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ABSTRACT: We report experiments performed with a heterodyne spectrometer at the 8 temperature in 
the polystyrene-cyclohexane system. Two dynamical regimes are observed: a liquid regime and a gel regime. 
In the liquid regime, where the semidilute solution behaves like a viscous fluid, the time dependence of the 
dynamical structure factor is well described by a singleexponential function. The macroscopic mutual diffusion 
coefficient is related to the motion of the solvent through the polymer. In the gel regime, where the solution 
behaves like an elastic gel, the dynamical structure factor is multiexponential(>2). The two processes that 
control the relaxation of concentration fluCtuations are the motion of the solvent through the transient gel 
and the structural relaxation of the transient gel. When the temperature is increased above the 8 temperature, 
the nonexponentiality of the dynamical structure factor in the gel regime disappears and we recover an 
exponential function as in good solvent solutions (polystyrene-benzene). In a 8 solvent, both liquid and gel 
regimes are observed because dynamical properties are governed by two different lengths as was shown previously 
by viscoelastic measurements. 

Introduction 
The static and dynamic properties of semidilute poly- 

styrene solutions have been intensively studied by several 
kinds of experiments. We recall the main results. 

In a 8 solvent as well as in a good solvent, light and 
neutron scattering'" and osmotic pressuree measurement 
show that the correlation length of the concentration 
fluctuation correlation function and the osmotic pressure 
II are independent of the molecular weight of the polymer. 

The sedimentation coefficient7ys measured in a semidi- 
lute 8 solution shows that the hydrodynamic screening 
length SH is proportional to f .  

Shear viscoelastic measurements"'O have shown clearly 
that the semidilute solution behaves like an elastic gel a t  
short time and like a viscous fluid at  long time. The 
characteristic time TR which separates elastic and viscous 
regimes is related to the lifetime of contact points between 
polymers, and it depends strongly on the molecular weight 
of the polymer. The influence of the contact points on the 
motion of a "labeled" chain leads to a self-diffusion coef- 
ficient which strongly depends on the molecular weight, 
as has been shown by forced Rayleigh"J2 and nuclear 
magnetic res~nance . '~J~  

The time behavior of the concentration fluctuation 
correlation function was first determined in a semidilute 
polymer solution in a good solvent (polystyrene-benzene).15 
At a time scale where the semidilute solution behaves like 
an elastic gel (t < TR), the time dependence of the corre- 
lation function was well described by a single-exponential 
fun~t ion . '~J~  The mutual diffusion coefficient measured 
by quasi-elastic light scattering (QELS)15J6 at t < TR is 
slightly larger (10%) than that measured at  t > TR using 
classical gradient diffusi~n. '~J~ These mutual diffusion 
coefficients have the same concentration dependence and 
are molecular weight independent. 

Here we present QELS experiments performed for a 
wide range of molecular weights and concentrations. First 
of all, we will present a theoretical description of the dy- 
namics of semidilute 8 solutions. The main idea is due 
to Brochard and de G e n n e ~ , ~ ~ , ~ ~  where the following hy- 
pothesis was given: the elastic modulus was considered 
to be much larger than the osmotic bulk modulus. Since 
experimental resultdo lead to moduli of the same order of 
magnitude, we have released the hypothesis and obtained 
theoretical results quantitatively different from those ob- 
tained in ref 22 and 23. 
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I. Theoretical Description 
A polymer solution is semidilute if the monomer con- 

centration c is smaller than the solvent concentration but 
higher than the overlap concentration: 

c* = Nm/R,3 (1) 

m is the weight of the monomer and R, is the radius of 
gyration of the polymer having a degree of polymerization 
N. 

The dynamical behavior of semidilute polymer solutions 
has been discussed by de Gennes and B r ~ c h a r d . ~ ~ ~ ~  The 
pair correlation function between the monomer has the 
screened form24 

where k B  and T,, are respectively the Boltzmann constant 
and the absolute temperature and ,$ is the correlation 
length, which is independent of the degree of polymeri- 
zation. The polymer solution is considered as a transient 
ge120s21 with a mesh size t2 equal to the mean distance 
between two successive binary contact points. In a good 
solvent ,$ and E2 are proportional.21 Since only one char- 
acteristic length exists in the system, all the dynamic and 
static properties have one reduced variable: c/c*. This 
is in agreement with experimental results (see for example 
ref 6 and 9). 

In a 8 solvent, where the binary thermodynamic inter- 
actions vanish, & is smaller and no longer proportional to 
E2* 

5 - (22 - c-'N" (ref 25) (3) 
but the hydrodynamic screening length E H  is proportional 

5H 5 (4) 
Let us focus on the macroscopic longitudinal displace- 

ment u(q,w) of the polymer at  the frequency w and at the 
wave vector Q such that q.$ << 1. u(q,w) is governed by the 
equation of motionz3 which expresses a balance between 
the viscous and the restoring force. The latter is composed 
of the elastic force and the osmotic force. The viscous force 
is due to the friction between the polymer and the solvent. 
The equation of motion is 

(5) 

to p 2  

iucu/F + Kq2u + M(w)q2u = 0 
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The effective mobility 1.1 per monomer is 
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K and 1.1 are q dependent (because 4.5 >> 1) 

K ( q )  = K ( l  + q2E2) (ref 2) (15) 

r(q) = I.1FkI.5) (16) 
F(q.5) is a scaling function of q.5 

F(q[ )  = 1 for q.$ = 0 

F(q.5) 1 / q t  for qE >> 1 

In the range 4.5 = 1, the exact form of F(q.5) depends on 
the approximation 

The characteristic frequency of the displacement r(q) 
is given by an expression similar to eq 12 where 1.1 and K ,  
instead of being macroscopic quantities, are replaced by 
eq 15, and 16. This leads to 

where qo is the solvent viscosity. The osmotic bulk mo- 
dulus K is related to the osmotic pressure ll and scales 
with the concentration as 

K = c(dll/dc) k,Te/t3 N c3W (7) 

The osmotic force Kq2u tends to make the monomer 
concentration uniform. The longitudinal elastic modulus, 
M ,  of the transient gel is frequency dependent 

M(u) = Mg - M g / ( l  + ~ W T R )  (8) 

The longitudinal relaxation time T ~ ,  related to the lifetime 
of the transient gel, is strongly dependent on the degree 
of polymerization: TR - I@ (reptation modelm21). Mg, the 
elastic modulus of the transient gel, is proportional to the 
density of binary contact points clp, where p is the number 
of monomers between two successive binary contact poink 
Mg N kBTec/p. In a 8 solvent the polymer chain is 
Gaussian at  any scale, and the mean quadratic distance 

(9) 

%he dispersion relation derived from the equation of 

(10) 

At low frequency (orR << l) ,  the polymer system behaves 
like a liquid (M = 0) and the characteristic frequency r(q) 
of the nonpropagating macroscopic displacement is 

(11) 

At  high frequency (UTR >> 11, the polymer system behaves 
like a gel (M(m) = M,) and we have 

(12) 

At  high and low frequency, the displacement is due to 
diffusion. Both the osmotic (D,) and the gel (D,) diffusion 
coefficients are molecular weight independent. Using the 
expressions of the effective mobility 1.1 (eq 6) and of the 
osmotic bulk modulus K (eq 7), we obtain for the osmotic 
diffusion coefficient 

Dc kBTe/6rq0tH (13) 

Since the hydrodynamic screening length & is proportional 
to .5, D, is proportional to the concentration. The relative 
difference between the gel diffusion coefficient and the 
osmotic diffusion coefficient is equal to the ratio of the 
longitudinal elastic modulus of the transient gel Mg to the 
bulk osmotic modulus K 

(14) 

Using the expressions of Mg (eq 9) and K (eq 7), we find 
that D J D ,  - 1 is inversely proportional to the concen- 
tration. 

