
Macromolecules 1990,23, 1165-1174 1165 

(9) Magda, J. J.; Davis, H. T.; Tirrell, M. J .  Chem. Phys. 1986, 

(10) Doi, M.; Yamamoto, I.; Kano, F. J .  Phys. SOC. Jpn. 1984,53, 

(11) Maguire, J. F.; MacTague, J. P.; Rondelez, F. Phys. Lett. 1980, 

(12) Zero, K. M.; Pecora, R. Macromolecules 1982, 15, 87. 

85, 6674. 

3000. 

45, 1891. 

(13) Mori, Y.; Oocubo, N.; Hayakawa, R.; Wada, Y. J.  Polym. Sci., 
Polym. Phys. Ed. 1982.20, 2111. 

(14) Odell, J. A:; Atkins, E. D. T.; Keller, A. J .  Polym. Sci., Polym. 

(15) Mori, Y.; Hayakawa, R. Polym. Prepr. Jpn. 1983, 32, 694. 
(16) Russo, P. S.; Karasz, F. E.; Langley, K. H. J. Chem. Phys. 

(17) Keep, G .  T.; Pecora, R. Macromolecules 1988,21, 817. 
(18) Fixman, M. Phys. Rev. Lett. 1985,54, 337; 1985,55, 2429. 
(19) Bitsanis, I.; Davis, H. T.; Tirrell, M. Macromolecules 1988, 

(20) Onsager, L. Ann. N.Y. Acad. Sci. 1949,51, 627. 
(21) Doi, M.; Edwards, S. F. Theory of Polymer Dynamics; Clar- 

(22) Flory, P. J. Proc. R. SOC. London, Ser. A 1956, A234, 73. 

Lett. Ed. 1983,21, 289. 

1984,80, 5312. 

21, 2824. 

endon Press: Oxford, 1986. 

(23) Turk, P.; Lentelme, F.; Friedman, H. J .  Chem. Phys. 1977,66, 

(24) Van Gunsteren, W. F.; Berendsen, H. J. C. Mol. Phys. 1982, 

(25) Chandrasekhar, S. Rev. Mod. Phys. 1943, 15, 1. 
(26) Van Kampen, N. G. Stochastic Processes inPhysics and Astro- 

nomy; North Holland: Amsterdam, 1981. 
(27) Gardiner, C. W. Handbook of Stochastic Methods for Phys- 

ics, Chemistry and Natural Sciences; Springer-Verlag: Berlin- 
Heidelberg, 1983. 

(28) Ceperley, D.; Kalos, M. H.; Lebowitz, J. L. Macromolecules 

3039. 

45, 637. 

1981,14,1472. 

A. H.; Teller, E. J.  Chem. Phys. 1953, 21, 1087. 
(29) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, 

(30) Rossky, P. J.; Doll, J. D.; Friedman, H. L. J.  Chem. Phys. 1978, 
69, 4268. 

(31) Rao, M.; Pangali, C.; Berne, B. J. Mol. Phys. 1979, 37, 1773. 
(32) Rao, M.; Berne, B. J. J .  Chem. Phys. 1979, 71, 129. 
(33) Verlet, L. Phys. Rev. 1967, 159, 98. 
(34) Lebowitz, J. L.; Rubin, E. Phys. Rev. 1963, 131, 2381. 
(35) Resibois, P.; Davis, H. T. Physica 1964, 30, 1077. 
(36) Wada, A.; Kihara, H. Polym. J. 1972, 3, 482. 
(37) Tsuji, K.; Ohe, H.; Watanabe, H. Polym. J .  1973, 4, 553. 

Dynamic Behavior of 8 Solutions of Polystyrene Investigated by 
Dynamic Light Scattering 

Taco Nicolai, Wyn Brown,* and Robert M. Johnsen 

Institute of Physical Chemistry, University of Uppsala, 751 21 Uppsala, Sweden 

Petr StgpAnek 

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences, 
162 06 Prague 6, Czechoslovakia. Received June 2, 1989; 
Revised Manuscript Received August 9, 1989 

ABSTRACT: Relaxation time distributions from dynamic light scattering (DLS) (obtained from the cor- 
relation curves using a Laplace inversion routine REPES), typically covering about 8 decades in relaxation 
time, have been determined for solutions of polystyrene in cyclohexane at 35 O C  (e conditions) over a wide 
span of polymer concentrations from very dilute to far into the semidilute regime. The relaxation time 
distributions increase in complexity with increasing polymer concentration. The results from the semidi- 
lute solutions are compared to a theory developed by Brochard and de Gennes and are shown to agree only 
partially. The results indicate that DLS is a possible tool for the investigation of viscoelastic properties of 
semidilute polymer solutions. 

Introduction 
The scaling description of semidilute polymer solu- 

t i o n ~ ~ - ~  has been a major inspiration of new ideas in the 
physics of static and dynamic properties of polymers in 
solution. It has led to predictions whose experimental 
verification required precisely the space and time reso- 
lution offered by light scattering and neutron scattering. 
A broad review that includes the application of dynamic 
light scattering (DLS) to this problem area is provided 
by ref 4. 

