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Abstract

The dynamic light scattering measurements were performed for moderately concentrated entangled solutions of atactic polystyrene in

benzene (BZ) at 25.0 8C, in cyclohexane (CH) at 34.5 8C ðQÞ; and in diethyl malonate (DEM) at 35.0 8C (Q ) to characterize their viscoelastic

properties. The results have shown that while the mutual diffusion coefficient D increases in the BZ solutions and decreases in the CH and

DEM solutions with increasing polymer mass concentration c, the friction coefficient z for the three solutions increases with c showing the

same power-law behavior irrespective of the weight-average molecular weight Mw and solvent quality. It has been found that the

instantaneous longitudinal modulus L0 for the CH and DEM solutions increases in proportion to c2; obeying the familiar relation for

the plateau value ð4=3ÞGN of the longitudinal stress relaxation modulus, but the L0 values for these solutions are somewhat smaller than the

values predicted from the relation. The terminal relaxation time tm for the two Q solvent systems has been found to follow the power-law

tm / c2:7; showing good correspondence to the relation established by rheological measurements. q 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

In the recent work [1–7], it has been established that the

correlation of concentration fluctuations in moderately

concentrated polymer solutions decays with time by two

mechanisms, i.e. mutual diffusion of polymer and solvent

molecules due to gradients of their chemical potentials, and

viscoelastic relaxation of polymer chains due to the stress

generated by disturbances of their equilibrium distributions.

Thus, the dynamic light scattering (DLS) experiments,

which yield the dynamic scattering factor Sðq; tÞ with q and t

being the magnitude of scattering vector and time,

respectively, affords a good means to determine viscoelastic

properties of polymer solutions under rigorously controlled

solvent conditions to which conventional rheological

techniques are hardly accessible. In the previous papers

[6,7], we have theoretically developed a procedure to

evaluate the longitudinal rubbery plateau modulus L0 and

terminal relaxation time tm in addition to the mutual

diffusion coefficient D and friction coefficient z of entangled

polymer solutions from Sðq; tÞ: The method has been

successively applied to moderately concentrated polyiso-

butylene solutions under the good and Q conditions [7,8].

In the present work, we have studied solvent dependence

of D, z; L0; and tm as functions of polymer molecular weight

and concentration for moderately concentrated solutions of

atactic polystyrene (a-PS) in good and Q solvents.

2. Experimental

2.1. Materials

The a-PS samples F128 and F288 used in this work are

the standard samples supplied by Tosoh Co. Ltd. The values

of their weight-average molecular weight Mw determined by

static light scattering (SLS) in toluene at 15.0 8C are

1.18 £ 106 for F128 and 3.13 £ 106 for F288.

The solvents toluene used for SLS measurements and

benzene (BZ), cyclohexane (CH), and diethyl malonate

(DEM) used for DLS measurements were purified by

distillation according to standard procedures prior to use.
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2.2. Static and dynamic light scattering

SLS measurements were carried out to determine Mw for

the a-PS samples in toluene at 15.0 8C. A Fica 50 light

scattering photometer was used for all the measurements

with vertically polarized incident light of wavelength

436 nm.

DLS measurements were made to obtain the normalized

autocorrelation function gð2ÞðtÞ for the BZ, CH, and DEM

solutions, using a Brookhaven Instruments Model BI-

200SM light scattering goniometer and vertically polarized

incident light of 488 nm wavelength from a Spectra-Physics

Model 2020 argon ion laser equipped with a Model 583

temperature-stabilized etalon for single-frequency mode

operation. The photomultiplier tube used was an EMI

9863B/350, and the output was processed by a Brookhaven

Instruments Model BI2030AT autocorrelator with 264

channels. The results for gð2ÞðtÞ were analyzed according

to the same procedure as described in our previous papers

[7,8] in order to determine D from the first cumulant K1 of

gð1ÞðtÞ and L0 and tm from the spectrum analysis of gð1ÞðtÞ:
Here, use was made of the Siegert relation

gð2Þðt;DtÞ ¼ gð2ÞðtÞ ¼ 1 þ f lgð1ÞðtÞl2 ð1Þ

with f being the constant determined by the optical system

used. The electric field correlation function gð1ÞðtÞ is

substantially the same as Sðq; tÞ:
DLS measurements were made for the BZ solutions at

25.0 8C, for the CH solutions at 34.5 8C ðQÞ; and for the

DEM solutions at 35.0 8C ðQÞ: For all the a-PS solutions, the

polymer mass concentration c is in the range where polymer

chains are moderately or highly entangled. Note that the

value of the critical molecular weight Mc for the onset of

entanglements is estimated as 3.12 £ 104 for bulk a-PS [9].

