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ABSTRACT: Dynamic light scattering (DLS) measurements, over a wide range of qR,, are reported for 
polystyrene (PS) samples of weight-average molecular weight M,., = 8.42 X lo6 and 20 x lo6 in tetrahydrofuran 
(THF) and in ethylbenzene (ETBZ) at 25 "C. The DLS relaxation spectrum is successfully resolved into a 
slow mode corresponding to pure translational diffusion and a fast mode containing information on intramolecular 
motion, using a combination of multiexponential sampling and a restricted double-exponential fitting. The 
z-average translational diffusion coefficient, D the longest intramolecular relaxation time, T ~ ,  and the fraction 
of the total scattering amplitude that resides in the translational diffusive mode, PJP,  are determined as 
a function of the reduced scattering vector, X 1 / z  = q(R,)*/2.  The values characteristic of a single coil are 
obtained by extrapolation to infinite dilution. The T~ values for PS in ETBZ, corrected for solvent viscosity, 
are approximately 50% larger than those obtained in THF. In addition, at X >> 1.0, the single-chain dynamic 
form factor, P , ( X ) / P ( X ) ,  indicates that the contribution of the internal modes is considerably enhanced for 
PS in THF versus PS in ETBZ. These observations for T~ and P , ( X ) / P ( X )  suggest inherent differences in 
the nature of the internal chain hydrodynamics in these two good solvent systems, qualitatively consistent 
with the presence of a larger solvent draining effect for PS in ETBZ. Comparing our results with literature 
data, we suggest that the P , ( X ) / P ( X )  data plotted against the scaled quantity, qzRhz, may be a universal 
function for different polymer solvent systems, independent of solvent quality. 

Introduction 
In recent years, the ability of modern dynamic light 

scattering instrumentation to resolve details1 of the 
spectral distribution of scattered light has improved. 
Consequently, new interest has developed in the use of 
dynamic light scattering to investigate the intramolecular 
relaxations of flexible chains in good2 and O3l4 solvents. 
These and earlierkg studies interpret the experimental 
results in the scattering wavevector regime, qR, > 1.0, 
using a theoretical framework derived from the original 
analysis by Pecora1@14 for a free-draining Gaussian chain. 
The spectrum of scattered light is shown to contain con- 
tributions from pure translational diffusion as well as in- 
tramolecular relaxations. The ratio of the amplitude of 
the diffusive mode to the total scattering amplitude, Poll', 
is predicted to depend uniquely on the parameter X = 
q2(R,2), where q is the scattering wavevector and (R:) is 
the z-average radius of gyration. For X << 1.0, only the 
pure translational mode contributes to the total scattered 
intensity, while for X >> 1.0 the spectrum is composed of 
contributions from several modes arising from the flexing 
motions of the polymer chain. However, in an interme- 
diate range of X, almost all of the scattered intensity is 
distributed between two modes of relaxation. The first 
mode is due to translational motion of the entire macro- 
molecule and is an exponential decay whose frequency 
constant rl = Dqz, where D is the translational diffusion 
coefficient. The second mode is an exponential decay that 
depends on the relaxation time, T ~ ,  of the first normal mode 
of motion and has a frequency constant rz = (Dq2 + 2 / ~ ~ ) .  
The relative amplitudes of these modes in the spectrum 
of scattered light have been predicted on the basis of dy- 
namical models for the case of zero hydrodynamic inter- 

as well as various degrees of hydrodynamic 
interactions.15J6 Theoretical predictions have also been 
made for the relaxation time, T ~ ,  associated with the first 
mode for the free-draining17 limit and for intermediate 
levels of draining up to the nondraining limit.ls 

Following these theoretical considerations, previous 
experimental s t u d i e ~ ~ - ~  have interpreted the spectrum of 
scattered light in the intermediate X region to obtain a 
value of T~ characteristic for a given polymer solvent sys- 
tem. Various methods of analysis can be applied to obtain 
T ~ ,  e.g., double-exponentialH fits, histogram a n a l y s i ~ , ~ - ~ J " ~ ~  

and Laplace transformation using the method of con- 
strained regularizationzz-% and multiexponential sampling 
a n a l y s i ~ . ~ ~ - ~ ~  However, only a few2-5 recent studies have 
been sufficiently detailed to test theoretical predic- 
t i ~ n s . * @ ' ~ J ~ ' ~  In these experiments, appropriate extrap- 
olations to infinite dilution and zero scattering angle were 
made to determine the value of the longest intramolecular 
relaxation time, T ~ ,  for a single chain. For polystyrene (PSI 
chains, conflicting results for T~ have been reported. 
Earlier experiments done on the marginal solvent system, 
PS in methyl ethyl ketone, and the 0 solvent cyclo- 
h e ~ a n e ~ ~ ~ ~  yielded r1 values in agreement with values 
estimated from the free-draining Rouse model. Later 
s t u d i e ~ ~ ~ , ~ * ~  on the same systems yielded T~ values in 
agreement with the nondraining Zimm prediction. How- 
ever, none of these initial studies were performed over a 
wide range of concentrations and scattering angles, which 
facilitates appropriate comparison of theory and experi- 
ment. 

