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ABSTRACT: We present experimental data on the dynamical behavior of polymer (polystyrene) solutions in good 
solvent. The  technique used is intensity-fluctuation spectroscopy, which allows us to determine the characteristic 
time of the dynamical structure factor of the polymer. The  dynamical response of the polymer is given as a function 
of wave vector K, concentration c, and molecular weight M. We determine three dynamical exponents a ,  d, and y: 
(1) In dilute solution, the hydrodynamical radius of the polymer increases with the molecular weight as M“ where 
a = 0.55 f 0.02. We found experimentally that the geometrical radius scales as M u  where u is the static exponent 
equal to 0.6. (2) At concentrations where polymer chains overlap the solutions behave like gels of finite lifetime. The 
cooperative diffusion coefficient depends on concentration only and increases with concentration as ci-i where d = 0.67 
i 0.02. (3) In dilute solution, a t  wave vector K greater than R- l ,  where R is the coil radius of gyration ( K R  2 4.4), the 
inverse characteristic time depends only on K and increases as KY where y = 2.85 f 0.05. These experimental data 
are compared to the exponent values and scaling laws proposed recently by de Gennes. The main assumption of de 
Gennes’ calculation is that  static and dynamical lengths are identical. This is not verified experimentally but the ex- 
ponents a, @, and y measured are self-consistent and connected by the scaling laws: n = (31, - 1)$, y = 2 + n/o. 

The conformation of macromolecules in good solvent has 
been studied both experimentally and theoretically1 in dilute 
and semidilute solutions. We shall first recall some of the 
concepts and methods used for the determination of spatial 
properties of polymers because they will be of importance in 
the derivation of dynamical properties. 

At very low monomer concentration e (dilute solution), the 
macromolecules behave like a collection of independent coils 
with a geometrical size R (radius of gyration) given by: 

R = a ( M / m ) .  ( u  = 0.6) (1) 

a is the length and m the molecular weight associated with the 
statistical element, and M is the molecular weight of the 
macromolecule. The macromolecules begin to overlap at  
concentration e* such that the distance between the centers 
of two neighboring coils is equal to 2R: 

M m  
( M / m  ) ( 1 - 3 4  [(l - 3u) = -0.81 ( 2 )  c * = - = -  

R3 a 3  
When the concentration is larger than c* (semidilute solution) 
the polymer chains have contact points and the spatial mo- 
nomer distribution is homogeneous. Then the average dis- 
tance between adjacent contact points, E ,  is independent of 
the polymer weight and varies with concentration as ~ ~ ’ ( ~ - 3 ~ )  
(= C - O . ~ ~ ) .  This last point can be obtained by a scaling law. 
Assuming that the length E behaves like some power of the 
concentration and that E and R must have the same order of 
magnitude a t  the transition between dilute and semidilute 
regime ( e * )  we derive: 

E = R ( c / c * ) v / ( ~ - ~ u )  (3) 
The important result obtained in recent studies of polymer 
configuration is that is also the distance beyond which ex- 
cluded volume effects are screened out. 

These views have been extended recently to time-depen- 
dent properties by de Gennes2 and have stimulated us to study 
the dynamical properties of polymer. We present here qua- 
sielastic Rayleigh light-scattering experiments which allow 
us to measure the following dynamical structure factor 

S ( K , t )  = (6C(K, t )6C+(K,O))  (4) 
where 6C(K,t) is the spatial Fourier transform of the local 
monomer concentration fluctuations at time t and for a mo- 
mentum transfer K of the scattered light. 

Part  I of this paper contains a general presentation of dif- 
ferent dynamical regimes which can be accessible by quasi- 
elastic light-scattering experiment. The experimental pro- 
cedure is described in part 11. Part  I11 is concerned with the 
presentation and discussion of the results of our study of the 
dynamical structure factor for solutions of polystyrene in 
benzene at  room temperature. The behavior of the charac- 
teristic times a t  the boundaries between the various regimes 
is examined in part IV. 