A central prediction of the scaling theory for semidi- 
lute solutions in thermodynamically good solvents is that 
a single characteristic length exists in such systems and 
consequently only one dynamic process should be observed, 
characterized by a cooperative diffusion coefficient (D).  
Experimentally, it  has been found, however, that although 
cooperative diffusion dominates in semidilute solutions 
in good solvents, other processes participate and give rise 

0024-9297 /90/ 2223-1 165$02.50/0 

to deviations from a single exponential decay of the auto- 
correlation function of the scattered light. This effect, 
typified by low-frequency modes in the decay spectrum, 
becomes very pronounced with a decrease in solvent qual- 
ity toward 9 conditions.'-l' 

Brochard and de Gennes16*" have developed scaling 
expressions for 9 systems. They propose two limiting 
regimes: at small scattering vectors ( 4 )  (such that Dq2 < 
T;', where T, is the characteristic disentanglement time 
for the chains or the terminal time from viscoelastic mea- 
surements) the restoring force for the concentration fluc- 
tuations, originating from the osmotic compressibility, 
leads to a cooperative diffusion coefficient that is lin- 
early proportional to the polymer concentration. At scat- 
tering vectors (corresponding to Dq2 > Tr-'), they pre- 
dict that the correlation function is bimodal. The fast 
mode characterizes the cooperative diffusion and the other 
mode, which is independent of the scattering vector, char- 

@ 1990 American Chemical Society 
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acterizes the structural relaxation of the transient net- 
work. 

Adam and Delsantig analyzed the correlation function 
at large scattering vectors in terms of two modes as had 
been predicted by Brochard and de Gennes: the fastest 
mode was found to be diffusive and the slowest was inde- 
pendent of the scattering vector and close to the longest 
relaxation time obtained by viscoelastic measurements. 

Other~'*'~.have subsequently shown that (in various 
8 systems) the decay time spectrum is even more com- 
plicated. Besides the diffusive mode they observed a num- 
ber of slower modes that were independent of the scat- 
tering vector. The slowest of these modes was of the order 

Here we report results from DLS experiments on 8 
solutions of polystyrene over a broad range of polymer 
concentrations from very dilute to far into the semidi- 
lute regime. It will be shown that the autocorrelation 
function of the scattered light gradually changes when 
we increase the concentration from a relatively simple 
situation for dilute systems, where we measure the dif- 
fusion of individual chains, to a complex situation for 
semidilute systems, where we measure a fast diffusive 
mode and a whole range of slower modes. We will inter- 
pret the diffusive mode in terms of the theory given by 
Brochard and de Gennes and extended by Adam and Del- 
santi. The slower modes can probably be related to the 
viscoelastic properties, which are also measured in mechan- 
ical measurements, but not in the simple way given by 
Brochard and de Gennes. 

Tr. 

Theory 
If the influence of the solvent is ignored, the intensity 

fluctuations of light scattered from dilute solutions of 
monodisperse linear polymers result from translational 
diffusion of the polymer chains and intramolecular motions. 
The latter become important when qR, > 1 where R ,  is 
the radius of gyration of the coils and q is the scattering 
wave vector light given by q = (4an/X) sin (0/2) with n 
the refractive index, h the wavelength, and 0 the scatter- 
ing angle. By use of the Rouse-Zimm model for poly- 
mers the intramolecular motions can be described in terms 
of a series of internal  mode^.^"^^'^ Writing only the first 
internal mode explicitly, the field autocorrelation func- 
tion of the scattered light normalized by the average inten- 
sity is given by2' 

where Fl = Dq2 with D the translational diffusion coef- 
ficient of the coils and F2 = 217' with the relaxation 
time of the first internal mode. The relative amplitudes 
of the internal modes are strongly dependent on the scat- 
tering vector but their relaxation times are q indepen- 
dent. At infinite dilution the diffusion coefficient isrelated 
to the hydrodynamic radius of the coils (Rh) through the 
Stokes-Einstein relation 

with qs the solvent viscosity, k the Boltzmann constant, 
and T the absolute temperature. 

For 8 solvents D decreases with increasing concentra- 
tion due to friction between the chains since the second 
virial coefficient is zero." 

When the concentration increases over a certain value 
(C*) the coils overlap and multichain interactions become 
important. Solutions in which the coils overlap strongly 

but the segment friction still depends only on the sol- 
vent viscosity are called "semidilute". The only attempt 
to describe the component modes contributing to light 
scattered from semidilute solutions of linear polymers a t  
8 conditions was made by Brochard and de Genne~.'~"' 
In their theory (which we briefly summarize below) the 
spontaneous concentration fluctuations are described as 
weak sinusoidal modulations of the average concentra- 
tion (C): 

(3) 
with rq the relaxation time of the modulation of the wave 
vector q with which we probe in a DLS experiment. The 
response to these concentration fluctuations is written 
as a balance between a restoring force in terms of the 
longitudinal elastic modulus (M) on the one hand and 
the friction between the chains and the solvent on the 
other: 

GC(x,t) = GC cos (qx)e+q 

(4) 

where u is the displacement of the chains and p is the 
effective mobility. In a semidilute 8 solution the chains 
are always entangled and are thought to form a tran- 
sient network. Therefore M may be split into an osmotic 
modulus E, due to thermodynamic interactions and a 
gel modulus (E,) due to the entanglements. 

The osmotic modulus is related to the osmotic pres- 
sure (a):  

E, = C(Ga/GC) (5) 
Under 8 conditions excluded-volume effects due to the 
binary interactions between chain segments are absent, 
which means that the osmotic modulus is due mainly to 
ternary interactions and thus E, - C3 where it is assumed 
that the segment distribution of the polymers is Gaus- 
sian. 