Recently, such experiments have been performed in the 
good solvent system, PS2 in benzene (BZ) and the 8 solvent 
system PS in trans-decalin (TD).4*5 The T~ values deduced 
were reported, in each case, to be in good agreement with 
the Zimm model. Interestingly, however, experimental 
data for the single-chain dynamic form factor P o ( X ) / P ( X )  
show substantial differences in these two solvent systems. 
A theoretical analysis predicts that  P o ( X ) / P ( X )  should 
vary with the strength of the hydrodynamic interaction.16 
However, the effect of excluded volume on the light 
scattering data has not been evaluated. 

I t  is pertinent to note here that the ratio of the static 
to dynamic radii, p (=(&)/ (Rh-l)-l), for these solvent 
systems is different. For the good solvent, PS in BZ, the 
value obtained is p N 1.57, comparable to experimental 
data in other good For the 8 solvent, PS in 
TD, the value reported is p * 1.27 in good agreement with 
p values determined in other 8 systems.32 Several theo- 
retical analyses of the hydrodynamics of flexible coils33-36 
interpret these different p values as indicating that there 
are different levels of solvent draining between 8 and good 
solvent systems, with the good solvent having a large 
draining effect. However, this point of view is contro- 
versial, and other theoretical treatments32 conclude that 
these differences in p values between good and 0 systems 
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can be explained solely on the basis of excluded volume 
effects. 

Static and dynamic light scattering  experiment^^'-^^ in 
our laboratory have discovered that  tetrahydrofuran 
(THF) and ethylbenzene (ETBZ) are solvents of compa- 
rable solvating power for PS and yet have significantly 
different ratios of the  static to  dynamic radii, p (= 
( Rg4) / ( Rh-l)-l). In particular, while PS/ETBZ has a value 
of p N 1.55 f 0.05, similar to that  observed for PS/BZ, 
PS/THF has p N 1.27 f 0.04, comparable to those values 
obtained in 0 solvents. Actually, the experimental values 
of the interpenetration parameter, I), 

I) = A2M2/4~3/2NA(R:)3/2 (1) 
are significantly different in the two solvent systems. We 
determined I) = 0.21 f 0.02 for PS in ETBZ and 0.32 f 
0.04 for the PS/THF system. Since theory predicts + to  
increase monotonically from zero at the 0 temperature to  
a positive asymptotic limit, we deduce that, if anything, 
PS/THF is closer to  the good solvent asymptote than 
PS/ETBZ. Application of the porous sphere hydrody- 
namic thee@% to the different p values led us to conclude 
that, in THF, polystyrene is less permeable to solvent than 
in ETBZ.37-39 It is clearly of interest to perform dynamic 
light scattering studies at large scattering angles in these 
two good solvent systems to investigate whether differences 
in the intramolecular modes of motion due to  variations 
in the nature of the internal chain hydrodynamics can be 
observed. 

Thus, in this paper, we extend our dynamic light scat- 
tering analyses to  large scattering vectors (qR, >> 1.0) 
where the effective decay rate, re, of the photon correlation 
function is influenced by internal (configurational) motions 
of the polystyrene chains. We apply a modified double- 
exponential method of analysis to  determine rl ,  by sepa- 
rating the contributions of internal and external motions 
to the relaxation spectrum in the intermediate qR, region. 
We have investigated the dynamic light scattering prop- 
erties of dilute solutions of narrow distribution poly- 
styrenes in THF and ETBZ at 25 O C  in the range 1 < qR, 
< 6. The  experimental quantities of interest are the in- 
finite dilution translational diffusion coefficient, D Ot, the 
relative amplitude of the pure diffusive mode, P o ( X ) /  
P(X ), and the collective intramolecular relaxation time 
7,. These parameters have been used to  test molecular 
theories on the dynamics of a single polymer chain. 

Experimental Section 

Narrow distribution PS samples of weight-average molecular 
weight, 8.42 X lo6 and 20 X lo6, were obtained from Pressure 
Chemicals (Pittsburgh) and were used without further purification. 
The ACS Spectrograde solvents, tetrahydrofuran and ethyl- 
benzene, were obtained from Aldrich Chemical Co. Due to its 
hygroscopic nature$O the solvent THF was further purified by 
refluxing with LiAlH4 for 12 h and then distilled in a dry inert 
N2 atmosphere immediately before use. The solvent ETBZ was 
used without further purification. The refractive index of the 
solvents at 25 "C was determined to be nZ5'c = 1.407 (THF) and 
n25oc = 1.495 (ETBZ). The specific refractive index increment, 
dnldc, of PS in THF and ETBZ was determined at 6328 A and 
was obtained to be dn/dc = 0.192 and 0.111 cm3/g at 25 "C, 
respectively. The viscosity of the solvents was measured at 25 
"C by using a Cannon Ubbelohde viscometer and was determined 
to be 0.465 (THF) and 0.619 CP (ETBZ). Dilute solutions of PS 
in THF were made by weighing individual samples in a Perkin- 
Elmer microbalance, Model AD-2, with an accuracy of 0.01 mg. 
The purified dry solvent was directly transferred into dust-free 
volumetric flasks containing preweighed PS samples. The solvents 
were equilibrated at room temperature for at least 24 h and then 
gently shaken for 72 h before being transferred to the light 

