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Universal Behavior of Highly Swollen Chains a t  Infinite Dilution 
Observed for Polyisoprenes in Cyclohexane 
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ABSTRACT: Dynamic behavior of narrow molecular weight distribution polyisoprenes in cyclohexane, a 
good solvent, a t  25 "C has been investigated over small to intermediate QRG region by means of homodyne 
photon correlation spectroscopy. The histogram method is employed for the analysis of the intensity au- 
tocorrelation function measured a t  various combinations of scattering vector q and polymer concentration 
c. The translational diffusion coefficient D, the effective decay rate (=the f i s t  cumulant) re, and the amplitude 
of the translational diffusion motion relative to that of the all molecular motions Po/P have been determined 
as a function of q and c. The intrinsic values characterizing a single highly swollen chain have been obtained 
by extrapolating linearly the above-mentioned quantities to c - 0 and/or to q - 0. It  has been found that 
polyisoprene chains are fairly well represented by the nondraining Gaussian chain model with nonpreaveraged 
Oseen hydrodynamic interaction. The apparent applicability of the Gaussian segment distribution function 
to the highly swollen polyisoprenes is interpreted in terms of the Domb-Gillis-Wilmer segment distribution 
function and the Fixman theory of the internal friction. 

Introduction 
In recent years, dynamical properties of isolated linear 

flexible chain molecules in dilute solutions have been 
studied extensively and have been discussed at  more 
quantitative levels than were earlier. Experimental data 
have been accumulated mainly for polystyrenes (PS) which 
have long been regarded as the best model polymer of 
linear flexible chains. These data have revealed various 
discrepancies from the theoretical predictions in both 
@solvents and good solvents, as demonstrated by the re- 
cent works of Han and Akcasu,l Tsunashima et al.: and 
Nemoto et al.3 When limited to the case of good solvents, 
the discrepancies are summarized as follows: (i) the mo- 
lecular weight dependence of the translational diffusion 
coefficient a t  infinite dilution, Do 0: Mw-".55, was weaker 
than that of the root-mean-square radius of gyration, RG 

(S2),''2 0: MwO.sO; (ii) the value of Do was smaller as 
compared with the theoretical estimates of Benmouna and 
Akcasu4 by 1 6 ~ 1 9 % ;  a 16% discrepancy was also observed 
for poly(methy1 methacrylate) (PMMA) in good ~olvent ;~  
(iii) at a sufficiently high q region defined by b << q-' << 
RG, where b is a statistical segment length and q the 
magnitude of 4, the experimental values of the first cu- 
mulant re showed the q3 dependence which characterizes 
the nondraining chain, but the plateau values of re/q3 lay 
below theoretical estimates of Benmouna and Akcasu4 by 
about 30%. For these discrepancies, no satisfactory ex- 
planation has been given by the theories a t  present. 

Turning to the experimental point of view, we found that 
PS and PMMA chains are much less flexible both statically 
and dynamically than are rubbery polymers such as po- 
lyisoprene (PIP) and polybutadiene (PB). Statically, this  
is assured by large values of the steric factor u defined by 
the ratio of the mean-square end-to-end distances a t  the 
6-temperature to that of the free rotating chain, u 
((R2)o/(R2)M)1/2: u = 2.08 f 0.20 (PMMA), 2.25 f 0.05 
(PS), 1.67 (&-PIP), and 1.63 - 1.68 (PB)? Dynamically, 
it is also assured by large values of the intrinsic dynamical 
viscosity [7'Im: [7']- = 22.8 (PMMA), 14 (PS), 7 - 8 
(PIP), and 8 f 2 (PB).' These values of [q'Im were esti- 
mated as the frequency-independent value at extremely 
high frequency in the complex modulus vs. frequency plot. 
Thus, it is plausible that a t  least some part of the above- 
mentioned discrepancies between experiments and theories 
arises from insufficient chain flexibility in PS and PMMA. 
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If so, dynamic light scattering measurements on rubbery 
polymers might help to explain these discrepancies. 

In this paper, therefore, we selected PIP as a model 
rubbery polymer and have studied its dynamic light 
scattering behavior in cyclohexane, a good solvent, over 
an extended region of qRG as previously done by us for PS 
in benzene? Then we have tried to obtain the generalized 
dynamical scheme of a single highly swollen chain in dilute 
solutions from the purely experimental point of view. In 
this scheme, how the hydrodynamic interaction operates 
on the chain monomers has been investigated. 
Experimental Section 