The gel modulus is related to the density of entangle- 
ments that are due to topological interactions between 
two chains and therefore Eg - C2. One has to take into 
account, however, that the entanglements have a finite 
lifetime, which depends strongly on the polymer concen- 
tration and the molecular weight. As a consequence, the 
gel modulus depends on the frequency ( w )  of the concen- 
tration fluctuations and thus the wave vector q at  which 
we probe these fluctuations. If one assumes a single char- 
acteristic time (7,) in which the chains disentangle, the 
elastic force of the transient gel may be modeled by a 
single dashpot and spring in series and M becomes 

For very low frequencies the polymers will have time to 
disentangle and the concentration fluctuations relax as 
in a viscous solvent with a characteristic relaxation time 
determined by the osmotic modulus only 

(7) 

Here D, is the cooperative diffusion coefficient in this 
so-called hydrodynamic regime defined by 

Dh = kT/6aqsfh (8) 
where the hydrodynamic correlation length f h  is expected 
to be inversely proportional to the polymer concentra- 
tion for 8 solvents and independent of the molecular 
weight. 

For very high frequencies, on the other hand, the entan- 
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glements m a y  be considered to be "frozen" a n d  the con- 
centrat ion fluctuations relax as in a permanent gel with 
a characteristic relaxation t ime  determined b y  both t h e  
osmotic modulus and the gel modulus. For this case we 
may  write 

(9) T ~ - ~  = k (Eo  + E,)q2 = D,q2 
C 

Here D,  = D,  + D is the cooperative diffusion coeffi- 
cient in th i s  so-calked gel regime with D,  given b y  eq 8 
a n d  

Dynamic Behavior of 8 Solutions 1167 

where a is the size of a monomer  and f is a numerical  
coefficient depending o n  the efficiency with which entan- 
glements are formed. D: is independent  bo th  of the con- 
centrat ion and of the molecular weight. 

The normalized autocorrelation function of the scat-  
tered light (g ( l , ( t ) )  has been derived by Brochard and d e  
Gennes  with the assumption that E >> E,. Later a mod- 
ification was given b y  Adam and Ifelsantig t o  cover the 
case of E,  I E,. Assuming that D ,  > D,, g(',(t) may be 
wri t ten as a s u m  of two  exponentials: 

g(,,(t) = A F - ~ / ~ ~  + Aset/" (11) 
The ampli tudes of the fa s t  (f) and the slow (s) modes a re  
given by 

For D,q2 << Tr-', i.e., i n  the hydrodynamic regime, the 
fast  a n d  slow relaxation t imes are  T~ = T, and T, = (Dhq2)-'. 
The ampl i tude  of the fast  mode ,  however, becomes very 
small in  comparison t o  the slow mode so that t h e  auto- 
correlation function is characterized by a single, angle- 
dependen t ,  relaxation t ime. 

Fo r  D,q2 >> Tr-', Le., in the gel regime, the fast and 
slow relaxation t imes are 

I n  th i s  l imit  the rat io  of the ampli tudes of the fast and 
t h e  slow modes  becomes 

Inserting the expressions for D ,  and D: given in eq 8 
a n d  10 i n to  eq 14, we obtain the following expression for 
D ,  

I n  the foregoing discussion it has been assumed that q[h 
<< 1 ,  Le., we have n o t  considered internal  modes of pa r t s  
of the chains that are correlated. If q-l is smaller t h a n  
t h e  correlation length b u t  is st i l l  larger t h a n  the dis- 
t ance  between entanglements,  the first  relaxation time 
is expected t o  be n o  longer linearly proportional t o  4'. 
D, calculated as 1 / (7 f12)  decreases in  this case with increas- 
ing q .  F o r  even larger wave vectors internal  modes  of 
pa r t s  of the chains between entanglements  a re  probed,  
which are expected t o  be the same as for a single chain 
with t h e  length of these parts. 

Experimental Section 
Polystyrene solutions were prepared using polymers from Toya 

Soda Ltd. Japan: M ,  = 3.8 X lo6, M,/Mn = 1.05, M ,  = 5.48 X 

lo6, M,,,/Mn = 1.05, M ,  = 1.28 X lo6, M,/M,, = 1.05. The sol- 
vent was spectroscopic grade cyclohexane from Merck, Darm- 
stadt, FRG, and was used without further purification except 
for drying over 3-A molecular sieves. The solutions were made 
by initial dissolution of the polymer in cyclopentane followed 
by centrifugation. The upper portion was used and the cyclo- 
pentane evaporated and replaced by a measured amount of fil- 
tered cyclohexane in the measuring cell, which was then flame- 
sealed. The solutions were allowed to  mature for months prior 
to use. 

The experimental arrangement has been described pre- 
viously.'o The light source was either a 488-nm Ar ion laser or 
a 632-nm He-Ne laser. An ALV-Langen Co., multibit, multi-7 
autocorrelator was operated with 23 simultaneous sampling times 
(covering, for example, delay times in the range 1 ps to 1 min) 
in the logarithmic mode and 191 channels. The stability of the 
photon count at  all angles indicated that the solutions were essen- 
tially dustfree. 

Method of Analysis. For the analysis of the measured auto- 
correlation curve, an inverse Laplace transformation (g(t) = 
J t A ( ~ ) e - ~ l '  ds) was performed using a constrained regulariza- 
tion calculation program called REPES" to obtain the distribu- 
tion A(7)  of relaxation times. The algorithm differs in a major 
respect from CONTIN developed by P r ~ v e n c h e r ~ ~  in that the rel- 
evant computer program directly minimizes the sum of the 
squared differences between the experimental and calculated 
g(z,(t) functions (g(2,(t) = g{','(t)), modified by a penalizing term. 
We have compared analyses using REPES with those using CON- 
TIN and M A X E N T , ~ ~ , ~ ~  which are other calculation routines used 
to  perform the Laplace transformation using a different mini- 
mization procedure, for a number of correlation curves. The 
results were found to be quite similar when the same degree of 
smoothing was used. REPES, however, is much faster than the 
current implementations of CONTIN and MAXENT on personal com- 
puters. The range of relaxation times allowed in the fitting 
was usually between 10 1.1s and 100 s with a density of 1 2  points 
per decade. In Figure 1 an example is given of a correlation 
curve together with the result of the analysis using REPES and 
the residuals to the fit. The relaxation rates are obtained from 
the moments of the peaks of the relaxation time distribution 
or, when the peaks were partly overlapping, from the peak posi- 
tions. 