Table I 
Values of M,, R,, and Rh for Samples AD-13, AD-14, L-1, 

and L-2 
sample system 106Mwo 1O8Mwb M,/M,O R,, i% Rh, 8, 
AD-13 PS/THF 8.42 8.32 1.17 1356 1086 
AD-14 PS/THF 20.0 22.0 1.2 2435 1946 
L-1 PS/ETBZ 8.42 8.42 1.17 1608 1068 
L-2 PS/ETBZ 20.0 22.0 1.2 2461 1588 
a Suppliers specifications. *Measured values. 

scattering cells. The method of solution preparation has been 
described in detail elsewhere.39 All solutions were checked for 
optical clarity by monitoring the scattered intensity for 80-100 
runs of 1-s duration each, and only those solutions were used where 
the fluctuations in the scattered intensity were less than *2%. 
This ascertained the absence of dust particles or other nonho- 
mogeneities which are sources of parasitic scattering and prevent 
a meaningful interpretation of the time correlation function. 

All scattering experiments were performed on a Brookhaven 
Instrument Corp. spectrometer comprising a BI 2000 goniometer 
and a BI 2030 AT correlator with a SpectraPhysics 15-mW He/Ne 
laser (A = 6328 A). Cylindrical sample cells were used and 
mounted at the center of a temperature-controlled, refractive index 
matched bath. Temperatures were controlled at 25 f 0.1 "C for 
all experiments. Absolute calibration of the spectrometer was 
made with benzene (Spectro-grade, Aldrich Chemicals). The four 
systems labeled AD-13, AD-14, L-1, and L-2 were characterized 
by methods of static and dynamic light scattering in our labo- 
ratory. These results have been reported previo~sly3'-~~ and are 
summarized in Table I. For measurements of the intensity 
autocorrelation function, C(r),  the BI 2030 AT, 264-channel, 4-bit 
correlator has a multiple sampling time option enabling one to 
probe, simultaneously, relaxation processes occurring on widely 
differing time scales. This permits an accurate determination 
of the form of the decay rate distribution function, G(I'). For 
an optimal analysis, a large number of data points are required 
in the first l / e  part of the decay and comparatively few points 
which show complete decay. Correlation data are collected on 
several time scales simultaneously by dividing the correlator 
channels into four groups, each consisting of 64 equally spaced 
channels. Successive groups of 64 channels have sample times 
equal to 2" times the sample time of the first group, where n = 
0,1,2, ..., 8. Thus, data at four different sampling rates are collected 
in real time, and the data collection is 100% efficient at all sample 
times; i.e., no data are lost in waiting for the next group of sample 
times. Also, since there is great flexibility in the choice of four 
sample times, groups of channels can be selected such that optimal 
information about the fast and slow decay modes can be obtained 
from a give correlation function. In addition, 8 long time delay 
channels are available, located at 1024 times the delay increment 
of channel 264, and these are used in base-line determination. 
Typically, in our experiments lo8 samples gave sufficiently low 
base-line noise. Only those intensity-intensity time correlation 
functions, C( T), where the difference between the calculated and 
measured base lines was less than 0.1% were used for data 
analysis. Dynamic measurements were repeated at least twice 
to check for reproducibility and were found to be within 2-4% 
of each other. The data were further analyzed on an IBM/AT 
computer and a VAX 11/780. 

The intensity autocorrelation function of the scattered light 
was measured for various combinations of concentrations and 
scattering angle (6' = 20-120"). At scattering wavevectors qR, 
< 1.0, the scattered electric field autocorrelation function for 
monodisperse particles undergoing Brownian diffusion is 

g1(7) = exp(-D,q2r) (2) 
where D, is the translational diffusion coefficient and q is the 
magnitude of the scattering vector given by 

4m0 sin 6'/2 
q =  (3) 

with no being the index of refraction, X the wavelength of the 
incident light, and 6' the scattering angle. For noninteracting 
spheres, the Stokes-Einstein equation gives 
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(12) 

and a semilog plot of the fitted values of a, versus r is obtained. 
The initial guesses for the MEXP sampling analysis are deter- 
mined first by performing a cumulant fit to obtain approximate 
values of re. The final estimations of the average decay rate, re, 
are then obtained with high precision from the MEXP analysis, 
and in addition, we obtain a bimodal distribution of relaxation 
rates, ri, from which the slow relaxation mode lil and the second 
mode F2 can be extracted. The accuracy of the two modes ob- 
tained from the MEXP technique was tested by using simulated 
biexponential data and experimental data on a mixture of mon- 
odisperse polystyrenes of weight-average molecular weights 3.84 
X lo6 and 5.48 X lo6. We found that re was obtained within 1 % 
and that Fl and F2 for the two modes could be accurately de- 
termined within 3-5%. 