Materials. The PIP samples were prepared by Dr. D. Nerger, 
by anionic polymerization in benzene, and fractionated by his 
group by methods described earlier by ~ t h e r s . ~ , ~  These samples 
became available for the present study through the courtesy of 
Dr. K. Kajiwara of our Institute. Five samples, coded as L-14, 
L-12, L-15, L-11, and L-16, covered the molecular weight region 
from 0.326 X lo6 to 7.24 X 1@, and the homogeneity of each sample 
was guaranteed as M,/M, 5 1.1 by sedimentation velocity profiles 
obtained in this laboratory. Cyclohexane (spectrograde, Nakarai 
Chemicals, Kyoto) was. used as a good solvent without further 
purification. The refractive index, density, and viscosity of cy- 
clohexane were estimated to be n = 1.4285 (488 nm) and 1.4220 
(633 nm), d = 0.77394 g ~ m - ~ ,  and po = 0.898 X loe2 g cm-l s-l, 
respectively, a t  25 "C from literature values.1° Polymer solutions 
at  various concentrations were prepared by mixing by weight the 
pure solvent and a polymer solution of known concentration. They 
were freed from dust by filtration (Millipore filters) for all the 
samples except the highest molecular weight one, to which cen- 
trifugation (preparative, temperature-controlled Type 55P, Hitachi 
Ltd.) was applied. All the preparation procedures were carried 
out in dryboxes under N2 atmosphere. No antioxidant was added 
in the solutions. Preliminary static and dynamic light scattering 
measurements were carried out on both antioxidant-free and 
-added (0.05 wt % 2,6-di-tert-butyl-p-cresol) solutions to confirm 
that no oxidative degradation took place during measurements. 

The static characterization of these polymer samples in cy- 
clohexane was carried out with a light scattering photometer 
(Unisoku, Hirakata; modified by us) a t  25.0 k 0.02 OC. The 
vertically polarized light scattered from the solution illuminated 
with a vertically polarized He-Ne laser (633 nm) was measured. 
The scattering angles were changed from 10" to 150" at intervals 
of 2-5". The specific refractive index increment of PIP in cy- 
clohexane at  25 "C for 633 nm was taken to be 0.106 cm3 g-', the 
value reported by Hadjichristidis and Fetters." Absolute cali- 
bration of the photometer was made with benzene (spectrograde, 
Nakarai Chemicals), for which the absolute Rayleigh ratio due 
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Table I 
Characteristics of Polyisoprenes in Cyclohexane at 25 "C 

microstructure: 
mol % R ~ ,  A ~ ,  10-4 

sample 1o*hf, lo* cm mol cm3 E-* cis-1.4 trans-1.4 3.4 
L-14 0.326 3.16 8.04 73.3 21.9 4.8 
L-12 0.568 4.33 7.03 67.0 25.3 7.7 
L-15 0.578 4.35 6.77 68.6 24.7 6.7 
L-11 2.44 10.50 4.74 84.1 11.9 4.0 
L-16 7.24 21.02 4.37 86.7 10.3 3.0 

"Measured in CDC13 at 35 "C. 

to Pike et  a1.12, Ruv (90) = 11.84 X lo4 cm-' (633 nm), was em- 
ployed. 

The microstructure of PIP was examined in CDC1, (3 w/v %) 
at 35 "C with a 400-MHz 'H NMR spectrometer (Japan Electron 
Optics Laboratory, JNM-GX 400) installed in Kitamaru's Lab- 
oratory of this Institute. The signal assignments were made on 
the basis of the data reported by Tanaka et  al.13 The charac- 
teristics of the PIP samples thus determined are summarized in 
Table I. 

Dynamic Light Scattering. Dust-free solutions of PIP in 
cyclohexane were prepared by the same procedure applied to 
solutions for static light scattering. With an instrument described 
earlier,14 the intensity autocorrelation function A(T) of the solution 
was measured at  25.0 f 0.02 "C by either a time interval correlator 
(made in our laboratory, 512 ~hannels ) '~  or a shift register cor- 
relator (Malvern, 72 channels). The incident light was a vertically 
polarized single-frequency 488-nm line emitted from an argon ion 
laser (Spectra Physics, Model 165-03) with a space etalon. The 
photomultiplier tube (Hamamatsu Photonics, R46441050) was 
set a t  six fixed scattering angles a t  lo", 30°, 60°, 90°, 120°, and 
150" to detect the vertical component of the scattered light from 
the solutions. The A(7)  data were analyzed by the histogram 
method15 with a nonlinear least-squares algorithm. A FACOM 
M180IIAD computer in our Institute was used for the analysis. 

Sedimentation Velocity. The sedimentation velocity of so- 
lutions was measured in an analytical ultracentrifuge (Beckman, 
Spinco Model E) at  25.0 f 0.1 "C and rotor speed of 42040 or 
59780 rpm with use of a single sector cell 12 mm long. The 
Schlieren diagrams obtained were read on a contour projector 
(Nihon Kogaku). 