CONTIN yields broad distributions with multiple peaks in the 
relaxation spectrum in its unsmoothed analysis. The same is 
true for REPES and it  is therefore necessary to use smoothing in 
the analysis. The influence of the use of different degrees of 
smoothing in the analysis is shown in Figure 2. The degree of 
smoothing is changed by selecting a value for the "probability 
to reject" ( P )  identical with that used in CONTIN; the higher P is 
the greater the smoothing. I t  is clear that  for this example the 
number of peaks is independent of the degree of smoothing from 
low smoothing to high smoothing, indicating that the analysis 
does not give spurious peak multiplicity due to the amount of 
noise in the data. Smoothing corresponding to a P value of 0.5 
was chosen as standard in all our analyses. This degree of smooth- 
ing corresponds to  the default value of the so-called "chosen" 
solution in CONTIN. An additional check on the possible occur- 
rence of spurious peaks may be obtained by analysis of a sim- 
ulated correlation function consisting of a continuous broad dis- 
tribution of relaxation times with noise equal to the residuals 
resulting from an analysis of the experimental correlation curve. 
In this case we found that REPES yields the broad distribution 
even when low smoothing is used; see Figure 3. However, it 
cannot be excluded that a small systematic bias in the experi- 
mental data, which does not show up in the residuals, influ- 
ences the resolution of the relaxation time distributions. 

I t  has been shown in simulations that a spike added to a 
broad distribution of relaxation times may cause an artificial 
split up of the broad distribution into discrete peaks.26 There- 
fore we have subtracted the relatively sharp fast mode from 
the experimental correlation curve and reanalyzed the data. I t  
turns out that  the values of the slower modes are not signifi- 
cantly different in the absence of the faster mode. 

I t  has been found that in order to obtain a stable detailed 
relaxation time spectrum as exemplified in Figure 2, it is nec- 
essary that the noise level on the experimental correlation func- 
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Figure 1. Experimental correlation function (a) with its relax- 
ation time distribution (b) obtained from REPFS of polystyrene 
in cyclohexane a t  35 "C (M = 3.8 X lo6, C = 6.4 X lo-' g 
mL-l, q2 = 2.0 x 1014 m-2). The residuals are shown in part c. 
The results of a forced fit to  a bimodal function are indicated 
with arrows in (b) and the residuals of this fit are shown in part 
d. 

tion is very low. The data were collected over time periods 
between 3 and 15 h leading to  typical base-line values of the 
order of magnitude of Relaxation time spectra obtained 
from measurements on solutions of polystyrene in different 8 

0 2 4 6 8 

Figure 2. Relaxation time distributions obtained from REPES 
for different degrees of smoothing. From bottom to top P is 
0.00, 0.01, 0.1, 0.9, 0.99, and 0.999. System as in Figure 1. 

solvents reported earlier12-13 show much less detail due to the 
higher noise level on the correlation curves. 

The necessity of using a Laplace inversion in the analyses in 
this case becomes clear when we try to analyze the experimen- 
tal autocorrelation functions in terms of a double-exponential 
function. Force fitting to a double exponential plus the float- 
ing base line leads to very poor results as is clear from the resid- 
uals shown in Figure Id. The two relaxation times that were 
found are indicated in Figure Ib. It follows that a double-ex- 
ponential function is an oversimplified representation of the 
experimental autocorrelation curve and that an  analysis via a 
Laplace transformation is the only realistic method to treat data 
in this case.4o 

Results and Discussion 
DLS experiments have been performed on solutions 

of polystyrene with a molecular weight M ,  = 3.8 X 10' 
over a wide range of concentrations from very dilute (8 
X g/mL) to far in the semidilute regime (1.3 X 10-1 
g/mL). Also polystyrene samples with three different 
molecular weights (1.28 X lo', 3.8 X lo', 5.48 X 10') have 
been measured at  a fixed concentration (-6.5 X g/ 
mL). The concentration C* separating the dilute from 
the semidilute regime is taken here as the concentration 
where the chains start to overlap: 

C* = 3M/4nR:NA (16) 
where NA is Avogadro's number. In the calculation of 
C* we have used a well-corroborated relationship between 
the molecular weight and the radius of gyration under 8 
conditions from the literature (RB = 0.29A4,0.5). For the 
systems investigated here C* becomes 1.4 X 8 x 

g/mL for M ,  equal to 1.28 X lo6, 
3.8 x lo6, and 5.48 X lo6, respectively. From the mea- 
sured correlation functions, relaxation time distribu- 

and 6.6 X 
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l o g  w u s  
Figure 3. Relaxation time distributions obtained from REPES 
for different degrees of smoothing, of a simulated broad Pear- 
son distribution with added noise as shown in Figure IC. From 
bottom to top P is 0.00, 0.01, and 0.1. 
tions were obtained as described above. We will first 
discuss the measurements performed a t  concentrations 
far below C*, then the measurements performed a t  con- 
centrations much larger than C*, and finally those a t  con- 
centrations around C*. 