I. Dynamical Regimes 
To investigate the different dynamical regimes it is useful 

to define two parameters: the reduced concentration c/c* and 
the dimensionless quantity KL, where L is the characteristic 
length of the system 

(1.1) 
L = R in dilute regime c/c* < 1 
L = in semidilute regime c/c* > 1 

At a given momentum transfer K, the light scattered reflects 
length correlations of order K-l .  At KL << 1, we have access 
to macroscopic properties, whereas a t  KL >> 1 the scattering 
is related to “local” properties (Le., internal motions of the 
polymer chain). These two regions are schematically repre- 
sented in the plane KR vs. c/c* (Figure l), where the upper 
full line corresponds to K,,,L = 1. With the explicit expres- 
sion of (eq 3) and the exponent value I) = 0.6 we find that: 

K,,, = r-l a t  c/e* < 1 

K,,, = R - ~ ( c / c * ) O . ~ ~  at  c/c* > 1 (1.2) 

(1) Character is t ic  Times in  the  Lower Momentum 
Range K L  << 1. (a) Dilute Solutions (Region 1 in  F igure  
1). In this region polymer chains are well separated and act 
as entities. By quasielastic light scattering a t  K vector such 
that KR << 1, we observe the Brownian motion of the whole 
macromolecule. The dynamical structure factor has the 
well-known form3 

S(K,t)  = S(K,0)e-DoK2t  (1.3) 
where DO is the translational diffusion coefficient of the chain 
in the limit c = 0. Assuming the validity of Stokes law and 
using the Einstein relation, we have: 

Do = KgTl6~7R (1.4) 

if we suppose that the  hydrodynamical radius is equal to the 
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radius of gyration. KB is the Boltzman constant, T is the 
temperature, and q is the solvent viscosity. This leads to the 
following molecular weight dependence: 

(b) Semidilute Solution: "Pseudo-Gel Domain" (Region 
2 in Figure 1) .  In this domain de Gennes2 argues that the 
entangled polymer solutions behave like polymer networks 
swollen by the solvent. The spatial Fourier transform of the 
longitudinal displacements of the polymer network has the 
following time dependence: 

u(K,t)  = u(K,0)e-(E/f)K2t (1.6) 

where E is the elastic modulus of the polymer network and f 
is the friction per unit volume between the solvent and the 
polymer. This is similar to the results obtained in a gel with 
permanent  cross-link^.^ The classical theory5 of rubber elas- 
ticity specifies that the elastic modulus is proportional to the 
volume number density of strands n: 

E = nKBT (1.7) 

In our case the fibers of the network have a mean length equal 
to f so n = l /f3 and we can estimate that: 

E = K BT/[~ (1.8) 

The friction coefficient per unit volume is expressed as 

f = (1.9) 

where i~ is the hydrodynamical length associated with the 
monomers contained in a volume 13. With formulas 1.8 and 1.9 
we derive the displacement: 

u (K , t )  = u(K,0)e-DgK4 (1.10) 

with 

D, = KBT/~T{H 

de Gennes shows that the hydrodynamical length E H  is 
identical with the screening length E defined in eq 3. With the 
explicit expression of E we obtain 

Let us note a t  this point that, like the spatial properties,ls the 
concentration dependence of D,(c) can also be obtained by 
a scaling assumption: 

D&C) = Do(M)(c/c*)" (1.12) 

The power m is determined from the assumption that the 
diffusion coefficient D,(c) is independent of molecular weight. 
From eq 2 and 1.5 for e* and Do it follows that m = u/(3u - 1) 
= 0.75. 

The contact points of the polymer network have a finite 
lifetime, TR: 

The gel picture has a meaning only when the characteristic 
time T(K) = (Dg(c)K2)-l is shorter than TR. With the ex- 
pression of T(K) and TR the wave vector range for which this 
condition is respected is 

K 2 K,i, = R-'(c/c*)-'."' (1.14) 

In the plane KR vs. c/c* (Figure 1) the value Kmin corresponds 
to the dashed line. 