Data Analysis, Evaluation of Dynamic 
Characteristics, and Results 

Dynamic Light Scattering. T h e  translational diffu- 
sion coefficients at finite polymer concentration, D(c) ,  for 
four samples o ther  t h a n  the highest molecular weight 
sample L-16 were estimated by fitting the A(7) data in the 
region, qRG ( s X ~ / ~ )  < 0.4, to a single-exponential decay 
curve. For  sample L-16, the histogram analysis was ap- 
plied. T h e  analysis gave a sharp unimodal distribution of 
t h e  decay rate ,  I?, at the scattering angle 6 = loo (X = 
0.454). T h e  diffusion coefficient, D(c),  was evaluated from 
t h e  effective decay rate, I',(c) [=D(c)q2].  This D(c)  value 
agrees to within about  3% with t h e  value evaluated from 
the  slow component of a bimodal I? distribution which was 
obtained at t h e  next  smallest angle, B = 30° (X = 4.01). 
Figure 1 shows the D(c)  values for all five samples as 
functions of concentration, c. All t h e  data points are well 
represented by  the linear relation 

D(c)  = Do(l + k D C )  (1) 
which yields Do a n d  kD l isted in Tab le  11. 

The first cumulants (or the effective decay rate), re(q,C), 
at given q and c were estimated by averaging r over either 
a bimodal distribution G(r) for X < 10 or a broad uni- 
modal one for X > 10. Figure 2 shows a n  example of t h e  
concentration dependence of I',(q,c) at constant q obtained 
for solutions of L-16. The data for each q are  well rep- 
resented by equations linear i n  c, as shown in  Figure 2, 

5 1  
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Figure 1. Concentration dependence of the translational diffusion 
coefficients, D, obtained for five PIP samples in cyclohexane at  
25 "C. 
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t 
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Figure 2. Linear extrapolation of the reduced effective decay 
rates, re(q,c)/sin2 (8/2), obtained for the solutions of the highest 
molecular weight sample L-16 to infinite dilution at  five scattering 
angles from 30" to 150O. 

Table I1 
Experimental Results of Do, so, k,, k,, and o Obtained for 

Polyisoprenes in Cyclohexane at  25 OC 

sample cm2 5-l so, s kD, cm3 g-' k,, cm3 g-l 0, cm3 g-' 
L-14 11.66 2.09 142 319 1.116 
L-12 8.293 2.70 217 482 1.109 
L-15 8.271 2.77 22 1 522 1.107 
L-11 3.476 4.79 651 1320 1.111 
L-16 1.737 7.24 1390 3260 1.108 

from which t h e  infinite dilution values r,(q,O) are  esti- 
mated. T h e  slopes change sign from positive t o  negative 

Do, lo-@ 
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Table I11 
Experimental Results of Effective Decay Rate (=First 
Cumulant) for Polyisoprenes in Cyclohexane at 25 "C 

angle, r,(q,o)/q*, 
deg X 10-8 5-1 

150 
120 
90 
60 
30 
10 

8 - 0  

150 
120 
90 
60 
30 
10 

8 - 0  

150 
120 
90 
60 
30 
10 

8 - 0  

30 
10 

8 - 0  

30 
10 

8 - 0  

L-16 
55.80 
44.85 
29.90 
14.95 
4.006 
0.454 3 
0.0 

L-12 
2.367 
1.903 
1.269 
0.634 2 
0.169 9 
0.019 27 } 
0.0 

L-11 
13.92 
11.19 
7.458 
3.729 
0.999 2 
0.113 3 
0.0 

L-15 
0.171 5 
0.019 45 } 
0.0 

L-14 

0.010 0.090 26 51 } 
0.0 

10.06 
8.78 
7.35 
5.28 
2.89 
1.74 
1.73, 

12.19 
11.60 
10.20 

8.29 
8.292 

9.98 
9.02 
1.46 
5.76 
4.21 
3.47 
3.476 

8.21 
8.27, 

11.66 
11.66 

values with increasing X1/2, as was the case for PS in 
ben~ene.~ For q << 1, the I',(q,O) value becomes equivalent 
to Doq2, as it should. Table I11 shows the q dependence 
of r,(q,O) values thus obtained for the five samples. The 
increase of re(q,O)/q2 with q, which reflects internal 
motions, was analyzed at small X by 

(2) 

from which the dimensionless parameter C was estimat- 
ed.16 

The amplitude of the translational diffusion mode rel- 
ative to the total mode, Po(X) /P(X) ,  was estimated from 
the fractional area of the slow component in the bimodal 
r distribution that was obtained by analyzing the A(T) data 
for given c and X in the range 1.5 C X C 10. Here, Po(X) 
and P ( X )  are the particle scattering functions for the 
translational and the total motion, respectively. The 
concentration dependence of Po/P thus estimated for L-16, 
L-12, and L-11 is shown in Figure 3. For each sample, 
the Po/P at given q depends linearly on c, as shown by the 
solid lines in the figure. Table IV gives the infinite dilution 
values (Po/P)c+. The slope of the solid lines in Figure 3 
increases with increasing X, irrespective of the sample 
molecular weight. The values of d(Po/P)/dc are also in- 
cluded in Table IV. 