So far we have discussed macroscopic displacement (q.5 
<< 1); let us now focus our attention on local displacement, 
i.e., displacement on a scale smaller than E (q.5 >> 1). This 
regime has been analyzed by Brochard.= We will consider 
only the case q [  >> 1 but with q tZ  << 1,  which is the case 
encountered experimentally for the range of concentration, 
molecular weight, and wave vector investigated. In this 
regime, Mg does not depend on q (because qt2 << 11, but 

is proportional to p. So we have 

Mg - c/Ez2 - c2W 

M is not proportional to K .  

motion ( 5 )  is 

r(q) = ( I . ~ / c ) ( K  + ~ ( 0 ~ 4 ~  

U q )  = G / c ) K s 2  = D,q2 

r(q) = (1.1/c)(K + Mg)q2 = Dgq2 

D g / D ,  - 1 = M , / K  

In the asymptotic regime (q [  >> 1) 

r(q) = Dgq2 X q.5 

r(q) = Dgq2/q.5 if M g / K  >> q2E2 (18) 

Thus, depending on the relative magnitude of the 
longitudinal elastic modulus to the bulk osmotic modulus, 
one has either a q3 or a q dependence of the characteristic 
frequency. 

I t  is well-known that the light scattered by a polymer 
solution is sensitive to the qth Fourier component of the 
displacement and to its characteristic frequency. The aim 
of this work is to show that the three different behaviors 
of r(q) are observable by choosing appropriate samples and 
transfer vectors. In section I1 we give the experimental 
procedure and in particular the experimental conditions, 
molecular weights, and transfer vectors available. 

11. Experimental Procedure 
1. Samples and Temperature Control. Polystyrene and 

cyclohexane (norma pur) were purchased from Toyo Soda and 
Prolabo, respectively. In order to avoid degradation or anomalous 
states, the solutions are never frozen.n The solutions are prepared 
directly into the unsealed light scattering cell without shaking 
and without fiitration at room temperature (20 "C). The monomer 
concentration is determined by weighing. Then the samples are 
maintained in an oven at 50 "C for several months (at least 9 
months). If any accidental demixing occurs, it is necessary to 
maintain the system several weeks at 50 "C in order to  reobtain 
a homogeneous solution. The homogeneity is checked by 
measuring the viscosity at various locations of the cell with the 
magnetic sphere The evaporation of the solvent 
is controlled by weighing just after experiments are performed. 
We are confident in the homogeneity of the samples and in the 
fact that the light scattered by dust particles is negligible. Ac- 
tually, the same samples were used for the intensity light scattering 
experiments4 the intensity scattered at zero momentum transfer 
for a given concentration was independent of the molecular weight; 
the correlation length of the concentration fluctuation correlation 
function agrees with neutron scattering experiments? 

In Table I we report the characteristics of the polymers: the 
molecular weighta M ,  and M,,, the concentration dependence of 
the longest shear viscoelastic relaxation time TR, and the overlap 
concentration c*. T R  is measured with the magnetic sphere 
rheometer,% which allows the shear stress relaxation, after ces- 
sation of a constant shear rate, to be determined. The overlap 
concentration is calculated with the definition of c* given in eq 
1 and the value of the radius of gyration, R,, determined by 
intensity light scattering experiments.m We obtain 

c* (g/cm3) = 40/MW1l2 (194 

if M g / K  = 0 

It appears that this numerical value of c* corresponds to the 
crossover between dilute and semidilute regimes for the osmotic 
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Table I 
Sample Characteristics and  Corresponding Symbols Used 

in  the Figures 

0.422 1.05 6.16 0, no pip 8.7 X 10-2c2.8 (e) 
1.26 1.05 3.56 X 5.5c2." (e) 
2.89 1.09 2.35 0, pip up 1.3 X 102c2.8 (e) 
3.84 1.04 2.04 0, pip left 3.29 X 102c2.75 
6.77 1.14 1.54 0,  pip right 3.30 X 103c2.ffi 

20.6 0.88 0 ,  pip down 1.95 X 105c2.75 

a The concentration dependence of the shear viscoelastic relaxa- 
tion time TR if given. ((e) Means that the law is obtained by ex- 
trapolation from the measurements performed with high molecular 
weights (M, 2 3.84 X IO6).) 

c~mpressibil i ty.~ In order to  fulfil the criteria of the semidilute 
regime, the monomer concentration c of the samples is such that 

c* C c 5 0.11 g/cm3 (ref 14) ( 19b) 

The temperature 0 is chosen equal to 35 "C when the second 
virial coefficient of the osmotic pressure vanishes.30 

For QELS measurements, the scattering cell with a square crass 
section is set in a thermally regulated copper jacket. The  tem- 
perature, measured with a thermocouple in contact with the cell, 
is homogeneous and stable within the accuracy of the measure- 
ment (rt0.04 "C). 

2. Light Scattering Appara tus  a n d  Data Analysis. The 
monochromatic light source is provided by an argon laser (4880 
A) or a helium-neon laser (6328 A). The light power ( 5 3  mW) 
and the convergence of the incident beam are such that there is 
no thermal lens effect and no multiple scattering. The  spec- 
trometer is a two-beam heterodyne light beating spectrometer; 
a complete description of the experimental setup can be found 
in ref 15. By means of a beam splitter 4% of the incident beam 
is used as a local oscillator, whose intensity and polarization are 
adjusted by means of two polarizers. In heterodyne detection the 
scattered electric field is mixed with the local oscillator on the 
photocathode of the photomultiplier. To switch from heterodyne 
to homodyne detection a screen is placed on the local oscillator 
beam. With this experimental setup the scattering angle available 
goes from 8" to  175" (in air). The momentum transfer range 
investigated is 

(20) 

The autocorrelation function of the photopulses is realized by 
a 128-channel multibit correlator which is interfaced to  a mi- 
crocomputer. 

In heterodyne detection, at a momentum transfer q,  the au- 
tocorrelation of photopulses, C(q,t), directly gives the time de- 
pendence S(q,t) of the dynamical structure factor.31 

1.4 X lo4 5 q 5 3.6 X lo5 cm-' 

Zo is the intensity of the local oscillator that  beats with the 
scattered light (Zq). a represents the efficiency of the coherent 
wave front matching (0 5 cy 5 1); when the matching is perfect, 
cy is equal to 1. To  experimentally check the heterodyne condition 
(eq 21), we verify that the ratio base line (-I$) to signal (-2aJdp) 
is proportional to  the intensity of _the local oscillator. 

