the results given 
in Table 111 show, D / D o  obtained with this macroscopic 
method agrees with s/so and is significantly larger than 
D / D o  obtained by DLS for both solutions. This type of 
experiment will, we believe, be very illuminative for clear 
understanding of the very complicated transport process 
of a flexible polymer in semidilute solutions of flexible 
polymers. The results of more systematic study will be 
reported in the near future. 

Funct ional  Form of t he  Concentration Depen- 
dences of D and s in the  Semidilute Regime. Since 
semidilute solutions of flexible polymers can be regarded 
as the transient network of mesh size kH, it is interesting 
to examine whether eq 5 is a suitable form as an expression 
of the concentration dependence of D and s in the semi- 
dilute regime. The data of F80 and F850 series obtained 
in the semidilute regime are replotted in Figures 6 and 7 
by taking the natural logarithm of either Do/D or so/s as 
ordinate and cps as abscissa. I t  should be noted that in 
this type of plot experimental errors of several percent are 
magnified when Do/D (or sols) values are close to unity, 
as is shown by the bars in the figures. When this fact is 
taken into account, the data of each series may be well 
described by a straight line. This indicates that eq 5 is 
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Figure 6. Applicability of eq 5 is tested for the diffusion data 
by the logarithmic plot of In Do/D against c p e  Symbols are (0) 
F80 series and (o), F850 series. 6 = 0.61 * 0.05 for F80 series 
and 0.55 f 0.05 for F850 series. 

Q01 0.1 1 10 
Cpsl10-2gg-1 

Figure 7. Applicability of eq 5 is tested for the sedimentation 
data by the logarithmic plot of In so/s against cps. Symbols are 
same as in Figure 6. 6 = 0.71 * 0.05 for F80 series and 0.67 i 
0.05 for F850 series. 

a useful form, and the exponent 6 is easily read as the slope 
of each straight line. The fador A, which should be related 
to the size of the diffusant, has been found to be 15 * 2 
and 20 f 3 independent of Mps for D and s, respectively. 
6 tends to decrease slightly with increasing Mps for both 
quantities, but a fitting error of h0.05 makes this trend 
ambiguous. 

6 has been estimated as 0.55 f 0.05 for the diffusion data 
of F850 series with the highest Mps. This value is a little 
larger than the theoretical value of 6 = 0.5 predicted by 
Ogston et al.9 6 = 0.5 has been also deduced by CukierZ4 
from the first-order calculation on the concentration de- 
pendence of the friction coefficient of spherical particles 
in semidilute polymer solutions. There remains a possi- 
bility that 6 might asymptotically approach the theoretical 
value for PS solutions with very high molecular weight if 
the small dependence of 6 on Mps were true. The im- 
portant point is that the exponentially decaying function, 
eq 5, may well represent the concentration dependence of 
the diffusion coefficient of PMMA over a cps range of 
nearly 2 orders of magnitude. This is in contrast to the 
failure of the power law predicted by the scaling theory 
in this region. Lin and Phillies12 have found 6 = 2/3 for 
the diffusion data of PS latex particles (R  = 0.02-1.5 pm) 
in aqueous solutions of poly(acry1ic acid) ( M ,  = 300000) 
by using the DLS technique. The value is appreciably 
larger than 6 = 0.55. This difference may be attributed 
to the molecular weight of poly(acry1ic acid) not being 
sufficiently high to form the network structure with long 

relaxation time. The fitting of the data of F20 series with 
Mps = 186000 to eq 5, indeed, has given 6 = 0.83 f 0.05, 
which is larger than 6 = 2/3.  Thus the dependence of 6 on 
Mps may account for the difference in 6 between their and 
our results. In this connection it should be noted that the 
linear dependence in In D with increasing concentration 
has been reported for the self-diffusion data of low mo- 
lecular weight dextran in waterBa and also of short-chain 
polystyrene.26 6 = 1.0 f 0.1 has been obtained for the data 
of F4 series with Mps = 43000. Equation 5 with 6 = 1 
seems to be a limiting law applicable for the diffusion of 
polymer particles in solutions of low molecular weight 
polymers that do not exhibit strong intermolecular in- 
teraction such as the entanglement effect. 