Sedimentation Velocity. The sedimentation coeffi- 
cients at finite polymer concentrations s(c) were estimated 
by fitting the movement of the sedimentation boundary 
to the Billick-Fujita eq~ation:"~~* 

In ( r / r m ) / w 2 ( t  - to) = s(c)(l + B[(r/r,I2 - 11) (3) 

Here r and rm are the radical distances of the sedimenta- 

re(q,o)/q2 = ~ ~ [ i  + c(t = O ) X  + ...I 

I 0.5 1.0 1.5 1 
,- 

6 P 6 0' 
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Figure 3. Linear extrapolation of the relative amplitudes, Po/P, 
to infinite dilution; from top to bottom, the solution of L-16 at  
the scattering angle B = 30°; L-11 at  B = 60" and 90"; L-12 at  B 
= 90°, 120°, and 150'. 

Table IV 
Experimental Results of Relative Amplitude of 
Translational Diffusion Motion (P,,/P)c+ for 

Polyisoprenes in Cyclohexane at 25 "C 

L-12 1.269 0.970 0.0003 
1.903 0.931 0.0013 
2.367 0.909 0.0025 

L-11 3.729 0.834 0.0082 
7.458 0.663 0.021 

L-16 4.006 0.816 0.012 

tion boundary and the meniscus from the rotation axis, 
w is the angular velocity, t is the time measured from the 
moment when the rotor is set in motion, and B is a con- 
stant relating to the pressure effect on s ( ~ ) .  The zero-time 
correction to for the acceleration period was determined 
in such a way that plots of In ( r / r m ) / w 2 ( t  - to) vs. ( r / r m ) 2  
- 1 became linear over as wide a range of the abscissa as 
p ~ s s i b l e . ~ ~ , ~  Figure 4 shows the concentration dependence 
of l/s(c) thus obtained. The data points for each sample 
are well represented by the linear relation 

= (l/so)(1 + k c )  (4) 

which yield so and k, listed in Table 11. 
The so must satisfy the well-known equation 

D & / s ~  = RT/(1 - iJd)  (5) 

where R is the gas constant, M and D are the molar mass 
and the partial specific volume of the polymer, and d is 
the solvent density. Thus, using the experimental values 
of M,, Do, and so, we can evaluate of each PIP sample 
as shown in the last column of Table 11. The average value, 
i~ = 1.110 f 0.003 cm3 g-l at 25 OC, is favorably compared 
with the literature value, 1.10 cm3 g-l, for a natural rubber 
in cyclohexane at 20 O C 2 1  (We did not measure D in this 
study.) 

Discussion 
Molecular Weight Dependence of Static Charac- 

teristics. Figure 5 shows the molecular weight depen- 
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Figure 4. Concentration dependence of the inverse sedimentation 
coefficients, s-l, obtained for five PIP samples in cyclohexane at 
25 O C .  
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Figure 5. Logarithmic plots of the root-mean-square radius of 
gyration, RG, and the second virial coefficient, A2, against the 
weight-average molecular weight, M,, obtained for five PIP 
samples in cyclohexane at 25 O C .  

dences of RG and A2 (the second virial coefficient for static 
light scattering) on logarithmic scales. The data are well 
represented by 

RG = 1-35 X 1 0 - 9 M  W 0.61*0.01 (cm) (6) 

(7) 

respectively. The exponents v in these equations are in 
agreement, to within experimental error, with the theo- 
retical asymptotic values obtained for linear flexible 
polymers in good solvents, i.e., V R ~  = 0.6 and vA2 = -0.2.22 
It is thus confirmed that, in the molecular weight region 
examined in the present work, PIP behaves as highly 
swollen chains in the static sense. This is notable as 
compared with PS, of which vA2 attains the asymptotic 
value -0.2 a t  higher molecular weights, say Mw > 2 X 

Molecular Weight Dependence of Diffusion and 
Sedimentation Coefficients. The molecular weight de- 

A2 = 9.80 X 10-3M W -o,20*o.02 (mol cm3 g-2) 

107.2324 

Figure 6. Logarithmic plot of the translational diffusion coef- 
ficient at infinite dilution, Do, against M ,  obtained for PIP in 
cyclohexane at 25 O C .  
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Figure 7. Logarithmic plots of the sedimentation coefficient at 
infinite dilution, so, against M ,  obtained for PIP in cyclohexane 
at 25 "C. 

Table V 
Equivalent Hydrodynamic Radius RH and Dimensionless 

Parameter p (=Ro/R.)  for Polyisoprenes in Cyclohexane at 
2.5 O C :  

samde 
~ ~ _ _ _  

L-14 L-12 L-15 L-11 L-16 
Rw," lo4 cm 2.0& 2.93, 2.94n 6.99, 14.0, 
P 1.51- 1.48- 1.48- 1.50' 1.56 

" R H  was calculated from the relation RH = k e T / 6 ~ 7 & ~ .  

pendence of Do and so is shown in Figures 6 and 7 ,  re- 
spectively. These data are well represented by 

0 W (cm2 s-l) (8) 

(S) (9) 

respectively. Two exponents in these equations satisfy the 
relationship, vag - VD = 1, as is expected from eq 5, and 
indicate that PIP bekaves as highly swollen chains in the 
dynamic sense too. 