However, it has been suggested4, before that, even for mono- 
disperse samples, the MEXP method may show false peaks in 
the G(r) function. This situation is made worse when the 
polymers have even a small degree of polydispersity.'2 We have 
therefore followed the suggestion of Stock and Ray41 and have 
applied a double-exponential fitting (DEXP) analysis, in con- 
junction with the MEXP method, to resolve the G(r)  distribution 
into two modes. Here, the G ( r )  distribution is approximated by 
a weighted sum of two Dirac 6 functions 

G ( r )  = a , w  - r,) + a,a(r - 1-7,) (13) 

lg'(7)I = [al exp(-r17) + a2 exp(-r2~)1 (14) 

where al  and a2 are the amplitudes of the scattered intensity 
corresponding to the characteristic line widths rl and r2. 
Therefore, al + a2 = 1 and re = a,r, + a2rz. In the DEXP analysis 
we used, re was constrained to values obtained from the MEXP 
technique, and bimodal fits were made by using an equally 
weighted, nonlinear regression procedure according to  Mar- 
quardt.43 We tested this method of analysis using simulated data 
and found that the original bimodal distribution could be re- 
covered by optimum fits with an  accuracy of 99 %. 

The rationale for the DEXP analysis is that, as shown by 
Pecora,lo the first-order correlation function can be ~ r i t t e n ' ~ J ~ - ' ~  
as 

g'(T)  = P o ( X )  exp(-Dq2r) + P 2 ( X )  exp[-(Dq2 + ~ / T , ) T ]  + ... 
(15) 

where X = q2R;, T~ is the normal mode of motion of the Gaussian 
coil, and P o ( X )  and P 2 ( X )  are the dynamic form factors. Hence, 
the slow mode, I?,, can be related to the z-average translational 
diffusion coefficient 

rl = (D,),q2 (16) 

M N 

,=1 n=l 
C(G 2 ( ~ )  - C a, exp(-I'iT))2 

which corresponds to 

and 71 can be computed from 
r2 - rl = + 2 i T 1  (17) 

However, it is evident that the output of each computation is 
heavily weighted by the initial guesses supplied to the program. 
For example, since the values of rl and r2 are highly correlated, 
if too large a value of rl is given as an initial guess, then an  
essentially meaningless distribution is obtained that contains 
amplitudes of negative heights. This implies that the fit of the 
computed values to  the observed data does not converge, and 
hence, different initial guesses must be given to obtain a successful 
fit. The initial guesses for our analysis were obtained from the 
Fl and F2 values derived from the MEXP technique. These 
parameters were useful in reducing the total time taken for the 
curve fitting computation. The relative fitting error or the fit 
residuals were calculated by 

G2(r) - G2(7 ) ,  

G 2 ( ~ )  
R =  (18) 

where G 2(r), is the obtained fit. The fits were accepted if there 
was no systematic deviation of the residuals and the errors were 
less than 0.5%. In this paper, we computed several equally 
optimum fits for each set of experimental data, and we used the 

(4) 

where k is the Boltzmann constant, T i s  the absolute temperature, 
Rh is the hydrodynamic radius of the particle, and q0 is the solvent 
viscosity. The concentration dependence of the translational 
diffusion coefficient can be obtained from 

(5) Dt = Dot(l + kDc) 

where k D  can be evaluated by 

kd = l/DOt(dDt/dc)T (6) 

By contrast, in the regime qR, > 1, the correlation function 
becomes increasingly nonexponential due to contributions from 
intramolecular motions, and multimodal line-width distributions 
are obtained. Equation 2 can then be represented as an integral 
sum of exponential decays 

(7 )  

where r is the decay constant corresponding to particles of a given 
size. The distribution G ( r )  represents the relative intensity of 
light being scattered with decay constant r and is a function of 
the number and size of the scattering particles. Then, for pho- 
tocounts obeying Gaussian statistics, the measured intensity- 
intensity correlation function G 2 ( ~ )  can be related to  g' ( r )  by 

(8) 

where A is the background (or the base line) and b is a constant 
that is a function of the detecting optics and accounts for the 
nonideal point detector. The initial decay rate is equivalent to 
the average value, re, of the line-width distribution function, G(r)  

G 2 ( 7 )  = A(1 + blg'(7)I2) 

(9) 

In principle, G(r) can be computed by Laplace inversion of 
g'(7) in eq 7 .  However, in practice, the correlation function 
contains noise, and Laplace inversion, then, becomes a very 
difficult ill-conditioned problem. Hence, performing the inversion 
of the Laplace transform to obtain G ( r )  was, until recently, 
thought to require data of unattainable accuracy. However, several 
approximation  procedure^^^^^ have been developed which can 
be used to obtain the form of G(r). In this work, we obtained 
an estimate of the G( r )  function by using the multiexponential 
(MEXP) sampling technique from which values of re could be 
determined (within 170). The MEXP method approximates G( r )  
by a set of logarithmically spaced discrete single exponentialsnsB 