In order to analyze the profile of S(q,t), the following procedure 
is used. The measurement is done on a correlator time window 
T which goes from At to  T = nAt; At and n are the time per 
channel and the number of channels of the correlator, respectively 
(Atmh = s and T,, = nAt = lo2 s). The resulting experi- 
mental function C&,t) is fitted to an exponential line shape with 
a base l i e  by a least-squares procedure; we minimize the quantity 

(22) 

where RTBT, BT, and T~ are three adjustable parameters. 
In order to estimate the precision on the decay time rT, we 

calculate the relative standard deviation from the error matrix32 

n 

,=1 
EIC&,iAt) - BT[RT exp(-iAt/TT) + 1112 

Figure 1. Different regimes investigated by QELS, schematically 
represented in the plane qR, vs. c/c*. The lines represent the 
crossover between different regimes. The lower l i e  4/47 = 1 (see 
eq 27) represents the transition from the liquid (L) to the gel (G) 
regime. The upper line repreaenk the transition from macroscopic 
to  internal motion (I regime): qR, = 1 and q[ = 1 in the dilute 
and in semidilute regimes, respectively. 

ti is the deviation of the i th experimental point from the corre- 
sponding calculated value. 

In order to  check if the exponential profile describes the ob- 
servation, we calculate the quality f a c t o P  

n-1 n 

In t i  there are two contributions, a statistic error q$ and a sys- 
tematic error i ~ ~ .  QT gives an evaluation of the contribution of 
the statistical and systematic errors to the total error. At first 
order we have 

and 

1 - QT = Xhi"/T:ti" (25b) 

At a given momentum transfer q, by varying the correlator time 
window T, we investigate the behaviors of the three parameters 
q-, VT, and QT. The correlator time window T i s  varied either 
by a continuous increase or by an iterative procedure. In the latter 
method the initial measurement is done at  T,, which gives a decay 
time T T ~ ,  the second measurement a t  Tz = 3TT1, and the j t h  
measurement at Ti = 3rT,-,. After a few iterations (=2), this 
procedure reaches a time window and a decay time which are 
constant (within i2%) only if the correlation function is a single 
exponential. This analysis is performed at  different values of q 
in the whole range of q available (eq 20). 

The comparison of the autocorrelation functions C(q,t) obtained 
with heterodyne and the homodyne detection is useful in the 
charac@htion of the time dependence of the dynarnical structure 
factor S(q,t). This can be easily done with our experimental light 
scattering setup. On th_e other hand, heterodyne detection allows 
us to have a replica of S(q,t), which is useful when the line shape 
is multiexponential. 

Due to the complexity of the dynamics of semidilute 0 solutions, 
in section I11 we derive the forms of the dynamical structure 
factors expected in the three regions of Figure 1. 

111. Dynamical Structure Factor 
As in section I, we assume that the disentanglement of 

the chains can be described b y  a single relaxation t ime q+ 
At  a given momentum transfer q, the scattered light 

reflects the properties at a scale q-'. I f  q( << 1 (and  
therefore atz << l), the polymer solution can be considered 
as homogeneous, and the dynamical structure factor re- 
flects the macroscopic properties of the polymer solution. 
If q t  >> 1, the dynamical s t ruc ture  factor reflects the local 
properties inside 6. The upper line in Figure 1, q [  = 1, 
corresponds to the crossover between macroscopic and 
local properties. 

I i 
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Let us first consider the case qf << 1, which corresponds 
to the region G and L in Figure 1. 

1. Macroscopic Regime (qt: << 1). Using an approach 
similar to that used in ref 22 and 23 (see appendix), we 
find that the dynamical structure factor S(q , t )  is the sum 
of two exponential functions 
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(28) 

The time dependence of the dynamical structure factor 
is a single-exponential function because the amplitude of 
the first term in S(q, t )  (26a) vanishes 

As = 0 

S(q , t )  s e - t / ~ ~ c  (29) 

b. Gel-like Regime (q  >> q t ,  Region G in Figure 1). 
In this limit, the expressions (26) of the decay times and 
the amplitudes reduce to 

T L  I TL, = rRDg/DC 

T S  I TS, = 1/ (Dgq2)  

AL/As = D,/Dc - 1 = M , / K  (30) 

The time dependence of the dynamical structure is the 
sum of two exponential functions 

S(q , t )  = Ase-t/Tsx + ALe-t/Tb (31) 

The first component is related to the diffuse displacement 
of the polymer at  high frequency (eq 12). The slow com- 
ponent, which has a q-independent decay time, corre- 
sponds to a structural relaxation. 

The fluctuation of the concentration induces a concen- 
tration gradient and an elastic stress. At  short time, the 
concentration relaxes with a decay time (D,q2)-'. During 
this time (D,q2)-I << rR, the polymer system can be con- 
sidered as a permanent gel. At long times, the elastic stress 
relaxes via the longest viscoelastic relaxation time 
( rRDg/Dc) 

For qf < 1,  the total intensity scattered is independent 
of q / q t  and proportional to the osmotic compressibility, 
it is thus molecular weight independent. On the other 
hand, for qf > 1,  the intensity is q dependent. qt is linked 
to a characteristic time and f is a characteristic length of 
the semidilute polymer solution. 

2. Internal Motion Regime (45 > 1, Region I of 
Figure 1). We focus our attention on the fast relaxation 
process and on the condition qf2 < 1,  where f 2  is the mean 
distance between binary contact points. 

Since the condition qt < f- '  is always fulfilled, the 
semidilute solution can be considered to be a permanent 
gel. The inverse of the decay time of the fast component 
of the dynamical structure factor is equal to the charac- 
teristic frequency of the displacement discussed in section 
I (eq 17) 

and 
S(q , t )  = ASe-t/% + ALe-t/rLs (264 

The relative amplitudes of the two components are linked 
to the decay times rs and rL 

As = ( T R  - T s ) / ( ~ L  - 7s) 

AL = 1 - As = ( T L  - rR)/(rL - 7s) (26b) 

The characteristic decay times have the following de- 
pendences: 

>'/' 1 Dcq2 [ 1 - ( 1 - 4  D,qt2(1 + q2/q t2)2  

where 

q+ = ( ~ / T R D , ) ' / ~  (27) 

and Dg and D, are the gel and osmotic diffusion coefficient, 
respectively (eq 11 and 1 2 ) .  

At a given momentum transfer q ,  the time required by 
the polymer system to diffuse on a scale q-l is (D,q2)-'; at  
q = qt this time is equal to rR. In Figure 1, q /q t  = 1, which 
corresponds to the lower line, is calculated for 4 x lo6 
molecular weight, setting M , / K  = 5 X 10d2/c in eq 12 (see 
eq 30 and 38) and assuming, following the reptation model, 
that 

One must note that this line is molecular weight dependent 
in this representation. But, whatever the exact form of 
rR and M , / K ,  the plane qR, vs. c/c* for c / c *  > 1 and qf 
<< 1 is always divided into two regions 

q < qt liquid regime (L) 

gel regime (G) q > qt 

qt is a momentum transfer that separates the two dynam- 
ical behaviors, which will be analyzed successively. 

a. Liquid Regime ( q  << q +, Region L in Figure 1). 
In this limit the expressions (26) of the decay times and 
the amplitudes reduce to 

rL rLc = 1/ (Dcq2)  

7s = T R  

AL = 1 

and 

If, as was predicted in section I, Mg and K do not have the 
same concentration dependence (M,/K - c-'; see eq 7 and 
9), qf is not a reduced variable of rs;'/(D,q2). A t  a given 
value of q f ,  whatever the exact form of F(qf) is, when the 
concentration is decreased, the ratio 1 / r s P g q 2  must de- 
crease. 