At  the K vectors investigated a semidilute solution can be 
treated as a continuous medium and concentration fluctua- 

I 
0 1 C/C* 

Figure 1. Schematic diagram of the different dynamical regimes. 

tions GC(K,t) are proportional to the longitudinal displace- 
ments u(K,t) .  The dynamical structure factor is 

S (K,t ) = S(K,O)e - D g ( c ) K 2 t  (1.15) 

(2)  Characteristic Time in the Upper Momentum 
Range K L  >> 1 (Region 3 in Figure 1) .  Light-scattering 
experiments measure the dynamical structure factor? 

S(K, t )  C (e-LK(rL(t)-r,(O))) (1.16) 

where rl (t), r, (0)  are the positions of the ith and j t h  monomers 
a t  times t and 0, respectively. At KL >> 1 the dynamical 
structure factor reflects properties of the polymer chain on 
distances smaller than L.  The characteristic time, derived by 
a scaling argument,2 has the form: 

T - ~ ( K )  = DK2(KL)p (1.17) 

where D is the diffusion coefficient of the coil in dilute range 
( D  = Do(M)) and the cooperative diffusion in semidilute range 
( D  = D,(c)). In each case assuming the validity of Stokes law, 
de Gennes derives: 

D = K B T / ~ T ~ L  (1.18) 

At KL >> 1, the inverse characteristic time is related to local 
properties and must be K dependent only, therefore p = 1 
and 

I ]  

(1.19) 

This result is independent of the exponent value v and is in 
agreement with previous results found for an infinite ideal coil 
by a microscopical approach.: Taking into account hydrody- 
namic interactions between monomer the following results 
have been derived: 

(1.20) 

where G is not an exponential function of time but the sum 

G ( ~ T - I ( K ) )  = ( t ~ - l ( K ) ) ~ ' ~  Jw du 

S(K,t  ) = S (K,O)G ( ~ - l ( K ) t )  

0 

x e x p ( - ( t ~ - ' ( K ) ) ~ / ~ u ( l  + h(u) ) )  (1.21) 

with 

The inverse characteristic time is 

(1.22) 
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Table I 
Summary of Theoretical Predictions, with 

Hydrodynamical Interactions 

c/c* << 1 c/c* >> 1 
KL. << 1 T- l  M-0 6K2 T-l C0.i6K2 

KL. >> 1 T-l - K3 

Now let us note that the K dependence on the characteristic 
time can be found by an intuitive argument. At a given mo- 
mentum transfer K we have access to the properties on dis- 
tances of the order K-l. Assuming the validity of Stokes law 
for a sphere of size K-l the corresponding diffusion coefficient 
is 

D(K) = K ~ T / 6 7 r q K - ~  (1.23) 

If we suppose that T-I = D(K)K2 we get expression 1.19. 
In short the theory predicts that  the characteristic time of 

the dynamical structure factor varies continuously with K and 
c .  A t  low momentum transfer (KL << 1) and increasing the 
concentration we can observe successively: the diffusion of the 
coil and the cooperative diffusion of the polymer network. 
Increasing the momentum transfer we have access to internal 
motions of the chain. The different predictions are summa- 
rized in Table I. 

11. Experimental  Technique 
(1) Quasielastic Light-Scattering Experiment. (a) General. 

The temporal dependence of the electric field E K ( X , ~ )  of the light 
scattered a t  a point X far from the scattering volume is given by? 

E K ( X , t )  = b101/26C(K,t)e-’Wot+1~ (11.1) 
where b is a time-independent parameter and p i s  a constant phase. 
wo and I O  are respectively the frequency and the optical intensity of 
the incident radiation. 6C(K,t) is the K t h  component of the Fourier 
transform of concentration fluctuations. The wave vector K is equal 
to the momentum transfer which is related to  the scattering angle 0 
by the Bragg relation: 

K = (4~/Ao)n sin 8/2 (11.2) 
A0 is the wavelength of the incident beam and n is the refractive index 
of the medium. 