Dilute Solutions. Relaxation time distributions 
obtained from a dilute solution (C = 8 X g/mL) at 
several different scattering vectors are shown in Figure 
4. At low values of the scattering vector we obtain a sin- 
gle narrow peak implying that the correlation function 
is essentially single exponential. Plotting the relaxation 
rate (r = 1 / ~ )  as a function of q2, we observe a linear 
dependence (see Figure 5), and an effective diffusion coef- 
ficient De has been calculated by a linear least-square fit 
to the data. The value of the De is given in Table I and 
compares well with literature values of the diffusion coef- 
ficient a t  infinite dilution. 

For values of the scattering vector where qR, 2 1, we 
expect to see contributions from intramolecular motions 
(see eq 1). This is the reason for the appearance in Fig- 
ure 4 of the small peak at the fast end of the relaxation 
time distributions. These intramolecular motions have 
been the subject of an earlier investigation," and we will 
only mention here that the position of the small peak on 
the time axis is close to that expected theoretically. The 
theoretical values for the relaxation time of the first inter- 
nal mode are indicated in the figures. In the calculation 
Zimm's non-free-draining model was assumed as this model 
gives the best agreement with the experimental data. 

Increasing the polymer concentration slightly (up to 5 
X we observe no major changes. The value for the 
diffusion coefficient decreases as expected with increas- 
ing polymer concentration (see Table I) due to an increas- 
ing friction between the chains. 

2 4 6 0 

l o g  7 I u s  
Figure 4. Relaxation time distributions obtained from REPES 
for a dilute solution of polystyrene in cyclohexane at 35 O C  

( M ,  = 3.8 X lo6, C = 0.8 X g mL-') for different scatter- 
ing vectors. From bottom to top q2 = 0.24 X 1014, 0.93 X 
2.0 X 1014, 4.0 X 1014, and 7.0 X 1014 m-'. The arrows indicate 
the theoretical positions of the first internal mode. 

q 2 . 1 0 - 1 3 m 2  

Figure 5. Plot of the decay rates of the dominant slow mode 
versus q2 for a dilute solution of polystyrene in cyclohexane at 
35 OC. System as in Figure 4. 

Semidilute Solutions. Turning our attention to the 
other end of the investigated concentration range, we will 
now look at the results from solutions in the concentra- 
tion range 3.7 X 10-'-12.6 X lo-' g/mL, which may be 
considered to be well in the semidilute regime. For these 
concentrations the contribution of internal modes to the 
correlation function is negligible in the range of scatter- 
ing vectors used. 

Figure 6 shows relaxation time distributions for sev- 
eral different scattering vectors, where the polymer con- 
centration of the measured solution was 6.4 X g/ 
mL and M ,  = 3.8 X lo6. The distributions show great 
complexity with relaxation times over a broad (several 
decades) time range. This complexity has been observed 
before for other semidilute solutions under 8 conditions, 
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Table I 
Experimental Values of the Effective Diffusion Coefficient 

at Different Polymer Concentrations for Polystyrene in 
Cyclohexane at 35 "C' 

0.08 6.9 
0.2 6.7 
0.52 4.6 
0.8 3.9 
3.7 10.6 
6.4 14.8 
6.6 ( M ,  = 5.48 X lo6) 13.8 
6.6 ( M ,  = 1.28 X lo6) 13.3 

10.2 17.9 
12.6 21.1 

M ,  = 3.8 X lo6 or as otherwise indicated in the table. 

0 2 4 6 8 

l o g  T I U S  
Figure 6. Relaxation time distributions obtained from REPFS 
for a semidilute solution of polystyrene in cyclohexane at 35 "C 
( M ,  = 3.8 X lo6, C = 6.4 X lo-' g mL-') for different scatter- 
ing vectors. From bottom to top q2 = 0.24 X 
2.0 X 4.0 X 7.0 X and 11.8 X l O I 4  m-'. 

0.93 X 

although with much lower res~lution. '~. '~ Inspection of 
the distributions reveals that the value of one (fast) relax- 
ation time strongly decreases with an increasing value of 
the scattering vector. The other (slower) modes seem to 
be a t  most only weakly dependent on the value of the 
scattering vector. In figure 7 the relaxation times of the 
major peaks at the extremes of the relaxation distribu- 
tions are plotted as a function of q2. It is clear that the 
fast mode is diffusive and that the slowest mode is essen- 
tially independent of the scattering vector. As the fast 
mode moves with increasing scattering vector to shorter 
times, more intermediate modes are observed, all of which 
depend only weakly on the scattering vector. A very sim- 
ilar picture is obtained for the other concentrations and 
molecular weights: one fast diffusive mode and a num- 

a 

0 

"0 50 100 

b 200~ 1 

q2.10-13/m-2 

150 - 
4 

I 
ffl 

I 0 

0 50 100 
q2 .  io--/m-2 

Figure 7. Plot of the decay rates of the slowest (a) an, the 
fastest (b) mode versus q2,  for a semidilute solution of polysty- 
rene in cyclohexane at 35 O C .  System as in Figure 6. 

l o g  TIUS l o g  rlus 
Figure 8. Relaxation time distributions obtained from REPES 
for semidilute solutions of polystyrene in cyclohexane at 35 "C. 
Part a shows the results for different polymer concentrations 
at a fixed molecular weight and scattering vector (M, = 3.8 X 
lo6, q2 = 4.0 X 1014 m-'): C is 3.7 X lo-', 6.4 X lo-', 10.2 X lo-', 
and 12.6 x lo-* g mL-' (bottom to top). Part b shows the results 
for different molecular wei hts at a fixed concentration and scat- 
tering vector (-6.5 X 10-$g mL-', q2 = 4.0 X 1014 m-'): M ,  is 
1.28 x lo6, 3.8 X lo6, and 5.48 x lo6 (bottom to top). Values 
of T,(D,/D,) are indicated by arrows. 

ber of largely q-independent modes that stretch out on 
the time axis from the diffusive mode to the slowest mode, 
which is independent of the scattering angle. The low- 
est molecular weight sample behaves differently a t  small 
scattering vectors, however, a feature which we will dis- 
cuss below. Figure 8 shows the relaxation time distribu- 
tions at the same scattering vector for four different poly- 
mer concentrations at a fixed molecular weight and three 
different molecular weights at a fixed concentration. When 
the polymer concentration is increased at a fixed molec- 
ular weight it is apparent that (1) the diffusive mode 
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The difference is, however, small enough for the assump- 
tion that f is constant over the concentration range inves- 
tigated. 