Stokes Radius. Equation 8 can be rewritten in terms 
of the equivalent Stokes radius RH of a polymer as 

D = 2.69 x 1 0 - 4 M  -0.61f0.01 

so = 1.43 x 10-15M 0.395f0.01 
W 

Do = kBT/6rq0Rn (10) 

W (4 (11) R H = 9-03 x 1 0 - 1 0 M  0.61f0.01 

Here qo represents the solvent viscosity and kB the 
Boltzmann constant. The ratio, p = RG/RH, obtained for 
each polymer sample is constant, to within experimental 
error, as shown in Table V. 

According to Kirkwood% and also to Akcasu and Gur01,~~ 
the Stokes radius, RH, can be expressed as 

N N  

i= l j=1 
RH-l = N 2  xx(l/rij) i # J (12) 
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Figure 8. Reduced values of re(q,0)/Doq2 plotted against X in 
the small range X < 8: (0) L-16, ( 9 )  L-11, (6)  L-12 for PIP in 
cyclohexane at 25 OC; (0) PS data in benzene at 30 "C.3 The solid 
lines AG and AG-PA are the theoretical curves calculated by 
Akcasu and Guroll6vs for the nondraining Gaussian chains with 
preaveraged (PA) and non-PA Oseen hydrodynamic interaction, 
respectively, and the corresponding broken lines represent the 
initial slope, 2/15 and 13/75, respectively. 

in the long-chain, nondraining limit. The corresponding 
expression for the radius of gyration, R G ,  is 

N N  

where N represents the number of chain elements in a 
molecule and ri; the spatial distance between elements i 
and j .  Equations 12 and 13 lead to the well-known theo- 
retical value, p = 1.504, for the Gaussian chain,2e which is 
in good agreement with the experimental values, ca. 1.50, 
in Table V. However, this agreement is fortuitous, for the 
PIP chains are not Gaussian. 

We have recently found in the study of static scattering 
function for highly swollen polymersn that the distribution 
function for is well represented by the generalized 
Domb-Gillis-Wilmers function2s 

W(r,n) = C,r' exp[-(r/a,Jt] (n li - j l ,  r rLj)  (14) 

with critical indexes, t = 2.40 and 1 = 2.80. Here C, is the 
normalization constant and on is the scaling factor, re- 
spectively. If eq 14 is adopted in the calculation of RH and 
R G ,  we obtain p = 1.596 as shown in the Appendix section, 
which yields Pexptl/Pc&.d = 0.94. This value is to be com- 
pared with 0.85 obtained in 8 - s o l ~ e n t s . ~ ~  If we interpret 
these results in terms of the recent theory of F i ~ m a n , ~ ~  the 
strength of internal friction X decreases with increasing 
expansion of polymer coils. 

In this connection, it may be pertinent to note that 
Benmouna and Akcasu4 have obtained P&d = 1.860 for 
highly swollen chains with vRG = 3/5 by using Ptitsyn's 
pseudo-Gaussian form (or the blob model form) of W(r,n), 
i.e., eq 14 with t = 2 = 2. This value of P&d gives pexptl/p 
c&d = 0.81 and hence predicts the change of X in the op- 
posite direction t~ the above. Thus, we may reconfirm the 
significance of the dangling chain effect on the short-range 
behavior of W, which is represented by the high value of 

First Cumulant-Small-q Region. Figure 8 shows the 
X (=q2RG2) dependence of re(q,0)/Doq2 in the small range 
X < 8. The notation in the ordinate denotes re-  
(q,O). Irrespective of molecular weight, the PIP data shown 
by unfilled circles are located near the solid line AG or the 
theoretical curve obtained by Akcasu and GuroP for 
nondraining Gaussian chains with nonpreaveraged (non- 
PA) Oseen hydrodynamic interaction. The broken line or 
the initial slope of the curve AG represents the already 
mentioned dimensionless parameter C(t = 0) in eq 2 and 
givesI6 C = 13/75 = 0.173. 

1.31 

6 -  

5 -  

Figure 9. Reduced values of re(q,0) /D0q2 plotted against X in 
the large range of 0 < X < 65. Symbols are the same as in Figure 
8. 

0 2 4 6 8 10 12 
x 1 / 2  

Figure 10. Plot of the reduced effective decay rate re(q,O)/ 
(q3kBT/vO) against (0) L-16, ( 9 )  L-11, ( 6 )  L-12 for PIP in 
cyclohexane at 25 "C; (0) PS data in benzene at 30 "C. Various 
lines are the theoretical curves calculated for the nondraining 
flexible coil: BA and BA-PA are Benmouna-Akcasu calculation 
with n ~ n - P A ~ v ~ ~  and PA36 Oseen tensor, respectively, in good 
solvent limit; AG and AG-PA are Akcasu-Gurol one with non-PA 
and PA, respectively, in @statez6; (0) is self-avoiding chain with 
non-PA Oseen tensor.37 

In Figure 8, we show also our previous data3 for PS in 
benzene by the filled circles. The data, though consider- 
ably scattered, seem to favor the solid line AG-PA for the 
nondraining Gaussian chains with preaveraged (PA) Oseen 
interaction, of which the initial slope gives C = 2/15 = 
0.133.16 However, Bantle et al.32 have reported that their 
data for a PS sample with molecular weight, M, = 2.89 
x lo6, yield C value of ca. 0.2. 