By a variation of B from 1 to 180’ (A0 = 4880 A, n = 15), we cover 
the corresponding momentum range 

3 X lo3 cm-I < K < 4 X IO5 cm-1 

This K range allows us to investigate the different dynamical prop- 
erties of the polymer solutions which have been presented in part I. 
For instance, for a polymer of molecular weight lo7 daltons in dilute 
solution at  small angles we have access to the diffusion of the polymer 
coils; at  large angle (0 > 14’) we can measure the internal motions of 
the polymer chain. 

The time relaxation of concentration fluctuations is studied by 
measuring the autocorrelation function of the scattered field, 
(EK(~)EK+(O) ), by intensity fluctuation spectroscopy. The principle 
of this technique can be briefly described as follows. The scattered 
field, E K ( ~ ) ,  at a momentum transfer K falls on the photocathode of 
the photomultiplier detector. At the moment, we observe the scattered 
field on a point of the photocathode and the variable X drops from 
our notation. As a photomultiplier is a square-law detector, the output 
signal is proportional to  the instantaneous optical intensity I K ( ~ )  = 
I E ~ ( t l 1 ~ .  The autocorrelation of the outpu‘ signal of the photomul- 
tiplier is built up9 by a correlator 

Sexp(K,t) - ( I K ( ~ ) ~ K ( O ) )  for t + 0 (11.3) 

If the scattered field obeys Gaussian statist cs we have a relation be- 
tween second-order correlation and autoco erelation? 

Taking the expression of the scattered fielc we find that the experi- 
mental autocorrelation is related to the dynamical structure factor 
by: 

Soexp(K,t) = Ao +Bo (S(K,t)12 (11.5) 

Figure 2. Block diagram of the spectrometer: S = sample; B = scat- 
tering angle; L = lens; AI, A2 = polarizers; MD, ML = mirrors; B = 
beam splitter; and D1, Dz = diaphragms. 

where A0 and Bo are two time-independent, parameters. The experi- 
mental technique developed above is designated as homodyne de- 
tection. 

Another experimental approach is the heterodyne detection. The 
scattered field is mixed a t  the photocathode with an additiona: 
monochromatic field, EL, of large and constant intensity IL ,  which 
acts as a local oscillator: 

EL = I L l i 2 e - ~ w @ + i y  (11.6J 

The spatial matching of fields must be perfect, Le., the plane waves 
and the polarization of the two fields must coincide. The instanta- 
neous intensity a t  the photocathode is: 

I ( t )  = 1~ + Iob?16C(K,t)1* 
+ b(ILIo)’~*(6C(K.t) + GC+(K,t)) (11.7) 

The intensity of the local oscillator is much bigger than the scattered 
intensity. 

In these conditions the autocorrelation function of the output signal 
of the photomultiplier, SHexp - (I(t)I(O)), for t i 0, is linearlyrelated 
to the dynamical structure factor: 

SHexp(K,t)  = A H  + BHS(K,t) (11.8) 
where A H  and BH are two time-independent parameters. With these 
techniques we observe correlation times ranging from about 10 ps to 
1 s which corresponds to a maximum resolution of 10’5. 

Now let us relax the hypothesis that we observe the scattered field 
on a point of the photocathode. We consider the whole surface of the 
photocathode. We state that the scattered field is coherent on an area 
called “coherence area”, which is the diffraction pattern of the scat- 
tering volume.8 If the surface of the photocathode has the dimensions 
of the “coherence area” we collect all the information given by light- 
scattering experiment and the expressions 11.5 and 11.8 can be ap- 
plied. 

The signal-to-noise ratio,1° defined as BS(K,0)/A1’2, being the 
determinant factor in the accuracy of the decay time of S (K, t ) ,  we 
optimize this ratio. BS(K,O)/A1/* is proportional to the power light 
P, scattered in a coherence area. P, is related to the incident power 
light, Pi, and geometrical sizes of the scattering volume as fo1lows:a 

an/& is the refractive index increment of the polymer with respect 
to solvent. a and L are respectively the diameter and the length in the 
direction of the incident beam of the scattering volume. The signal- 
to-noise ratio can never exceed that obtained by collecting a single 
coherence area. In order to optimize the signal-to-noise ratio, focusing 
the incident beam, we reduce a to the minimum value compatible with 
a good definition of the scattering angle. 