To prepare the test solution, a dilute solution of the a-PS

sample in benzene or cyclohexane was filtered into an

optically cleaned light scattering cell with a Teflon

membrane of 0.45 mm pore size. The solution was freeze-

dried after the cell was covered with a Teflon membrane of

the same pore size. Then, an appropriate amount of filtered

solvent BZ, CH or DEM was poured into the cell. After the

cell was tightly sealed, the solution was made homogeneous

keeping the cell for 10–14 days at ca. 50 8C for CH and

DEM, and at room temperature for BZ. The polymer mass

concentration c was calculated from the weight fraction and

the solution density.

3. Results and discussion

3.1. Solvent dependence of the autocorrelation function

Fig. 1 depicts examples of solvent dependence of the

autocorrelation function ½gð2ÞðtÞ2 1�1=2 for the sample F288

at c . 0:05 g/cm3 and at scattering angle u ¼ 60 8: We find

that the data set for each solution approximately consists of

two components, i.e. fast and slow modes. For the two Q

solvent systems, i.e. the CH and DEM solutions, contri-

butions of the slow modes to ½gð2ÞðtÞ2 1�1=2 are consider-

ably large; the magnitude of the slow modes is roughly

comparable to that of the fast one. On the other hand, the

magnitude of the slow mode is extremely small for the case

of the BZ solution. The present results may be interpreted as

follows. The fast mode is mainly due to the mutual diffusion

of polymer and solvent molecules, and the slow one is

mainly ascribed to the viscoelastic relaxation of entangle-

ment network of polymer chains as discussed by Adam and

Delsanti [1] and Štěpánek and Brown [10], although this

separation of the mechanisms is not rigorous. Thus, the

amplitude of the fast component is approximately deter-

mined by the osmotic modulus of the solution and the

modulus strongly increases with solvent quality. This is the

reason why contributions of the fast and slow modes to

½gð2ÞðtÞ2 1�1=2 vary with solvent quality. As to the present

results, we note that benzene is a very good solvent for a-PS.

Similar results as those shown in Fig. 1 were obtained at

different scattering angles and also for all the solutions

examined. In principle, it is difficult to analyze the results of

½gð2ÞðtÞ2 1�1=2 over the entire range of time t for the

solutions in a very good solvent. Thus, for the present case,

the results for the BZ solutions were subjected only to the

cumulant analysis in order to determine D and z; while

viscoelastic properties were also extracted from ½gð2ÞðtÞ2

1�1=2 for the Q solvent systems in addition to these

properties.

3.2. Mutual diffusion and friction coefficients

The mutual diffusion coefficient D was evaluated from

the first cumulant K1 according to the relation

K1 ¼ Dq2 ð2Þ

as described in previous papers [7,8]. In Fig. 2, the D values

for the BZ (squares), CH (circles), and DEM (triangles)

Fig. 1. Double-logarithmic plots of ½gð2ÞðtÞ2 1�1=2 against t for the sample

F288 in BZ, CH, and DEM at c . 0:05 g/cm3 and at the scattering angle

u ¼ 608:
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solutions are double-logarithmically plotted against c. It is

seen that D of the BZ solutions increases with increasing c

following a straight line, while those of the CH and DEM

solutions follow curves slightly convex downward, as found

previously for the polyisobutylene (PIB) solutions in good

and Q solvents [8]. We find that D for each solvent system is

almost independent of polymer molecular weight.

From the values of D, the friction coefficient z was

calculated by [11,12]

D ¼
ð1 2 vcÞ2

z

›p

›c

� �
T ;p

ð3Þ

where v is the partial specific volume of the solute

component, p the osmotic pressure, T the absolute

temperature, and p the pressure. Here, we used the

ð›p=›cÞT ;p values calculated from

›p

›c

� �
T ;p

¼ RT M21
w þ 2A2c þ 3A3c2

� �
ð4Þ

with R being the gas constant and A2 and A3 the second and

third virial coefficients, respectively. It is to be noted that

although the use of Eq. (4) is an approximation, it gives

good evaluation of ð›p=›cÞT ;p; since the present work is

concerned with moderately concentrated solutions. In the

present work, the literature values [13,14] of A2 and A3 were

used for the BZ and CH solutions and those for the DEM

solutions were set equal to zero. The values of z thus

obtained are double-logarithmically plotted against c in

Fig. 3. The results show that z increases with increasing c

following straight lines with slope ca. 1.2 irrespective of the

solvent species, although the data points for the DEM

solutions are highly scattered. The value of the slope is

substantially independent of Mw and solvent quality. This

result implies that distinct difference in the c dependence of

D between the good and Q solvent systems found in Fig. 2 is

attributed to the dependence of the driving force of the

mutual diffusion, i.e. ð›p=›cÞT ;p; on the solvent quality.