Independent values for [h may be obtained from clas- 
sical gradient measurements. With this technique the 
diffusion coefficient is obtained by measuring macro- 
scopic displacements of the coils. Therefore entangle- 
ments are not important and the measured diffusion coef- 
ficient is given by eq 8. Values taken from Roots and 
NystrOm3’ are also shown in Figure 9 (lower line). A lin- 
ear least-square fit through the data yields &, = 2.3 X 
10-7C1 cm, which is nearly identical with the result from 
DLS experiments. 

From these results we may conclude that the diffusive 
mode is well described by eq 15, which means that the 
cooperative diffusion coefficient is due to a combination 
of the elastic forces of the transient gel and ternary ther- 
modynamic interactions. 

According to the theory discussed above one would 
expect to observe, as well as a diffusive mode, a single 
q-independent relaxation mode. This is a consequence 
of the fact that the frequency dependence of the gel mod- 
ulus is modeled as a single Maxwell element. Mechani- 
cal measurements have shown, however, that this model 
is an oversimplification and does not correctly describe 
the viscoelastic behavior of linear  polymer^.^' In order 
to explain the viscoelastic behavior, other faster relax- 
ation modes have to be invoked besides a slowest mode 
connected with the characteristic disentanglement time 
of the whole transient network. A more realistic model 
for the frequency dependence of the gel modulus is needed 
to establish whether the observed distribution of q- 
independent relaxation times reflects the viscoelastic prop- 
erties of the transient network. The use of two parallel 
Maxwell elements as a model, for example, would lead 
to three relaxation times characterizing the autocorrela- 
tion function. Calculation of the relaxation times and 
amplitudes is cumbersome, however, and, in view of the 
fact that three relaxation modes are not enough to describe 
the experimental autocorrelation curve, inadequate. Wang 
and Fisher32 recently developed a theory to relate, in the 
case of polymer melts, the autocorrelation curve mea- 
sured in DLS to the longitudinal compliance (D( t ) ) ,  which 
in turn is related to the longitudinal elastic modulus. Com- 
parison between DLS and mechanical measurements shows 
a satisfactory agreement with this theory.33 If D ( t )  is 
available a similar relation could perhaps also be used in 
the case of semidilute solutions in order to obtain a more 
realistic comparison between DLS and mechanical mea- 
surements. 

Unfortunately only few mechanical experiments have 
been performed on semidilute polymer  solution^.^^-^^ In 
all cases the shear elastic modulus (G( t ) )  has been mea- 
sured. In DLS the longitudinal elastic modulus is probed 
so that in order to make a comparison we have to assume 
that G(t )  is simply proportionapto M ( t ) .  The slowest 
(“terminal”) relaxation time observed in these measure- 
ments was found to increase with increasing concentra- 
tion and increasing molecular weight as is observed for 
the slowest relaxation time obtained from DLS. Adam 
and D e l ~ a n t i ~ ~  measured the shear modulus for polysty- 
rene in cyclohexane at  35 OC and determined the termi- 
nal relaxation time as a function of the molecular weight 
and the concentration. These data may be directly com- 
pared with DLS measurements reported here. If the tran- 
sient gel is modeled as a single Maxwell element, the rela- 
tionship between the slowest (terminal) relaxation time 
measured in mechanical experiments and the slowest relax- 
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Figure 9. Plot of D,(Gnq,/kT) obtained from DLS (open cir- 
cles) and classical gradient (triangles) measurements versus the 
polymer concentration (C). Data from ref 9 (filled circles) and 
ref 13 (half-filled circles) are also shown. The broken line rep- 
resents a nonlinear least-squares fit toy  = aCx, and the straight 
lines are linear least-squares fits to  y = aC + b. 

becomes faster, (2) the value of the slowest relaxation 
time increases, (3) the relative amplitude of the diffu- 
sive mode increases, and (4) the relative amplitudes of 
the slower modes change with respect to each other. 

When increasing the molecular weight a t  a fixed con- 
centration we find that (1) the diffusive mode and its 
relative amplitude do not change significantly and (2) 
the relaxation time of the slowest mode increases strongly. 

An immediate conclusion from these observation is that 
the theory of Brochard and de Gennes discussed above 
explains only some of the essential features of the exper- 
imental findings. In comparing the observations in more 
detail with the theory, we will first concentrate on the 
diffusive mode and thereafter look at  the slower modes. 

From eq 15 it  is expected that the experimentally 
obtained diffusion coefficient (De)  multiplied by a fac- 
tor 6 7 4 k T  is the sum of &,-’ and flu,  where it is assumed 
that we are in the gel regime as the characteristic disen- 
tanglement time of the chains is much slower than (Dq2)-l 
for all DLS measurements on semidilute solutions reported 
here, with one, already mentioned, exception. 