A given semidilute sample is characterized by two 
quantities: the correlation length f ,  which is only con- 
centration dependent, and the transfer vector qt,  which 
is concentration and molecular weight dependent. 

The knowledge of the concentration and molecular 
weight of a sample allows us to locate the region in Figure 
1 that will be investigated experimentally. The dynamical 
structure factor of a semidilute 8 solution must have, in 
the three regions of Figure 1 ,  the following expected be- 
havior: 
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Table I1 
Decay Times and Amplitudes of the Components of the 

Dynamical Structure Factor (See Figure 1) 
amplitude 

of 
regime 75 71. component 

decay time 

liquid regime (L) 

internal motions (I) 7sg - q', 
1 2 x 1 3  

44: << 1 
q < qt (Liquid Regime, Region L of Figure 1 )  
The profile of S(q,t) is a single-exponential function with 

a decay time inversely proportional to the osmotic diffusion 
coefficient D, (see eq 11). 

q > qt (Gel Regime, Region G of Figure 1) 
S(q,t) is a two-exponential function. The decay time of 

the fast component is inversely proportional to the gel 
diffusion coefficient D (see eq 12). The decay time of the 
slow component is independent of q and must be related 
to the viscoelastic relaxation time. 
qf >> 1 (Region I of Figure 1 )  

S(q , t )  has the same form as in the gel regime but the 
fast decay time is related to internal motions inside the 
correlation length. The study of these motions must allow 
us to point out the influence of two lengths in semidilute 
8 solutions. 

The main behaviors of S(q , t )  are summarized in Table 
11. 

In the next section we present results obtained over a 
wide range of molecular weights, concentrations, and 
transfer vectors. The procedure used to analyze the ex- 
perimental correlation function (Section 11) presents the 
advantage that no a priori assumptions have to be done 
on the S(q , t )  profile. 

IV. Experimental Results and Discussion 
1. Macroscopic Liquid and Gel Regimes (Regions 

L and G of Figure 1). From neutron2 and light scattering 
 experiment^,^ the correlation length of the concentration 
fluctuations was determined to be 

(33) 

In order to observe macroscopic quantities, the exper- 
imental condition is qf < 6 X 10% (for more 
details, see section 1V.b). 

a. Liquid Regime ( q  < qt ,  Region L of Figure 1). 
Here we present the results obtained from experiments 
done on samples having very small shear viscoelastic re- 
laxation times TR 5 lo4 s, such that the corresponding qt 
values are higher than the range of q investigated by QELS 
(lo4 to 3.6 X lo5 cm-l (eq 20)). 

For instance, let us consider a sample of Mw = 4.22 X 
lo5, c = 7.37 x s (qt = 4 x 
lo5 cm-l). At a momentum transfer q = 3.69 X lo4 cm-', 
the decay time TT of the correlation function of the pho- 
topulses reaches a constant value with the iterative pro- 
cedure (see Section 11.2) and is independent of the time 
window T of the correlator: for TT < T 5 6 7 ~ ,  7~ = (6.81 
f 0.17) X s. The variance VT presents a minimum 
value of 3 x and the quality factor a maximum value 
of 0.7 (lOOQ/V,,, = 2.3). Using homodyne detection, we 
find similar behaviors, but the decay time is equal to rT/2.  
These behaviors are characteristic of a concentration 

.$ (cm) = 5.5 x 1O-@/c 

or q 

g/cm3, and TR i= 6 X 

/ I 

c / 

0 1 2 3 
Figure 2. Example of the variation of the inverse of the decay 
time as a function of the squared momentum transfer in the liquid 
regime (lOOQT/VT maximum values are larger than 1). The 
sample characteristics are M ,  = 4.22 X lo5 and c = 7.37 X 
g/cm3. 

- 
~ : l ~ ' [ g / c m  I I - 

0 2 1 6 I 10 

Figure 3. Linear plot of the diffusion coefficients as a function 
of concentration. The full lines D, and D represent the behaviors 
of the diffusion coefficients in the liquib(L) and gel (G) regimes 
of Figure 1. The symbols inside circles are obtained in the 
transition regime from L to G. For the meaning of the symbols, 
see Table I. (+) ( M ,  = 3.9 X lo5) and (0) ( M ,  = 8.6 X lo5) 
correspond to the diffusion coefficient measured by CGD.lg 

correlation function which is well described by a single- 
exponential function. The inverse of the decay time rT 
is proportional to q2 (see Figure 2). Those two experi- 
mental observations are in agreement with the predictions 
of Section 111.1. Thus, we can identify TT with rLc (eq 28) 
and 1/rLcq2 with the osmotic diffusion coefficient D,. In 
Figure 3, we report values of D, obtained by QELS with 
samples of different molecular weights and concentrations 
and D, values obtained by classical gradient diffusion 
(CGD).lg Within lo%, both measurements are in agree- 
ment. For example, by QELS M ,  = 4.22 X lo5, c = 7.27 
x g/cm3, and D, = 9.5 X lo-@ cm2/s, and by CGD M ,  
= 8.6 X lo5, c = 7.66 X g/cm3, and D, = 9.12 X lo-@ 
cmz/s. 

D, is independent of the molecular weight and can be 
considered as proportional to the Concentration for c 5 8 
x g/cm3 

D, (cm2 s-l) = (1.25 f 0.10) X 10% (34) 
This variation is represented by the straight line (D,) in 
Figure 3.34935 The concentration and molecular weight 
dependence of D, are in agreement with predictions of 
section I (eq 6, 7, and 11). 

The concentration dependence of D, is in agreement 
with intensity light scattering and sedimentation experi- 
ments which measure the osmotic compressibility c(ac/aII) 
and the effective mobility per monomer k ,  respectively. 
Following section I (see eq 7 and 11) these different 
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0.3 1 3 10 
Figure 4. Log-log plot of the variation of the reduced variable 
D/Do as a function of c /c* ,  where DO is the diffusion coefficient 
of a single chain. Triangles are values obtained from ref 36: (A) 
M, = 1.3 X lo6; (v) M, = 2 X lo8. The other points have been 
obtained by using Do (cm2/s) = 1.3 X 104/M,1/2.37 For the 
meaning of the other symbols, see Figure 3. The straight solid 
line represents D,/Do N c/c* and the lines 1,2, 3, and 4 quali- 
tatively represent the variations of D,/Do. 

quantities are related to each other by the general relation 
D, = p(alI/dc). In fact, in a sedimentation experiment, 
the quantity measured is a sedimentation coefficient s, 
which is related to p by s = (1 - 0p)p. 0 is the partial 
specific volume of the polystyrene (=0.92 cm3/g) and p is 
the density of the solution (=0.764 g/cm3 at  35 "C). So 
we have 

s an Dc=--  
(1 - up) ac (35) 

Using expression 35 and the experimental results 
s (S) = 1.15 X 10-14~-0~96*0~04 

dn/& ((dyn cm)/g) = (2.93 f 0.14) X 107c2 

(ref 7) 

(ref 4) 

we find that 

Comparison of expressions 36 and 34 shows that the gen- 
eral relation D = p(dlI/ac) is fully respected experimen- 
tally. As has been predicted in section I (see eq 13) 

where EH is the hydrodynamic screening length. The 
concentration dependence of D, leads to 

Thus in agreement with theoryz2 and previous experi- 
mental results,7J9 both lengths [H and 5 are proportional. 