According to Tanaka and S t ~ c k m a y e r , ~ ~  the quantity C 
depends to a negligible extent on the excluded volume 
effect within the first-order perturbation treatment. For 
highly swollen chains, however, the theoretical value of C 
has not been established yet. (Following the Han-Akcasu 
scheme,' we could obtain C = 0.175 for PA hydrodynamic 
interaction.) Here we simply note that the dynamic be- 
havior of highly swollen chains in the small-q region is 
fairly well described by the Akcasu-Gurol theory for 
Gaussian chains. 

First Cumulant-Intermediate-q Region. Figure 9 
shows the X dependence of re(q,O)/D0q2 in the extended 
range X < 65, where unfilled circles are the present data 
on three PIP samples in cyclohexane and the filled circles 
are our previous data3 on four PS samples in benzene. To 
our surprise, the PIP data are still well represented by the 
Akcasu-Gurol curve for nondraining Gaussian chains with 
non-PA16*26 over the wide range of X, while the PS data 
are well represented by the AG-PA curve. 
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Figure 1 1. Dependence of the amplitude of translational diffusion 
motion relative to that of all molecular motions (P0/P), against 
X (0) present data for PIP in cyclohexane at 25 OC; (0) PS data 
in benzene at 30 0C.3 The solid curve is a theoretical one for the 
nondraining Gaussian chain with the PA Oseen t e n ~ o r . ~ ~ " ~  

Figure 10 shows the plot of the reduced first cumulant 
I',(q,0)/(q3ltBT/~,) against X112, where unfilled and filled 
circles represent PIP and PS data, respectively. The ex- 
perimental data on PIP produce a master curve irrespec- 
tive of molecular weight, which decreases rapidly with 
increasing X1t2 for X112 < 2 and then approaches asymp- 
totically a constant in the range X112 > 4. The constancy 
of ra(q,0)/q3 confirms the nondraining nature of the PIP 
chains. The thin solid line AGZ6 and the thick solid line 
BA** in Figure 10 represent theoretical curves which were 
obtained for nondraining chains with nonpreaveraged 
Oseen tensor in the @state and in the highly swollen state, 
respectively. Their asymptotic values are 0.0625 for AG 
and 0.0788 for BA, respectively. I t  is obvious that the PIP 
data fit the AG curve rather than the BA curve. The 
situation resembles the one encountered in the case of 
Stokes radius. It has already been revealed35 that the 
pseudo-Gaussian distribution function (eq 14 with I = t 
= 2) employed in the BA calculation is not a good choice 
for predicting correctly the behavior of static scattering 
function in the intermediate-q region X1l2 >2. Effect of 
the precise form of segment distribution function on re 
still remains unclear. We have no explanation for the 
above observation on re. 

We show in Figure 10 the asymptotic values of re- 
(q,0)/(q3kBT/s0) for chains with preaveraged Oseen tensor 
by solid lines AG-PA26 and BA-PA.36 We show also an- 
other theoretical curve 0 which was obtained by O 0 n 0 ~ ~  
for nondraining self-avoiding (swollen) chains with non- 
preaveraged Oseen tensor. Reading off the asymptotic 
re/(q3kBT/q0) of his drawings, we obtain 0.050 for swollen 
chains and 0.027 for Gaussian chains. However, it  is be- 
yond our task to comment on these figures. 

Relative Amplitude of Translational Diffusion 
Motion. In Figure 11, the X dependence of the relative 
amplitude of translational motion at  infinite dilution 
(Po/P), is shown, where the unfilled circles represent the 
present data, the filled circles our previous data for PS in 
b e n ~ e n e , ~  and the solid line the theoretical curve for 
nondraining Gaussian chains with PA Oseen t e n s ~ r . ~ ~ , ~ ~  
The non-PA curve of (Po/P)c+ has not been presented. 
With the increase of X, the (Po/P)c-o for PIP decreases 
along the solid curve in the range X < 3 and then deviates 
from the curve upward in X > 3. It has been widely 
recognized that the static scattering function P ( X )  for 
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Figure 12. Volumefraction frame, kDV, plotted against parameter 
X, which represents a ratio of the radius of equivalent thermo- 
dynamic sphere, s, to that of equivalent hydrodynamic sphere, 
RH, in the X range of good solvent atmosphere: (0) present data 
for PIP in cyclohexane; (0) data for PS in benzene3 in M ,  C 4 
X lo6; (7) data for PS in benzene3 in M, > 4 X lo6. The solid 
lines Y, AB, and PF are the theoretical curves shown in eq 15, 
16 and 17, res ectively, and AB* is expressed by the relation, 

swollen chains is well representec! up to X 10 by the 
Debye function for Gaussian  chain^.^^,^^ In other words, 
the uniform expansion approximation for the segment 
distribution function is effective up to X 10 in the case 
of P(X)  and also of re. The deviation of experimental Po/P 
from the Gaussian curve at  small X may be a source of 
information on the precise form of the segment distribution 
function. Since the separation of the diffusion mode Po 
can be performed with reasonable precision by the histo- 
gram method,39 we do not think the deviation to be arti- 
ficial. To test this conjecture, we need a theory of Po. 