(10) G(r) = pj6(r - rj) 
I 

where Pis are the weighting factors of the 6 function and 

C P j  = 1 (normalization condition) 
1 

I'j/rj-l = K (K = constant) 

Substituting for G ( r )  in eq 7 yields 

lgl(T)I = CPj  exp(-rjT) (11) 

where each of the Pj contributions are linearly independent. 
Following the procedure of Ostrowsky et  al.,2'vZ8 the correlation 
function can be sampled a t  a series of linearly or exponentially 
spaced sample times, q, and it has been shownn that the Nyquist 
sampling theorem can be applied together with an interpolation 
procedure28 to  fully reconstruct the correlation function at  all 
values of 7 limited only by the bandlimit wmm. The experimental 
noise in the G2(7) data defines wmm, which is a relative measure 
of the resolution of the obtained fit; Le., G ( r )  cannot be resolved 
at  points closer than T / W -  Hence, the higher the value of w-, 
the better the resolution in Go?). In this computation, the am- 
plitude, ai, of the highest peak corresponding to some decay 
constant, ri, is set to 100. The rest of the amplitudes are then 
normalized, and any ai's smaller than 1/200 of the highest peak 
are set to zero. Finally, according to the method of least squares, 
we minimize the fitting error of the computed function to the 
observed one 
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Figure 1. (A) Example of a normalized correlation function for 
the solution of the highest molecular weight sample (AD-14) in 
THF with c = 6.09 X g cm-3 at 0 = 50' and ' T ~  = T~ = 35 p s ,  
73 = 70 ws, T* = 140 ~ s .  (B) Plot of the residuals versus channel 
number. (C)  The distribution for G ( r )  versus r. 
results to estimate the statistical error of the computed fit. Using 
the above, we were able to obtain final results where the f i t  mode, 
rl, was consistent with Dq2 at the different scattering angles 
measured. The final results for rl, rz, and al were obtained with 
good precision; we estimate the errors on rl and r2 to be within 
&3% and for al to  be within *5%. 

Results 
Table I summarizes results for M,, Rg,+ and Rh E 

(Rh-');' for samples AD-13, AD-14, L-1, and L-2. Figure 
1A gives a typical example of a normalized autocorrelation 
function obtained for a solution of the highest molecular 
weight sample (AD-14) in T H F  with c = 0.0609 X 
g/cm3 a t  a scattering angle of 8 = 50°. Parts B and C of 
Figure 1 show the result of a double-exponential fit on 
these data together with a plot of the corresponding re- 
siduals. The excellent quality of these fits indicates that 
the effect of sample polydispersity is The pa- 
rameters obtained were rl = 362 rad/s, F2 = 1376 rad/s, 
al = 0.43, and re = 940 rad/s. A similar analysis was 
performed for G'(T) data obtained a t  other scattering an- 
gles and concentrations. At a given concentration, F1/sin2 
812 is essentially independent of scattering angle and can 
be interpreted to provide an estimate of the diffusion 
coefficient, (D,),, from eq 16. This was then extrapolated 
to infinite dilution to obtain (Dot), and Izd from eq 5 .  

Similarly, the quantity rz - rl was obtained for each 
sample, a t  a specified scattering angle, 8, as a function of 
concentration, c. The values for rZ - rl were determined 
within an error of 8%. We could not extract the values 
rl and r2, with any degree of precision for X > 10 since 
the bimodal distribution obtained did not yield rl = Dq2. 
In such cases, we did not extract rl and rz but only made 
an estimate of re. The values for rZ - rl for X < 10 were 
found to be independent of concentration for all the sam- 
ples, and hence the average value for all the samples was 
taken as (r2 - l?l)c=o. The latter quantity depends strongly 
on q, and a t  higher angles this reflects contributions from 
higher modes of internal motions as shown in Figure 2. 
The limiting value of (r2 - I'l)c=o was determined at qRh 
= 1.0, and this value was compared to the theoretical T ~ .  

The amplitude of the translational diffusive mode rel- 
ative to the total mode, Po/P, was estimated from the 

0 1 2 5 4 5 6 7  

q 2 b  16'O c"1 

Figure 2. Angular dependence of rz - rl at infinite dilution for 
sample L-1 at 25 "C.  

0 4  O : I  

Conc x io4 (g/ml) 

Figure 3. Concentration dependence of the dynamic form factor 
P o ( X ) / P ( X )  for samples AD-13, AD-14, L-1, and L-2. 
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PS/THF 
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Log M w  
4 5  5 0  5 5  60 6 5  70 7 5  

Figure 4. Logarithmic plot of the hydrodynamic radius, Rh, 
against the weight-average molecular weight, M,, for PS in THF 
and ETBZ. 

contribution of the slow component to the bimodal dis- 
tribution by analyzing G 2 ( ~ )  data for a given concentration 
and scattering angle in the range 1 < X < 10. Figure 3 
shows some typical results for the concentration depen- 
dence of Po/P for samples AD-13, AD-14, L-1, and L-2. As 
the representative samples in Figure 3 show, the Po/P 
values a t  each angle are well represented by equations 
linear in c. Note that the slope of the lines in Figure 3 
increases with increasing X. Extrapolation to zero con- 
centration gives the angular dependence of the single-chain 
P o ( X ) / P ( X )  values for PS in T H F  and ETBZ which are 
discussed later (Figure 7 ) .  