3.3. Rubbery plateau modulus

The values of the instantaneous longitudinal modulus L0

for the CH and DEM solutions were determined from the

discrete spectrum analysis of ½gð2ÞðtÞ2 1�1=2 as described

before. They are double-logarithmically plotted against c in

Fig. 4 for the CH (circles) and DEM (triangles) solutions.

According to the theoretical analysis by Chen and Berry [2],

L0 may be correlated to the rubbery plateau modulus GN by

L0 ¼ ð4=3ÞGN ð5Þ

Thus for reference, Fig. 4 includes the value of ð4=3ÞGN

determined for bulk a-PS [15,16] (diamond) by mechanical

or rheological measurements. The straight line in this figure

represents the familiar relation [2,17]

GN ¼ G0
N

c

r0

� �2

ð6Þ

Fig. 2. Double-logarithmic plots of D against c for the samples F128

(unfilled symbols) and F288 (filled symbols) in BZ at 25.0 8C (squares), in

CH at 34.5 8C ðQÞ (circles), and in DEM at 35.0 8C ðQÞ (triangles).

Fig. 3. Double-logarithmic plots of z against c for a-PS in BZ, CH, and

DEM. The symbols have the same meaning as those in Fig. 2. The solid

straight lines are drawn with a slope 1.2.

Fig. 4. Double-logarithmic plots of L0 against c for a-PS in CH and DEM.

Diamond indicates the value for bulk a-PS. The other symbols have the

same meaning as those in Fig. 2. The solid line represents the values

calculated by Eq. (6). The dashed straight line is drawn with a slope 2.
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where G0
N is the rubbery plateau modulus and r0 is the

density of pure a-PS.

The L0 values are approximately independent of Mw and

solvent species. As to this point, we note that G0
N is known to

be independent of Mw: We may represent the c dependence

of L0 as L0 / c2 as indicated by the dashed line in

coincidence with Eq. (6). However, the present data are

somewhat smaller than those expected from Eq. (6) except

for the few data points at high concentrations, as in the case

of the PIB solutions studied previously [8]. The behavior

suggests that the entanglement density or the number of

entanglements per unit volume decreases with decreasing c

at Q state.

3.4. Terminal relaxation time

Fig. 5 shows double-logarithmic plots of the terminal

relaxation time tm against c for the CH (circles) and DEM

(triangles) solutions. In the region of c observed, the tm vs c

relation is found to obey a power-law behavior with the

same exponent ca. 2.7 irrespective of Mw and solvent

quality. At fixed c, the ratio of tm of two different Mw is in

close agreement with the ratio of M3:4
w : This result is in good

coincidence with the familiar relation tm / M3:4
w established

for the entangled polymer systems by rheological measure-

ments [9,17].

The c dependence of tm may be discussed by using the

relation [17,18]

tm ¼ zsðcÞFðc;MÞ ð7Þ

where zsðcÞ is the segmental friction coefficient and the

Fðc;MÞ is the structure factor due to the entanglement

network which is represented as

Fðc;MÞ /
hifðc;MÞ

GNðcÞ
/

ðcMÞ3:4

GNðcÞ
ð8Þ

with hifðc;MÞ being the viscosity at iso-segmental-friction

state. If we assume that the c dependence of zsðcÞ is the same

as that of z shown in Fig. 3, Eqs. (7) and (8) predict tm as a

function of c as

tm / c2:6 ð9Þ

since GN is roughly proportional to c2 as found in Fig. 4. The

exponent in Eq. (9) is in close agreement with the present

experimental observations given in Fig. 5. However, in the

previous work [8], we have obtained different results for the

PIB solutions; the observed exponents in tm as a function of

c have been larger than the prediction by Eqs. (7) and (8),

suggesting that the c dependence is different for zs and z:
Further work is definitely required to obtain clear con-

clusion on this problem.
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