Concentration Dependence of D .  As compared with 
the infinite dilution characteristics such as Do, p, (P0/P)&, 
and re(q,O), the concentration dependences of these 
quantities are much complicated in nature because they 
are influenced by the interchain interactions as well as the 
intrachain interactions. Only a few theories are available 
a t  present. Therefore, we discuss briefly the coefficient 
kD alone. If we use the volume fraction coefficient kDV 
instead of k D  (=kDvNAvH/M, vH is the equivalent hy- 
drodynamic volume of the polymer defined by V H  = 
4?rRH3/3), three theoretical proposals have been presented: 

k D V  = X 2 ( 8 X  - 6) (AB)41342 (16) 

kDV = 8X3  - 7.16 + K (PF)43 (17) 
where the dimensionless parameter 8 is defined by 

8 = S/RH (18) 
The s is the radius of equivalent thermodynamic sphere 
and is defined by A2 as 

k D b ( ~ ~ * )  =  AB) - 1. 

kDV = 3.2X3 - 1 (Y)40 (15) 

A2 = (16rNA/3W)S3 (19) 
The quantity K in eq 17 becomes zero for the good solvent 
limit. Thus, 8 can be expressed by the well-known pen- 
etration function \k [%4&f/(42/2N~R~3)] and p [=&/RH] 
as 

8 = (3a1/2/4)1/3\E1/3p (20) 

The parameter X varies from zero at  the 0-temperature 
to about unity in the good solvent limit. In Figure 12, these 
plots of kDV vs. X are shown in the range X > 0.72 where 
the chain is in the good solvent atmosphere; Le., kDV > 0. 
The d i l l e d  data points for PIP in cyclohexane are located 
well on curve Y IYamakawa,@ eq 15), as is the case for PS 
with M ,  < 4 X lo6 in benzene (filled circles). However, 
the PS data with M, > 4 X 106 (fiied circles with pip) show 
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a curious molecular weight dependence,4 k D  a Mwo 43, and 
lie in the middle of curves AB (Akcasu-Benmouna) and 
AB*. The latter curve, kDV(AB*), represents kDV(AB) - 
1. These results induce the question why kD can be 
quantitatively explained by the theory, e.g., Yamakawa’s, 
though Do cannot. We have no answer to it at present. 
Conclusion 

The dynamic properties obtained in dilute solutions of 
PIP in cyclohexane are considered to represent the univ- 
ersal behavior of highly swollen polymer chains in good 
solvents. This is due to the high flexibility of PIP chains. 
Unexplained experimental results hitherto reported for PS 
in good solvents may be attributed to the lower flexibility 
of PS chains or to the insufficient chain length of used 
samples. The dynamic behavior of a highly swollen chain 
can be fairly well represented by the nondraining Gaussian 
chain model with nonpreaveraged Oseen hydrodynamic 
interaction, but not by the pseudo-Gaussian model of 
Ptitsyn nor the so-called blob model. However, closer 
inspection of dynamic properties of swollen chains reveals 
that the real distribution of chain elements in a molecule 
is significantly distorted from the Gaussian form and is 
represented by the generalized Domb-Gillis-Wilmers 
function involving two critical indexes. A 6% difference 
existing between observed and theoretical Stokes radii may 
be attributed to the Fixman effect of internal friction. 
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Appendix 

The normalization constant, C,, for the generalized 
Domb-Gillis-Wilmers (DGW) distribution function, eq 14, 
is given as 

c,-I = (a,L+l/t)r[(i + i ) / t ]  (A.1) 
where r denotes the gamma function. This function leads 
to 

( l / r , )  = Lmr-’W(r,n) d r  = 

( 1 / U n ) { r ( i / t ) m i  + l ) / t i i  w . 2 )  

( rn2 )  = U n 2 r [ ( l  + 3) / t ] / r [ ( l  + l ) / t ]  (A.3) 
Recent studies of the distribution function Wc,(r,li - j l )  for 
a long, highly swollen, chain molecule indicate that the 
effect of molecular ends as represented by the i, j depen- 
dence of W is negligible for most purposes and the DGW 
form W(r ,n )  (with n li - j l )  is applicable to all pairs of 
chain elements in the molecule (as it is in the case of ring 
molecule). 