Discussion 
(a) Translational Diffusion Coefficient. .In Figures 

4 and 5, we compare log-log plots of Rh and R, versus 
molecular weight for PS  in T H F  and in ETBZ. All our 
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Table I1 
Values of X 'I2 and P , / P  at Infinite Dilution for Samples 

AD-13, AD-14. L-I. and L-2 at 25 "C 

Log Mv, 
Figure 5. Logarithmic plot of the radius of gyration, R , versus 
the weight-average molecular weight, M,, for PS/ThF and 
PS/ETBZ. 

4 0  

0 02  04 0 6  0 8  10 12 

X =(</RH) 

Figure 6. Diffusion virial coefficient, k d y ,  plotted versus X ,  the 
ratio of the equivalent thermodynamic radius, S, to the equivalent 
hydrodynamic radius, Rh, in the good solvent regime: (0) PS/ 
THF; (X)  PS/ETBZ. The solid lines Y, PF, AB, and AB* are 
the theoretical curves in eq 21, 22, and 23. 

Rh data for PS in THF fall on a line that can be best 
represented by the following least-squares fit: 

(19) 
while the data for PS in ETBZ can be represented by 

(20) 
On the other hand, for R,, we find the data for PS in THF 
as 

(21) 

(22) 

In Figure 5 we also include R, data for PS in other good 
solvents. The exponents in eq 19 and 20 are slightly 
smaller than those determined for the R, versus M ,  rela- 
tionships for the above solvent systems. Similar discrep- 
ancies have been observed in experiments on PS in 
b e n ~ e n e ~ , ~ ~  and PS in t o l ~ e n e . ~ ~ , ~ ~  Weill and des Cloiz- 
e a ~ x ~ ~  have proposed that an explanation for these ob- 
servations may be that the hydrodynamic radius does not 
reach its asymptotic molecular weight dependence nearly 
as fast as the radius of gyration. 

We next compare experimental results for the concen- 
tration dependence of the translational diffusion coeffi- 
cient, k,, with various theoretical predictions in Figure 6. 
Here the data are displayed as the volume fraction coef- 
ficient k,* (=kd/(N&,/M)), where u h  = 4rRh3/3 is the 
volume of the equivalent hydrodynamic sphere and N A  and 
M have the usual meaning. The theoretical expression: 
have been framed in terms of the dimensionless ratio X 
= S/Rh,  where S is an effective hard sphere radius, cal- 
culated from the second viral coefficient A2 = 
16r2NAS3/3M2. In Figure 6, curve Y represents the result 
of Y a m a k a ~ a ~ ~  using the bead-spring model: 

k,* = 3 . 2 8 3  - 1 (23)  

R h  = (0.1569 f o.01)Mw0.556 (A) 

Rh = (0.1381 f o.01)M,0.551 (A) 

R, = (0.161 A 0 . 0 1 ) ~ ~ 0 ~ 5 7 0  (A) 

R, = (0.152 f 0.01)M,0.579 (A) 
and for PS in ETBZ as 

. ,  __- 
P " ( X ) /  P J X  ) /  

sample X"* P ( X )  sample X'/* P ( X )  
AD-13 0.9806 0.960 AD-14 1.181 0.913 

1.450 0.893 1.759 0.823 
1.894 0.733 2.326 0.606 
2.306 0.598 2.872 0.411 
2.679 0.513 L-2 1.279 0.9513 
3.104 0.436 1.905 0.833 

L- 1 1.235 0.957 2.517 0.745 
1.827 0.850 3.112 0.602 
2.386 0.792 
2.906 0.625 

Figure 7. Plot of the reduced values P , ( X ) / P ( X )  against X 
(=q% 2). Shown are the data for samples AD-13, (A), AD-14 (d), 
L-1 (65, and L-2 ( 6 ) .  The solid line is the theoretical curve for 
nondraining Gaussian chains with preaveraged (PA) Oseen hy- 
drodynamic interactions. 

Curve PF is the equation of Pyun and F i ~ m a n ~ ~  based on 
an interpenetrable porous sphere model: 

kd* = 8 X 3  - 7.16 -I- K (24) 
Akcasu and Benmouna50 derived an expression for the 
variation of kd* with X from the intermediate scattering 
function S(q,t) and obtained curve AB: 

kd* = 8 2 3  - 62-2  (25) 
Van den Berg and Jamieson5I suggested a modification to 
the above by making a reference frame cor_rection_ to eq 
25 and obtained curve AB* where kd* = 8X - 6X - 1. 
Our experimental results indicate that the data for PS/ 
T H F  are located near the curve by Yamakawa, while the 
PS/ETBZ results fall near curve AB*. These observations 
are con_sistent with earlier conclusions that the good solvent 
limit ( X  > 0.9) is best described by the Yamakawa and the 
Akcasu-Benmouna theories. We note, however, that these 
models do not formally incorporate such effects as varia- 
tions in the strength of the excluded volume and hydro- 
dynamic interactions. 