Following scaling laws,z4 one must have 

where RH is the hydrodynamic radius of an isolated 
polymer chain. This law can be checked by examining the 
variation of the ratio Dc/Do (Do = kBTe/6?qORH) as a 
function of the reduced concentration c / c * .  In Figure 4 
we see that the experimental points lie on a single curve 
whatever the molecular weight and the concentration. 

Since c /c *  is a reduced variable of (Nm/kBTe)(an/ac) 
and of D,/Do, in 8 semidilute solutions, the hydrodynamic 
and thermodynamic properties can be described with one 
characteristic length, which is the correlation length 5 of 
the concentration fluctuations. 

b. Gel Regime (q  > qt, Region G of Figure 1). Here 
we present the results obtained from experiments done on 
samples having long viscoelastic relaxation times ( T R  > 

a x ' o o j  0.5 
V 

T (SKI 
I 1 I 

1i3 10-1 Id' 1 
Figure 5. (a) Variation of the decay time 7T (0) and of 100QT/ VT 
(+) as a function of the correlator time window T where the 
correlation function is analyzed. (b) Variation of the quality factor 
QT (0) and of the relative standard deviation VT (+) as a function 
of T. The lines are guides for the eye and the representations 
are log-log scales. 

20 ms), such that the corresponding qt values are lower 
than the range of q investigated by QELS (see eq 20). 

Let us consider the case of a polymer solution with M, 
= 2.89 X lo6, c = 3.79 X g/cm3, and TR = 1.3 X 
s (qf = 4 X lo4 cm-I). A t  a q = 1.448 X lo5 cm-l, the 
behaviors of the decay time 7 T ,  the variance VT, and the 
quality factor QT as a function of the correlator time 
window Tare  given in Figure 5a,b. I t  turns out that 7 T  
increases continuously with T, but the variation of 7 T  with 
T is weak for T = Tsg and reaches a constant value for T 
= TL, (see Figure 5a). At short time (see Figure 5b), Ts, 
corresponds to a minimum of V T  (1.6 X at long time, 
TLg corresponds to a flat minimum of VT (3 X We 
determine two decay times, a shortest time 7Sg and a 
longest time 7k, which correspond to maximum values of 
Qr/ VT occurring at  Tsg and TL,, respectively (see Figure 
5a). 

From the signal to baseline ratio R T  (defined in eq 22) 
determined for 7 T  = 7sg and 7 T  = 7Lg, we have access, but 
with a very poor precision (50%)) to the relative amplitude 
of the slowest to the fastest component (AL/As). 

In this section we report the experimental variation of 
7sg and 7Lg as a function of the transfer vector q, only if 

Prom Figure 6 one can see that the q dependences 
proposed for 7sg and 7Lg (see Table 11) are verified ex- 
perimentally: 7sg is proportional to qz and 7Lg is inde- 
pendent of q. The experimental precision is 10% and 20%, 
respectively. 

The diffusion coefficient D, [Dg = 1/(rsgq2)] is concen- 
tration dependent (see Figure 3) and independent of the 
molecular weight, in agreement with theoretical predictions 

7L /7sg R 102. 
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Figure 6. Example of the inverse of decay times as a function 
of the squared momentum transfer in the gel regime (region G 
in Figure 1): (0) shortest time T~ (ms); (+) lon est time r (9). The sample characteristics are dw = 6.77 X 10 f and c = 3% X 

g/cm3. 

1 0 -  

0.3 1 / i 
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Figure 7. Variation as a function of the concentration of the 
longest decay time T~~ (s) divided by the molecular weight de- 
pendence (MW39. The solid line represents the concentration 
dependence of rk (see eq 37). For comparison we report (dotted 
line) the concentration dependence of TR/Mw3.8. TR is the shear 
viscoelastic relaxation time measured with the sphere magneto- 
rheometer'O (for the meaning of the symbols, see Table I). 

(eq 6, 7,9, and 12). For example, at c = 3.88 X g/cm3, 
D, is equal to 1.45 X and 1.30 X lo-' cmz/s for mo- 
lecular weights of 6.77 X lo6 and 3.84 X lo6, respectively. 

The decay time rLg, which corresponds to a structural 
relaxation, varies strongly with the molecular weight. For 
instance, at a given concentration c = 3.88 X g/cm3, 
rk is equal to 0.44 s and to 0.054 s for molecular weights 
of 6.77 X lo6 and 3.84 X lo6, respectively. This decay time 
must have the same molecular weight dependence as the 
shear viscoelastic relaxation time TR which was measured 
using the magnetic sphere rheometer10p38: TR - M,3.8. In 
Figure 7, we see that the quantity rL,/Mw3,8 no longer 
depends on the molecular weight and has the following 
concentration dependence: 

(37) 
This experimental result will be discussed in section V. 

In Figure 8 are plotted as a function of concentration 
the relative increment of the diffusion coefficients D,/Dc 
- 1 and the relative amplitude of ALIAs. Within experi- 
mental precision, these two quantities are proportional; 
they decrease as c increases. 

This experimental result and the fact that the total 
intensity scattered is molecular weight independent4 mean 
that the amplitude of each component of the dynamical 
structure factor S(q,t) is molecular weight independent. 

The fact that ALIAs is smaller than D,/D, - 1 means 
that S(q,t) is a multiexponential (>2) function. This is 

rLg (S) /M,+,~ .~  = 9.2 X 10-23c3~07*0~15 

0.41 

-. c x102 1 
I I I 

2 I 6 10 
Figure 8. Log-log plots of the relative contribution of the longest 
to the shortest components (ALIAS). (*) and the relative variation 
of the diffusion coefficients in the liquid and gel regimes (D /Dc 
- 1) aa fundions of concentration. For the meaning of the symbols, 
see Table I; the straight line corresponds to eq 38. 

consistent with the direct observation: TT is a continuous 
increasing function of T (see Figure 5a). The departure 
of S(q,t) from the predicted two-exponential function (see 
eq 31) may be due to the distribution of viscoelastic re- 
laxation t imed9 the frequency dependence of the longi- 
tudinal elastic modulus does not have the simple form 
proposed in eq 8. The experimental treatment used allows 
us to have access only to the shortest and to the longest 
component of S(q,t). 