We have obtained 6 = 0.71 f 0.05 and 0.67 f 0.05 for 
the sedimentation data in Figure 7 .  The small molecular 
weight dependence is again absorbed into a fitting error 
of *0.05. 6 = 0.67 for F850 series with the highest PS 
molecular weight is slightly larger than 6 = 0.62 reported 
for the sedimentation of spherical particles in aqueous 
solutions of poly(ethy1ene oxide) and much larger than 6 
= 0.5 for the sedimentation data of compact particles in 
hyaluronic a ~ i d . ~ J @  It  is not clear whether the disagreement 
should be related to the flexibility of the diffusing molecule 
or to complicated electrostatic interaction in polyelectrolyte 
systems. 6 = 0.67 is very close to the exponent v appearing 
in the empirical relation, (c /c * ) - ” .  But this does not 
mean that s/so can be written as s/so a exp(-A’tH) because 
shift factors obtained from construction of a master curve 
for the sedimentation data are not proportional to 

In conclusion, the difference in 6 values between the D 
and the s data suggests again that the diffusion behavior 
of PMMA is quite distinct from the sedimentation be- 
havior in semidilute solutions of high molecular weight PS. 
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ABSTRACT We analyze the translational diffusion of an isolated flexible macromolecule by starting on 
a microscopic level that includes all degrees of freedom and allows for coupling between translational, rotational, 
and internal motions. Every flexible macromolecule is found to have a unique center of diffusion, which is 
that point of the body undergoing the slowest average Brownian displacements. The configurationally dependent 
location of this point is determined from a second-order partial differential equation involving the internal 
degrees of freedom. A perturbation treatment reduces the diffusion equation governing all the body's degrees 
of freedom to the ordinary diffusion equation governing the translational motions of some equivalent point 
particle with diffusion coefficient De By identification, the average microscopic motions of the center of diffusion 
are shown to characterize the diffusive motions of the body over large distances. We consider several bounds 
to the macroscopic translational diffusion coefficient D, that might eliminate the need to explicitly determine 
the center of diffusion. As an example, a frictionless centrally hinged rod is considered by using bead model 
methods in order to provide a realistic treatment that includes hydrodynamic interactions between rod halves. 
For the 20-bead case considered, D, increases less than 7% from a straight rigid rod and is estimated to at 
least 1% by bounds that include a simple rigid-body approximation. 

Introduction 
Brenner'-* first considered the effects of rotational- 

translational coupling on the diffusion coefficients that 
govern the random microscopic displacements of rigid 
bodies with irregular shapes. He showed that every rigid 
body has a unique center of diffusion where the 3 x 3 
matrix describing the coupling is symmetric. Like the 
center of mass in inertial mechanics, this is the natural 
point to use when evaluating diffusive behavior. Even so, 
the description of diffusive behavior remains more com- 
plicated than inertial mechanics since rotations and 
translations generally cannot be uncoupled. 

Brenner's work has been recently reexamined and ex- 
tended by several groups interested in modeling compli- 
cated biological macromolecules a t  low Reynold's num- 
b e r ~ . ~ - ' ~  In particular, i t  has now been rigorously estab- 
lished that the diffusional motions of a rigid body over 
macroscopic distances are the same as the average mi- 
croscopic motions of its center of diffusi0n.l' Since 
Brenner had derived a simple algebraic expression for the 
location of the center of diffusion, the needed macroscopic 
translational diffusion coefficient, denoted D,, can be de- 
termined exactly within these models. 

The situation is not as satisfactory regarding the proper 
determination of D, for flexible macromolecules in which 
translational motions are coupled to additional internal 
m~des.~J"" Although methods exist for determining the 
instantaneous diffusion coefficients of a flexible body with 
some particular configuration (see, for example, ref 18-21), 

'Present address: Ph.D. to M.D. Program (R-123), PO Box 
016960, Miami, FL 33101. 
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no relation has been established between the microscopic 
displacements that these coefficients directly govern and 
the body's translational diffusion over large distances. 

In this paper, we show that an isolated flexible body does 
indeed have a unique center of diffusion whose average 
microscopic motions characterize its macroscopic motions. 
We first examine the positional dependence of the diffu- 
sion coefficients governing the translational displacements 
of a point in the body. From a minimization condition, 
an analytic expression is found for the location of a center 
of diffusion. In order to rigorously prove that the resulting 
point does characterize macroscopic motions, we turn to 
perturbation theory. In the limit of motion over distances 
large compared to body size, the diffusion equation gov- 
erning all the body's degrees of freedom reduces to the 
usual diffusion equation governing the translational 
motions of a point particle with diffusion coefficient D,. 
By identification, D, is the translational diffusion coeffi- 
cient governing the average displacements of the center 
of diffusion. As an example, we consider several cases of 
a centrally hinged rod that bends either freely within a 
variable limited range or under the influence of a restoring 
potential. In each case, the center of diffusion is deter- 
mined and D, is found to depend little on the type or 
degree of flexibility. Several approximations that eliminate 
the need to explicitly determine the location of the center 
of diffusion are shown to give excellent bounded estimates 
of D,. 

An assumption underlying the following analysis is that 
all configurations are dynamically interchangeable on an 
appropriate macroscopic time scale, so that a particle can 
indeed be described by one D,. Generalizations to include 
noninterchanging configurations (untieable knots, etc.) will 
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