Values of D,(67rqs/kT ) are plotted as a function of the 
polymer concentration in Figure 9 (upper line) to ether 
with two sets of data obtained from the literature!13 All 
data have been corrected for backflow by division by (1 
- cp) where cp is the volume fraction of the polymer.2s Other 
experimental data found in the literatures7 deviate sys- 
tematically and are not included in Figure 9. The data, 
which cover a range of molecular weights between 1.3 X 
lo6 and 20 X lo6, show that the diffusion coefficient does 
not depend significantly on the molecular weight, in agree- 
ment with the theoretical expectations. A linear least- 
square fit through the data seems appropriate and gives 

(67rv,/kT)D, = 4.5 X 106C + 2.6 X lo5 cm-’ (17) 
With the present spread, the data can also be expressed 
by a simple scaling relation over the limited range of con- 
centrations in the semidilute regime. The dashed curve 
drawn through the data in Figure 9 is found by a least- 
square fitting as 2.3 X 106C0.5 cm- ’. Lacking theoretical 
support, however, expression as a scaling relationship 
appears to be misleading. 
‘ If we assume that eq 15 correctly describes the observed 
diffusion coefficient, we obtain [h = 2.2 X 10-7c-’ cm 
and a/f = 38 nm. Taking for the monomer size a = 0.75 
nm, we obtain f = 2.0 x lo-’, which is somewhat greater 
than the value found for polystyrene melts (5.6 X 10-3).29 
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Figure 10. Values of A,/A versus q2 for different concentra- 
tions of polystyrene in cyclokexane at 35 "C (M, = 3.8 X lo6). 
The concentrations are 3.7 X (circles), 6.4 X (trian- 
gles), 10.2 x (diamonds), and 12.6 x g mL-' (squares). 
The straight lines are drawn through the average values plot- 
ted in Figure 11. 

ation time obtained from DLS experiments is given by 
eq 13. Thus the molecular weight dependence is the same 
in both cases but the concentration dependence is expected 
to be stronger in the case of DLS. Values of Tr(D /Oh) 
from the experimental data of Adam and Delsanti for T,  
are indicated in Figure 8. The approximate agreement 
suggests a close relationship between the slow relaxation 
times observed in DLS and the relaxation times observed 
in mechanical measurements. 

Adam and Delsanti performed DLS experiments sim- 
ilar to those reported here.' Lacking a multi-.r correla- 
tor, they measured the correlation curve a t  different time 
windows. They analyzed the data by force fitting to a 
single-exponential function and obtained a relaxation rate 
that depended on the time window. At short times a 
q2-dependent relaxation time was found which agrees well 
with our data (see Figure 9). A t  long times a q-indepen- 
dent relaxation time was found, which they compared 
directly with the slowest relaxation time from viscosity 
measurements instead of via eq 13, without giving a the- 
oretical justification for this direct comparison. How- 
ever, D,/Dh is not very different from unity for the con- 
centration range investigated, which makes it difficult 
to check experimentally the validity of this term. They 
found a very close agreement between these two experi- 
ments, but as our experiments show (especially for the 
higher concentrations) since there is no clearly distinct 
slowest relaxation time, a quantitative comparison in this 
way is in our opinion not meaningful. 

From the theory described above, it is expected that 
the ratio of the amplitude of the fast mode to that of the 
slow mode will be independent of the wave vector and 
increase linearly with polymer concentration (see eq 14). 
The dependence of A,/A,  on the wave vector is shown 
in Figure 10. Here we have taken for A ,  the sum total 
of all the modes slower than the diffusive mode. Although 
the data scatter, there does not seem to be a systematic 
dependence on q. The average ratio increases linearly 
with the polymer concentration as A f / A ,  = 8.312 (see Fig- 
ure 11). Using eq 8 and 10 in eq 14 we may write A f / A ,  
= th- ' (a / f ) .  If we use for lh the experimental value given 
above, we have an alternative way of calculating f yield- 
ing f = 4.1 X This value is somewhat larger than 
the value o f f  obtained from the cooperative diffusion 
coefficient but is possibly within the experimental error 
in view of the use of only a limited number of values of 
A, /A ,  and the relatively large uncertainty in these val- 
ues. 

As mentioned above, the sample with M ,  = 1.28 X lo6 
shows a qualitatively different behavior at small scatter- 
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Figure 11. Plot of the averaged values of A,/A,  versus the 
polymer concentration. System as in Figure 10. 
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Figure 12. Relaxation time distributions obtained from REP= 
for a semidilute solution of polystyrene in cyclohexane at 35 O C  

( M ,  = 1.28 X lo6, C = 6.6 X lo-' g mL-') for different scatter- 
ing vectors. From bottom to top q2 = 0.24 X 
2.0 X 4.0 X and 11.8 X 1014 m-2. 

ing vectors. In Figure 12 relaxation time distributions 
are shown for different values of q2. The slowest and 
fastest relaxation rates are plotted as a function of q2 in 
Figure 13. For large scattering vectors the behavior is 
analogous to that in the other semidilute solutions, Le., 
a q2-dependent fast mode and a number of q-indepen- 
dent slower modes. At small scattering vectors, how- 
ever, the correlation function is apparently dominated 
by a single-exponential decay rate, which increases over 
the very limited range of accessible q values. This behav- 
ior can be explained in terms of the theory discussed above. 
For large scattering vectors, where D,q2 > T;', we are 
in the gel regime. For small scattering vectors, where 
D,q2 < Tr-', we are in the hyrodynamic regime. This 
means that De is equal to D a t  high values of q and D, 
at low values of q. The diffusion coefficient found a t  

0.53 X 
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Figure 13. Plot of the decay rates of the slowest \a) and the 
fastest (b) mode versus q2 for a semidilute solution of polysty- 
rene in cyclohexane at 35 O C .  The decay rates of the single 
mode at very small scattering vectors are included in part a. 
System as in Figure 12. 

large scattering vectors fits the values found for other 
semidilute solutions (see Table I), which means that we 
are measuring D,. The value De = 5 X 10-l' m2/s obtained 
from a limited range of small scattering vectors is closer 
to the value of D, = 8.4 X 10-l' m2/s interpolated from 
classical gradient experiments, although somewhat smaller. 