The relation between the amplitudes of the two com- 
ponents and the diffusion coefficients, ALIAs = D / D c  - 
1, explains why the slow components are undetectahe by 
QELS in a good solvent system, where it has been found 
D,/D, = l.l.l6J8 Moreover, for a given concentration, when 
the temperature is increased (Le., when the solution goes 
from the 8 to the good solvent regime), the amplitude of 
the short component becomes more and more dominant. 
For instance, for a sample with M,  = 6.77 X lo6 and c = 
3.88 X g/cm3 the ratio ASIAL is of the order of 1.6 at 
the 8 temperature (35 "C) and greater than 5 above T, = 
50 "C. In a good solvent semidilute solution (poly- 
styrene-benzene15 or polystyrene-cyclohexane at high 
temperature) the dynamical structure factor S(q,t) is a 
single-exponential function. Besides, when the tempera- 
ture is increased, the gel and osmotic diffusion coefficients 
increase faster than the inverse of the solvent viscosity (this 
conforms our previous result34). 

Let us return to Figure 8 and analyze the concentration 
dependence of D,/D, - 1. Experimentally we find that 

D J D ,  - 1 = 5.22 x 10-2c-1.04*0.2 (38) 

Following eq 30, this quantity is equal to M,/K. From 
intensity light scattering measurements4 we have deter- 
mined 

K (dyn/cm2) = (2.93 f 0.14) X 107c3 (39) 

So our measurements lead to a longitudinal elastic modulus 
that has the following dependence: 

Mg (dyn/cm2) = 1.53 X 106c'.96 (40) 

Although M, and K do not have the same concentration 
dependence, they are of the same order of magnitude (for 
c = 5 X 

The mean quadratic distance tZ2 between two contact 
points is linked to the longitudinal elastic modulus by [? - c/Mg. Thus we obtain 

g/cm3, M,/K = 1). 

t 2 2  - c-096 
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0.1 1 I 10 
Figure 9. Log-log plots of variations of the inverse of the deca 

Dotted and full lines correspond to the theoretical behaviors of 
the longest and shortest decay times, respectively (see (A.7)). The 
numerical values attached to the experimental points are 
100QT/ Vg maximum values. Sample characteristics are M, = 
1.26 X 10 and c = 7.42 X 

This concentration dependence is in agreement with eq 
3, and one can conclude that the longitudinal elastic mo- 
dulus is sensitive to the binary contact points, in agreement 
with theoretical predictions of ref 22 and 23. 

In Figure 4 we can see that the relative concentration 
c/c* is not a reduced variable of D,/D,, where Do is the 
diffusion coefficient of a single chain. Since the gel dif- 
fusion coefficient is sensitive to two lengths 5 (via K )  and 
t2 (via M,), this means that in contrast to [ / R ,  which is 
a function of c/c*, t 2 / R  is not a function of c/c* (t2 = 
[Ra(~*/c)] ' /~,  where a is the statistical length). 

Until now we have analyzed the experimental results 
obtained either in the region L of Figure 1 or in the region 
G of Figure 1. We will present now the transition from 
the liquid regime (L) to the gel regime (G)  observed by 
increasing the transfer vector q.  

c. Transition from the Liquid Regime to the Gel 
Regime. Here we present the results obtained from ex- 
periments done on samples having an intermediate vis- 
coelastic relaxation time (TR = s) such that the cor- 
responding qt values are in the q range investigated by 
QELS (see eq 20). 

A characteristic behavior of the decay times of the 
correlation function vs. the squared momentum transfer 
is given in Figure 9 (M, = 1.26 X 106, c = 7.42 X g/cm3, 
and q f  = 5.4 X lo4 cm-'). 

For q < qt, the correlation function can be described by 
a single-exponential function. As the q vector is lowered, 
the quantity (Q/V),, increases (see Figure 9 ) ;  thus the 
profile becomes more and more exponential and the ratio 
l / ( r L q 2 )  becomes a constant equal to 9.1 X cm2/s. 
This diffusion coefficient value (D,) is in agreement with 
results obtained in the liquid regime (Figure 3 the points 
corresponding to these experimental results are placed 
inside circles). 

For q > qt ,  we recover the profile of the correlation 
function described in the gel regime. At  large values of 
q/qt  (q /q t  > 2.8), the decay time TL of the slow component 
becomes independent of q (rL = r h  = 3.8 X s) and the 
decay time T~ of the fast component shows a q-2 depen- 
dence (7s = T S ,  = 1/(D,q2) with D,  = 1.53 X lo-' cm2/s). 
The diffusion coefficient D,  and the decay time TL, ob- 
tained here agree with the results found in the gel regime 
(see Figures 3 and 7, points inside circles). 

The lines in Figure 9 correspond to the theoretical be- 
havior proposed (appendix, eq A.7) in which we have used 
rR = (Dc/Dg)rLg and inserted the experimental values of 

times in the transition from L to G regimes as a function of q P . 

g/cm3. 

I .. I.+ g I 

..... I 
I I \d 0.. 

1 10 100 

Figure 10. Log-log plots of the reduced quantity .A equal to 
(D$Dg)(r / r s )  = rs-l/rR-l or tu rL-l/(DCq2) as a function of q/qt 
(qt = 1 / ( B c ~ & ) ) .  Curves a and b correspond tu the theoretical 
behaviors of rS-l/rR-l and of rL-1/(D,q2), respectively (see eq 2612). 
(+) M, = 1.26 X lo6, c = 7.42 X lo-' g/cm3; (0, pip up) M, = 
2.89 X lo6, c = 3.79 X lo-* g/cm3. 

D , D, and T L ~ :  The experimental values of rL-l and rS-l 
fobow approximatively the theoretical curves, but the 
transitions between the two regimes are more abrupt than 
those predicted. This can be due to the fact that for q P= 

qt ,  the theoretical amplitudes and the decay times of the 
shortest and longest component are of the same order of 
magnitude so the values of T S  and rL measured are cor- 
related. 

In Figure 10, we plot TS-l/TR-l and TL-'/(D,q2) vs. q / q f  
for the experimental values obtained with two samples: 
M ,  = 1.26 X lo6, c = 7.42 X g/cm3, and TL, = 3.8 X 

g/cm3, and rLg = 
1.31 X s. 

In the regime (q/qt>2 > 10, the experimental values are 
on the same master curve whatever the molecular weight 
and the concentration of the samples, in agreement with 
the proposed law (26c). 

Thus qt,  which is strongly molecular weight dependent, 
is, as has been proposed (see section 111), a momentum 
transfer that separates two dynamical regimes: the liquid 
and the gel regimes. 

2. Internal Motion (Region I of Figure 1). Since the 
correlation length is inversely proportional to the con- 
centration, in order to observe internal motion with QELS 
we have to use low-concentration samples: c1 = 1.82 X 
g/cm3, M, = 20.6 X lo6; c2 = 2.48 X g/cm3, M, = 6.77 
x 106. 

With such samples, and by increasing the q vector, we 
can observe either the gel regime or the internal motion 
regime and thus go from the G region to the I region of 
Figure 1. 