(b) Relative Amplitude of the Translational Dif- 
fusive Mode. The variation of [P,(X)/P(X)] ,=, ,  the 
amplitude of the translational diffusive mode with respect 
to the total scattered intensity, is plotted versus X (=q2R,2) 
in Figure 7 for both polymer solvent systems. Table I1 lists 
the P , ( X ) / P ( X )  values for samples AD-13, AD-14, L-1, 
and L-2. The solid line shown in Figure 7 is the theo- 
retical15J6 curve obtained for nearly nondraining Gaussian 
chains (draining parameter, h* = 2.67; number of beads, 
N = 100) with preaveraged Oseen hydrodynamics. Our 
data for both PS in T H F  and ETBZ lie close to  the solid 
line for X < 3. However, for X > 3, the Po/P data for PS 
in ETBZ become systematically larger than the theoretical 
values. On the other hand, the data for PS in T H F  are 
always close to the solid line for all X < 7. Previous ex- 
perimental results for the good solvent systems PS in 



Macromolecules, Vol. 22, No. 6, 1989 Configurational Dynamics of Polystyrenes 2729 

10 I 

c PS/THF 
C PWETBZ 
0 PIP/CH 
PS/BZ 

- 240\\'\1 1 PIPID 

xh ( a  q2Rt 1 

Figure 8. Reduced values P , , ( X ) / P ( X )  plotted against Xh (= 
q2Rh2) for PS/THF and PS/ETBZ. Also included are data for 
PS/BZ (v), PIP/CH (o), and PIP/1,4-dioxane (X). The solid 
line has the same meaning as in Figure 7. 

benzene2 and polyisoprene (PIP) in cyclohexane (CH)3 
show behavior similar to that seen for PS/ETBZ in Figure 
7. On the other hand, previous results for the 8 solvent 
system PS in t r~ns -deca l in~  are close to the theoretical 
curve in Figure 7 and hence are similar to our data for PS 
in the good solvent THF. I t  is pertinent to note that the 
differences seen in Figure 7 are qualitatively consistent 
with the predicted effect of variations in the strength of 
the hydrodynamic interaction.15J6 Specifically, a decrease 
in solvent draining is predicted to lead to an enhanced 
contribution from internal modes. Thus, the systems 
PS/TD and PS /THF are nearly nondraining, while PS/ 
PZ, PIP/CH, and PS/ETBZ exhibit a significant draining 
effect. I t  is therefore interesting that the systems PS/ 
ETBZ, PS/BZ, and PIP/CH, which all show similar be- 
havior of Po/P versus X, also have comparable values of 
the ratio p (-1.55). Likewise, the systems PS/THF and 
PIP/TD, whose PJP curves are similar, again show com- 
parable values of p ( ~ 1 . 3 ) .  Thus, the results of Po (X) /  
P ( X )  and p are consistent in suggesting that PS/ETBZ 
shows a larger draining effect than PS/THF. 

I t  has been noted beforea that selection of qRh rather 
than qR, as a scaling parameter for the angle dependence 
of the dynamic light scattering spectrum appears to pro- 
vide a more systematic scaling parameter for the mean 
decay rate, re, between different polymer-solvent systems. 
We have therefore displayed in Figure 8 our experimental 
results on the quantity Po/P as a function of (q&J2 and 
included, for comparison, literature data on the good 
solvent systems PS/benzene (ref 2) and PIP/CH (ref 3) 
and the 0 solvent system PSltrans-decalin (ref 4). The 
values of p used to convert qRg values to qRh were obtained 
from the references noted above. Figure 8 shows an ap- 
proximate superposition of all these data to produce a 
universal master curve, which suggests that the distribution 
of the total scattering amplitude between internal and 
external relaxation modes may be determined by the 

(c) Longest Intramolecular Relaxation Time. We 
have reported for the first time information on the be- 
havior of the quantities (I', - I'l)e=o = 2 /Tc  for PS in THF 
and ETBZ in the intermediate qR, region. By appropriate 
extrapolation to the region qRh N 1.0, we can determine 
the relaxation time T~ by using eq 17. For comparison of 
our results with theoretical predictions, we note first that 
the relaxation time of the kth normal mode is related to 
the eigenvalues 

7 k  = bb2/6kTAk (26) 
where 6 is the friction coefficient of the bead and b is the 
average subchain length. Since the intrinsic viscosity is 
given by 

[?I = N A b b 2 x A k / M ? 0  (27) 

product qRh. 