Intermediate Concentrations. As discussed above, 
up to a concentration of -5 X g/mL one observes a 
diffusional mode representing the self-diffusion of the 
coils and, a t  higher scattering angles, additional faster 
modes due to internal motions of the individual coils. 
For concentrations larger than -3  X g/mL one again 
observes a single diffusional mode representing in this 
case the cooperative diffusion of the transient gel and, 
in addition, a number of slower modes. In the concen- 
tration range between -5 X and -3  X g/mL 
the relaxation time distribution smoothly crosses over 
between these two situations as is shown for one scatter- 
ing vector in Figure 14. The slowest mode changes pro- 
gressively from a q2 dependent mode at the lowest con- 
centration to a q independent mode at the highest con- 
centration. The relative contribution of faster modes 
increases with increasing concentration and these appear 
also at  lower values of q. These faster modes cannot be 
attributed to internal motions of the individual coils, as 
the influence of these motions to the correlation func- 
tion is negligible if qR < 1. One way of explaining these 
modes would be that t tey result from a coupling of inter- 
nal modes over distances larger than R, of chains that 
begin to interpenetrate a t  these concentrations, result- 
ing at  high concentrations in elastic interactions of the 
whole transient network. At  these higher concentra- 
tions the diffusion of the individual coils becomes very 
slow and no longer contributes to the correlation func- 
tion if the solution becomes homogeneous over distance 
scales larger than R,. For these concentrations the auto- 
correlation function is determined by the cooperative dif- 
fusion coefficient and the viscoelastic properties of the 
transient gel. 

0 2 4 6 a 

l o g  W l l s  
Figure 14. Relaxation time distributions obtained from REPES 
of intermediate concentrations of polystyrene in cyclohexane 
at 35 O C  at a fixed molecular weight and scattering vector (M, 
= 3.8 X lo6, q2 = 4.0 X 1014 m-2): C is 0.5 X 1.0 X lo-', 1.4 
X and 2.8 X g mL-' (bottom to top). 

Conclusion 
From the foregoing discussion we may conclude the 

following: 
(1) The autocorrelation curves obtained from DLS on 

semidilute solutions of high molecular weight linear poly- 
styrene in 0 solvents are much more complicated than 
was concluded from earlier experiments. The autocor- 
relation of the scattered light can be modeled as a mul- 
tiexponential function with decay times over a wide range 
on the time scale. Using a double-exponential function 
to describe g(,,(t) is a gross approximation of the true 
autocorrelation function. 

(2) The relaxation time distributions obtained from the 
Laplace transformation of g,, ( t )  measured in the semi- 
dilute concentration regime show a fast diffusive mode, 
which becomes increasingly important a t  higher concen- 
trations, and a number of approximately q-independent 
slower modes.40 

(3) The diffusion coefficient obtained from the fast mode 
represents the cooperative diffusion of the transient net- 
work. Its concentration behavior can be quantitatively 
explained when we take into account both the ternary 
excluded-volume interactions and the elastic forces due 
to topological entanglements. As these two types of inter- 
actions have different concentration dependencies, their 
relative contributions to the autocorrelation function 
change with changing concentration. 

(4) The broad range of slow relaxation times is proba- 
bly related to the viscoelastic properties of the transient 
network. For a more detailed appraisal of the slow modes 
it is necessary to make parallel mechanical measure- 
ments on the same solution as the DLS measurements 
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and analyze the data in a similar way in  order  examine 
the relationship between the respective relaxation time 
distributions. Such studies have been initiated. 

Measurements of the relaxation t ime distributions as 
a function of solvent qual i ty  show that the relative ampli- 
tudes of the slow modes decrease with increasing solvent 
qua l i ty  and thus increasing t h e r m o d y n a m i c  interac- 
tions, but they remain observable even for  good sol- 
vents. 
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ABSTRACT: Effects of chain connectivity, viscous resistance of the environment, and internal barriers to 
conformational transitions are studied in relation to  local orientational motions in flexible chains. Calcu- 
lations are performed according to the dynamic rotational isomeric states scheme. Only a single transition 
over a bond a t  a time is assumed. That  such single bond rotations are indeed possible in a sequence of 20 
bonds without significant distortion of the tails is shown by the present analysis. The increase in the fric- 
tional resistance to  motion with the size of the mobile sequence is investigated for polyethylene at 300 K. 
The latter, referred to  as the size effect, is included in the treatment through consideration of the total 
path traveled by each of the moving atoms. Orientational autocorrelation functions for a bond a t  the end 
of an N bond mobile sequence are evaluated in the presence and absence of the size effect. Two different 
correlation times, emphasizing short and long time motions, are defined. Dependence of the correlation 
times on the length of the mobile sequence is evaluated. 

Introduction 
Long- and short-wavelength motions in  a single poly- 

mer chain are controlled b y  three major  factors: (i) the 
external resistance to motion exerted by  the environmen- 
ta l  frictional forces; (ii) the internal  resistance associ- 
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ated with barriers to conformational transitions; (iii) the 
chain connectivity. 

The first two factors are common to both small  mole- 
cules and macromolecules. The third is an inherent  prop- 
er ty  of macromolecules uniquely and distinguishes them 
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