In region I, the pattern of T~ vs. the correlator time 
window T is similar to that given in Figure 5 but the 
(Q/ V)" values corresponding to the shortest decay time 
rSg are lower than the values obtained in the gel regime. 
This experimental observation is obvious because qt is 
always smaller than E'. 

We focus our attention on the q dependence of the gel 
diffusion coefficient and plot in Figure 11 rS;'/(D,q2) as 
a function of qt.  It appears that a t  q l <  1/3, rs;l /(Dgq2) 
= 1 and is independent of q,  and at  qt  > ll3, - ' / (D q2) 
is an increasing function of q and concentratiozlepencfent 
in this representation. 

Thus QELS probes diffusive processes at q t  < and 
internal motion at  q t  > ll3, but ql is not the reduced 
variable of T S  -'/(D,q2). 

This has to \e compared to the dilute 8 solution, where 
it was that qR, is a reduced variable of r-'/(D0q2), 

s; M ,  = 2.89 X lo6, c = 3.79 X 
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Figure 11. Variation of the reduced effective diffusion coefficient, 
1/(7@d2), as a function of the dimensionless quantity 44. Solid 
lines are only guides for the eye. (0, pip down) M, = 20.6 X lo6, 
c1 = 1.82 X g/cm3; (0, pip right) M, = 6.77 X lo6, c2 = 2.48 
x g/cm3. 

which departs from unity a t  qRk = 1. 

11 to the theoretical expression (eq 32) 
Now let us compare the experimental results of Figure 

If, as suggested by this relation, the concentration de- 
pendence of rsL1/(D,q2) vs. q t  comes through the moduli 
term only, we can explain qualitatively, but not quanti- 
tatively, the experimental results. At a given value of 45, 
the higher the value of M,/K (the lower the concentration), 
the lower is the value of 7s;1/(Dps2). But taking for M,/K 
the macroscopic quantities (see eq 30 and 38), we find, 
using expression 32 

instead of the value 1.4 found experimentally. 
This can be due to the fit of the dynamical structure 

factor, which could be incorrect for q t  > 'I3, to the ex- 
perimental evidence that the crossover between a diffusive 
process and internal motion appears a t  q t  = instead 
of q t  = 1 (found with relation 32), or to the assumption 
that M, is a constant independent of q. 

It  would be interesting to study the internal motion of 
a semidilute solution over a wider range of q. This can be 
realized either by increasing 5 and thus the molecular 
weight in order to fulfil the semidilute condition (see re- 
lation 19) or by decreasing q and thus using quasi-elastic 
neutron scattering. 

In any case, the fact that q( is not a reduced variable 
of rs;'/(D6q2) is further evidence that longitudinal elastic 
and osmotic bulk moduli are of the same order of mag- 
nitude but are sensitive to two different lengths in the 8 
condition. 
V. Comparison between Quasi-Elastic Light 
Scattering and Viscoelastic Measurements 

From viscoelastic measurements,1° we know that the 
shear elastic modulus G, is sensitive to the binary contact 
point and is equal to 

' G, (dyn/cm2) = 1.34 X 106~2.5*0.2 (41) 

From QELS and intensity light scattering experiments 
we have deduced the longitudinal modulus (eq 40): Mg = 
1.53 X 106c1.96 dyn/cm2. 

Within the experimental precision the two quantities 
are proportional: 

Mg = 6.5G, (42) 

t /" i 

I I ,  

1 2 3 r, 
Figure 12. Ratio of the longest decay time T~~ to the shear 
viscoelastic time TR as a function of the ratio of the gel to the 
osmotic diffusion coefficient. Solid line represents the mean value 
of T ~ / T &  Dotted line corresponds to eq 30 when rR is identified 

6.5 corresponds to the mean value calculated in the con- 
centration range 2 X to 8 X g/cm3. Following 
viscoelastic theory of an isotropic medium,42 we have 

(43) 

K,  = 5.2G, (44) 

to TR. 

M, = K ,  + 4/3Gg 

Comparing (42) and (43) we find 

We must note that this elastic bulk modulus K,  does not 
correspond to that of an incompressible medium polymer 
plus solvent ( K b a  = 104Gbdk39) but to that of a medium 
in which the solvent is allowed to be displaced when a 
high-frequency ( 0 7 ~  >> 1) compressional force is applied 
to the polymer. 

If one assumes that M, = 6.5G, whatever the quality of 
the solvent, we can understand the QELS results in a good 
solvent. We know that 

AL/As  = D,/D, - 1 = M,/K = 6.5(Gg/K) 

Actually, on increasing the quality of solvent, G, de- 
creases slightly while K increases strongly; typically at c 
= 4 X g/cm3 we have G,, = 0.9G and KGs i= 32K, 
(where GS means the good solvent pogstyrene-benzene 
s y ~ t e m ) . ~ p ~ J ~  Thus in good solvent D, = 1.040, and the 
longest decay time is undetectable (in agreement with 
experimental results). 

At this stage it is interesting to compare the decay time 
TR associated with the longitudinal structural relaxation 
and the time TR obtained from shear viscoelastic mea- 
surements on the same samples.'O In Figure 12 we have 
plotted rh/TR against D,/D,; obviously the conclusion is 
that T~ is equal to TR:rh/TR = 1.17 f 0.20.43 This result 
can also be observed in Figure 7, where the dotted line 
corresponds to TR values measured with the magnetic 
sphere rheometer;1° the full line corresponds to rLg mea- 
sured in this experiment. 

Using the definition of TL, = (D,/D,)TR (see eq 301, we 
have 

(45) 

The longitudinal relaxation TR must be smaller than the 
shear relaxation time TR, and the two times have the same 
molecular weight dependence but must not have the same 
concentration dependence. In ref 10, it has been shown 
that the shear reduced time TR/T1 (where T1 is the first 
mode of a single chain) is not just a function of c/c*; the 
same conclusion can be drawn for the longitudinal reduced 
time 7R/  T1. The friction involved in the displacement of 
one chain is not purely hydrodynamic since hydrodynamic 

TI,,.= TR = [I  + (Mg/K)ITR 
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and thermodynamic quantities follow scaling law. We 
must note that the situation is different in a good solvent 
where TR/T1 follows a scaling law? and 7R/T1= 1 because 
M , / K  = lo-’. 

Conclusion 
The quasi-elastic light scattering results presented here 

are different from those reported by other groupsMQ but 
are in perfect agreement with measurements performed 
with different techniques. 

Experiments performed on homogeneous semidilute 8 
solutions (10-1 g/cm3 > c > c*) show that many dynamical 
regimes exist, in agreement with theoretical predictions.Ba 

At a time scale where the 8 semidilute solution behaves 
like a viscous fluid (i.e., the shear viscosity is Newtonian), 
the time dependence of the dynamical structure factor is 
an exponential function and the inverse of the decay time 
is proportional to q2: 1/rLC = D,q2. The diffusion coef- 
ficient D,, independent of the molecular weight, increases 
linearly with the monomer concentration: D, (cm2/s) = 
1.25 X 10% The comparison between the D, values and 
measurements of the effective mobility p, obtained by 
~edimentation,~’ and of the osmotic compressibility dc/dII, 
obtained by intensity light scattering measurements: 
shows that the diffusion coefficient D, = p(dII/dc) is linked 
to the osmotic force and to the hydrodynamic interactions. 
The osmotic diffusion D, is inversely proportional to the 
correlation length ( f  - c-l) of the concentration fluctua- 
tions; the hydrodynamic and thermodynamic properties 
can be described with only one characteristic length f .  In 
the liquid regime the relaxation of the concentration 
fluctuations is controlled by the motion of the solvent 
through the polymer. 