of the Zimm diffusion equationI8 

Table I11 
Values of il, A l ,  and K for Samples AD-13, AD-14, L-1, and 

L-2 

8.42 AD-13 1364 dz 110 1.278 f 0.102 0.011 f 0.002 
L- 1 2491 f 200 0.844 f 0.068 0.018 f 0.002 

20.0 AD-14 7143 f 570 1.287 f 0.103 0.010 f 0.002 
L-2 12775 f 1020 0.843 f 0.067 0.017 f 0.002 

where M is the molecular weight, we can use eq 26 and 27 
to obtain 

71 = M?O[?I/AlRT (28) 

for the first normal mode where k = 1 and Al is a di- 
mensionless coefficient. The coefficient Al is a function 
of the hydrodynamic interactions of the polymer chains. 
A value of Al = 1.18 was determined in the original Zimm 
calculation for nondraining chains using a preaveraged 
Oseen tensor;18 for free-draining chains, the Rouse model" 
gives Al = 0.822. From our experimental results for rl, 
we can evaluate Al. The results are listed in Table 111. 
For each molecular weight, the experimental AI values 
determined for PS /THF are larger for the system PS/ 
T H F  than for PS/ETBZ. This observation is again 
qualitatively consistent with a larger draining effect in 
PS/ETBZ, if we use the Rouse and Zimm preaveraged 
values as a yardstick. Because these theoretical analyses 
have not included the excluded volume effect, we cannot 
make a quantitative comparison with theory. 

I t  has also been pointed out that eq 26 leads to the 
relation 

D T ~ / ( ~ , )  = K - ~  (29) 

where 1 is the end-to-end distance and K is a number that 
depends on the strength of the hydrodynamic interaction 
and also on the excluded volume effect. Verdier and 
S t ~ c k m a y e r ~ ~  have carried out Monte Carlo simulations 
to incorporate the effects of excluded volume into the 
analytical theories of Rowel7 and Zimml8 where 

D71/(Z2) 0.010 (30) 

for the free-draining17 chain without excluded volume and 

Dr1/(12) - 0.022 (31) 

for the nondraining18 Gaussian chain. Stockmayer et  al.52 
obtain 

Dr1/(12) = 0.022 (32) 

for a free-draining chain with excluded volume. We have 
compared our results with the predictions of these simu- 
lations. We utilized the generalized form of the Domb- 
Gillis-Wilmers c~nfigurat ional~~ distribution function to 
obtain ( Z 2 )  for a self-avoiding chain:54 

W(l,n) = Cnla e~p[-(l/cr,)~] (33) 

(34) 

with t = 2.40, a = 2.80, and t = (1 - v)-'. Here n is the 
length of a polymer segment, 1 is the end-to-end distance 
of the segment, C, is the normalization constant, and cr, 
is the scaling factor. We determined values of D and R, 
from the scaling relationship in eq 19-22 and used eq 34 
and 29 to obtain K. These values also are listed in Table 
I11 and are numerically of the correct order of magnitude 
as the simulation results. I t  is further evident that these 
values show distinct differences when comparing PS/THF 
and PS/ETBZ, which could be interpreted as due to a 

(12) = R,(n/N)2'[2(1 + v ) ( l  + 2v)l 
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larger excluded volume and/or a smaller draining effect 
in THF. 

In conclusion, we find that the dynamic light scattering 
properties of dilute PS solutions in T H F  and ETBZ, ex- 
tending from the small to the intermediate qR, region, 
cannot be described quantitatively by existing theory. All 
three pieces of experimental evidence, p ,  P , (X) /P(X) ,  and 
T ~ ,  are qualitatively consistent in indicating a larger 
draining effect in PS/ETBZ versus PS/THF. Our ex- 
perimental values of the longest relaxation time, T ~ ,  for PS 
in T H F  are similar to values predicted by a nondraining 
Gaussian chain model with preaveraged Oseen hydrody- 
namic interaction,ls but data for the good solvent, ETBZ, 
are not consistent with this theory. On the other hand, 
our results for p in PS/ETBZ are consistent with predic- 
tions for nondraining self-avoiding chains,32 but our PS/ 
THF data are not in agreement with this calculation. The 
nature of the discrepancies between these two solvent 
systems indicates distinct differences in the details of the 
internal chain hydrodynamics for PS in T H F  versus 
ETBZ. I t  appears that PS in T H F  may be closer to the 
asymptotic good solvent nondraining limit than PS in 
EBTZ. It is worth noting here that dynamic light scat- 
tering data from DNA at  qR, >> 1.6, a wormlike coil, have 
been shown to be consistent with calculation from a nearly 
free-draining Gaussian chain.% Also discrepancies between 
experimental data on T~ and R h  and prediction of the Z i "  
theory were recently reported by Balabonov et a1.s6 To 
obtain definitive comparison with experiment, current 
hydrodynamic theory for the configurational relaxation 
spectrum will need to be modified to include not only 
nonpreaveraging of the Oseen hydrodynamic interactions 
as well as variations in the degree of draining chain 
stiffness, and excluded volume, but perhaps also effects 
such as internal friction5' and hydrodynamic screening. 
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