Thus, putting 
( r N 2 )  = A P ”  ( rn2 )  = An2” = ( r N 2 ) ( n / N 2 ”  (A.4) 

and replacing the summation in eq 12 and 13 by integrals, 
we obtain 

RH-’ = ( 2 / W ? ) J N ( N -  n ) ( l / r , )  dn = 
0 

2 ( l / r N )  L1(l - x)x -”  dx 

RH-’ = ( i /~N){ro /ww + i ) / t 1 1 [ 2 / ( 1 -  v)(2 - V)I 
(A.5) 

R~~ = aN2(r[(i + 3 ) / t ] / r [ ( l  + i ) / t ] p ( i  + + 2 d  
(A.6) 

Hence, we obtain 
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P = (2r[(l + 3) / t ] / ( i  + v ) ( i  + 2 v ) r [ ( l  + i ) / t ~ ] ~ / ~  x 
w(i/w(i - 4 ( 2  - m(l + i ) / t i i  ( ~ . 7 )  

This equation gives 
p = 1.5045 ( t  = 1 = 2, v = 1/2); 1.8602 ( t  = 1 = 2 ,  

v = y5); 1.6627 ( t  = 2.50, 1 = 2.71,31 
v = Y5); 1.5955 ( t  ~ 2 . 3 9 8 ,  1 = 2.802, v = 0.583)27 (A.8) 
Registry No. Polyisoprene, 9003-31-0. 
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A Computer Simulation for the Aggregation of Associating 
Polymers 
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ABSTRACT A computer simulation (in 2-D) is used to model the aggregation process for self-avoiding flexible 
polymers which contain two “stickers”, one at each chain end. We assume that the strong attractive interaction 
between these end sites leads the chains to aggregate and form clusters. By assuming that the monomer 
concentration of our aggregate is comparable to the monomer concentration a t  the overlap threshold for a 
solution of 2-D self-avoiding random walk chains, we have been able to correlate the radius of gyration for 
the cluster to n and N ,  the degree of polymerization and the number of chains, respectively. We find that 
R, - N‘/2n3/4. However, the presence of self-loops causes the cluster to contract in size and results in a small 
deviation from the predicted exponent relating R, and N .  We also demonstrate that the diffusion-limited 
network formation studied here is distinctly different from the small-particle diffusion limited aggregation. 

Associating polymers are flexible macromolecules which 
contain a number of sites that strongly attract each other. 
The strong interaction between these sites leads the chains 
to aggregate and form clusters. This, in turn, gives rise 
to a variety of unusual physical properties.14 Of particular 
interest are polymers in which the associating sites or 
“stickers” are located at  the ends of the chains.’V8 This 
feature is relevant in several self-assembling processes, such 
as the aggregation of telechelic ionomers: mesophase 
formation in didiscotic liquid crystals,l0 and gel forma- 
tion,” as well as the formation of microemulsions12 and 
block copolymers. While there is considerable experi- 
mental evidence for the end-to-end association in the 
systems listed above, the exact size, shape, and number 
of stickers involved in these structures remain ~ncer ta in .~  

In an attempt to understand the details of structures 
underlying these processes, we present below a computer 
simulation in two dimensions to model the aggregation 
process for flexible chains which contain two stickers, one 
at  each chain end. In general, one of the key features in 
the above-mentioned processes is the lifetime of the as- 
sociation of the stickers.13 This lifetime depends strongly 
on the chemical nature of the stickers. The computer 
simulation of such reversible associations of polymer chains 
with stickers is a very difficult task in terms of the nec- 
essary computer time. As a start, we consider only the case 
where the lifetime of the association is longer than the 
relaxation time of the individual chain and the charac- 
teristic time for the diffusion of a chain inside the aggre- 
gate. Consequently, we assume that the chains aggregate 
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by a given end of a chain sticking irreversibly to either the 
other end of the same chain or an end of a different chain. 
Attention is focused only on the formation of a single 
aggregate . 

The advantage afforded by this computer simulation is 
that it yields both a qualitative and quantitative means 
of understanding the factors which influence the size and 
shape of the growing cluster. First, the figures generated 
via this method allow us to actually visualize the growth 
and changes in the aggregate. Second, various features of 
the cluster, such as the radius of gyration or the number 
of intra- and inter-chain interactions are easily computed. 
Third, “experiments” to alter various polymer properties 
(such as chain length) are easily carried out, and hence we 
can examine how such variations affect the aggregation 
process. Finally, the procedure used here is similar to that 
used to study the class of problems known as diffusion- 
limited aggregation (DLA).14 In these problems, diffusion 
of the particles to the surface of the aggregate is the 
rate-limiting step. As is common in this class of calcula- 
tions, we will search for a scaling law that describes the 
evolution of the cluster. 
The Model 

The simulation is started by placing a seed chain, of 
specified length but with self-avoiding random configu- 
ration, a t  the center of a two-dimensional square lattice. 
The chain is taken to be composed of (n  - 1) bonds. All 
chains in the simulation obey the excluded volume criteria, 
in that no lattice site is permitted to be doubly occupied. 
The last bond at  both ends of the chain is designated as 
a “tail”. The configuration of the f i s t  chain remains fixed. 
Another chain of equal length is introduced and allowed 
to execute a self-avoiding random walk. In this paper we 
consider two limits which we call dilute and concentrated. 
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