At a time scale where the 8 semidilute solution behaves 
like a gel (i.e., the solution has a finite elastic modulus), 
the time dependence of the dynamical structure factor is 
multiexponential(>2). At the shortest times we can define 
a characteristic decay time 7sk, which is proportional to 
q-2, and determine a gel diffusion coefficient D,, which is 
only concentration dependent. At the longest times we 
can define a characteristic time 7Lp, which is independent 
of q and equal to the shear relaxation time obtained from 
mechanical measurements. The longitudinal relaxation 
time 7Lg is strongly concentration and molecular weight 
dependent: T~ - Mw3%3. In the gel regime, the relaxation 
of the fluctuation concentrations is mainly governed by 
two processes: at the shortest times by the diffusion of 
the solvent through the transient gel and at  the longest 
times by the structural relaxation of the transient gel. 

At a temperature higher than 8, in the good solvent 
regime, we find that whatever the time scale the profile 
of the dynamical structure factor is an exponential func- 
tion, in agreement with our previous results in poly- 
styrene-ben~ene.~~ 

If the concentration dependence of the characteristic 
time 7Lg may be understood in terms of hydrodynamic 
friction, the high value of the molecular weight exponent 
(3.8) indicates that for longitudinal as well as for shear 
relaxation times the friction involved in the disentangle- 
ment of a chain under 8 conditions is not purely hydro- 
dynamic. 

Comparing the gel to the osmotic diffusion coefficient, 
we find that the longitudinal elastic modulus Mg and the 
osmotic bulk modulus K are of the same order of magni- 
tude but that their concentration dependences are dif- 
ferent: M g  = 1.53 X 106c1,9e and K = 2.93 X ~ O ’ C ~ . ~  From 
this concentration dependence we conclude that the elastic 
modulus M ,  is sensitive to the mean distance t2 between 
binary contact points (M,  - kBTeC/tZ2) with EZ2 - c-l), 

Dynamics of Semidilute 8 Polymer Solutions 1769 

while the thermodynamic modulus K is sensitive to f ( K  

For the first time we have observed the transient gel by 
quasi-elastic light scattering. We have also observed a 
difference between the correlation length of concentration 
fluctuations and the mesh size of the transient gel in 
semidilute 8 solutions. 
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Appendix. Dynamical S t ruc tu re  Factor 
Quasi-elastic light scattering allows the dynamical 

structure factor S(q,t) to be determined31 

S(q,t) = (6cq(t)6cqt(0)) / v (A.1) 

V is the scattering volume and 6c ( t )  is the space Fourier 
transform of the concentration ductuation 

6c,(t) = 1 6c(r,t)e-’qr d r  (44.2) 

In order to calculate the time dependence of S(q,t), it is 
convenient to know the longitudinal displacement u of the 
polymer system induced by a perturbative periodic force 
of frequency w and wave vector q: fOei(qxWt). Let us write 

u (q ,w) = x (q ,w)fOei(qx-wt) (A.3) 

The dynamical structure factor S(q,t) is related to the 

k ~ T e / t ~ ) -  

V 

response function x(q,w) by the r e l a t i ~ n ~ ~ , ~ ~ * ~  
kBTe +- 

S(q,w) = - c y -  7F $_. w-lx”(q,w)eiwt dw (A.4) 

where x”(q,w) is the imaginary part of x(q,w). 

equation of motion (eq 5) becomes 
In the presence of the external force fOei(qx-wt) the 

(-4.5) 

From eq A.3 and A.5 and the expressions of M ( w ) ,  D,, 

iwcu/p + Kq2u + M(o)q2u = fOei(qxWt) 

and D, (see eq 8, 11, and 12), it follows that 

X(q,w) = -d1 + ~O~R)/C~RD’(~ ,W) 

D’(q,w) = w2 - i~(7R-l + D,q2) - 7R-’D,q2 (A.6) 

If D, > D,, the roots of D’(q,w) are two purely imaginary 
numbers 

w1 = i / ~  and w2 = i/7L 

7s-1 = 

with T s  5 7~ 5 TL. 

If q-’ is larger than the correlation lepgth E ,  D, and D, 
are q independent. Using in (A.7) qt = (1/7RDc)1/2, the 
momentdm transfer that separates the liquid and the gel 
regime, we obtain for 7s and T L  the expression (26C). 

The fact that the roots of D’(q,w) are imaginary numbers 
implies that x”(q,w) is the sum of two Lorentzian functions 
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(24) de Gennes, P.-G. “Scaling Concepts in Polymer Physics”; 
Cornel1 University Press: Ithaca, NY, 1979. 

(25) If A = constant X B and the constant is dimensionless we will 
write A N E. A - B means that A is proportional to B. A = 
E means that A is of the order E. 
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(35) In ref 34 we reported a QELS experiment on a sample c = 8.49 

X g/cm3 whose nominal molecular weight was M, = 3.8 
X 10s. Following the results obtained in the present paper (see 
section IV) and the TR value = 0.4 s estimated from Table I, 
we expect that, for this sample, we must have access to a gel 
diffusion coefficient D, by 3ELS. In fact, a diffusion coeffi- 
cient of (9.85 k 0.20) X 10 cm2/s was found, which agrees 
with D, expression 34. This must be due to the polydispersity 
of the sample, which reduces the value of the shear viscoelastic 
relaxation time. 

(36) Munch, J. P.; Hild, G.; Candau, S. Macromolecules 1983,16, 
71. 

(37) Schmidt, M.; Burchard, W. Macromolecules 1981, 14, 210. 
(38) We must note that the law TR - Mj,8  does not agree with the 

theoretical scaling law TR = TI (c/c*I3 used in the construction 
of Figure 1. 

(39) Ferrv. J. D. “Viscoelastic Prouerties of Polvmers”. 3rd ed.: 

15, 673. 

Appl. 1984,19, 253. 

Beating Spectroscopy”; Plenum Press: New York, 1974. 

Physics”; W. A. Benjamin: Reading, MA, 1964. 

1770 Adam and Delsanti 
r 

7LAL 1 (A.8) 
7SAS + 

W 2 7 s 2  + 1 W 2 7 ~ 2  -k 1 
- x ” ( q , w ) / w  = 1/Kq2 

where As and AL have the following dependences: 
As = ( 7 ~  - 7 ~ ) / ( 7 ~  - 7s) 

AL = 1 - As = ( 7 ~  - 7r( . ) / (7~ - 7s) (A.9) 

Following eq A.4, the frequency Fourier transform of eq 
A.8 allows us to obtain the dynamical structure factor 

S(q,t) = [ASe-ltl/rs + ALe-ltl/T~] (A.lO) 
Registry No. Polystyrene, 9003-53-6; cyclohexane, 110-82-7. 
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