(b) Experimental Apparatus. The block diagram of the apparatus 
is given in Figure 2. 

Light Source. The incident light is provided by an argon ion laser 
( A  4.880 A) ,  with a light power ranging from 50 mW to 1 W. In order 
to avoid multiple scattering the light power value is chosen such that 
we have no visual turbidity. In some cases it was necessary to focus 
the beam in the sample. 

Optical Detection. The arm of the spectrometer can be built in 
different fashions. We give here only one, which offers the  advantage 
of switching rapidly from homodyne to heterodyne technique. By 
means of a mirror M D  and diaphragms D1 and D2 we collect the light 
scattered in a solid angle at  an average angle 8. The focusing of the 
incident beam and the apertures D1 and 0 2  are adjusted in a such way 
that the signal-to-noise ratio is maximum without spread in the mo- 
mentum transfert (6K/K < 2%). The local oscillator is produced by 
taking a fraction of the transmitted beam, the intensity and polar- 
ization of which are adjusted by two polarizers A1 and A2. 
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T a b l e  I1 
C h a r a c t e r i s t i c s  of the Macromolecules  Used  

M w  M" MwIMn MZ R ,  cm c*, g k  

2.4 x 104 0 2.35 x 104 1.02 2.45 x 104 5.86 x 10-7 2.26 x 10-l 
1.71 x 105" 1.68 x 105 1.02 1.74 x 105 1.88 x 4.85 X 
3.2 x 105 0 3.04 x 105 1.05 3.34 x 105 2.73 x 2.96 x lo-' 
6.1 x 105 0 5.4 x 105 1.13 6.64 x 105 4.01 X 1.79 X 
1.27 X lo6 6.21 x 1.00 x 10-2 
3.8 X lo6 a t b  c1.2 1.19 x 10-5 4.25 x 10-3 
8.4 X lo6 b,c  1.91 x 10-5 2.28 x 10-3 
2.4 x 107 c 3.57 x 10-5 9.99 x 10-4 

In the dilute regime (c < c*). In the semidilute regime (c > c*). For the study of the internal motions (KR >> 1). 

After reflection on the mirror ML and the beam-splitter B the local 
oscillator is mixed with the scattered field on the photocathode of the 
photomultiplier. By rotation and translation of the mirror ML and 
beam-splitter B the spatial matching is ensured. In the case of ho- 
modyne detection the transmitted beam is trapped by a black 
screen. 

Correlation. The correlation of the output signal of the photo- 
multiplier can be performed in two ways. If the optical intensity a t  
the photocathode is such that the delay time between two successive 
photoelectron pulses is bigger than 50 ns, we study the statistics of 
the photoelectrons with a digital correlator (Malvern). In the opposite 
case, i.e., with very high light flux, we built the autocorrelation of the 
photocurrent with an analogue correlator (Saicor). 

(2) Sample Preparation and Characterization. In order to avoid 
degradation of the polymer samples the solutions (polystyrene- 
benzene) are made directly in the scattering cell and are not filtered. 
The monomer concentration is determined by weight with an accuracy 
better than The weight average molecular weight M ,  and 
number average molecular weight M, are obtained respectively by 
light scattering and osmotic measurements a t  the CRM of 
Strasbourg.12 The z-average molecular weight M, is calculated as- 
suming that the number distribution is symmetrical 

(11.10) M z  = Mn(3 - 2 ( M n / M w ) )  

The radius of gyration R is calculated from the expression 

R = 1.45 X lV9MW0 595 cm (11.11) 

found by light-scattering experiments.12 The order of magnitude of 
the concentration c* is obtained using the definition (eq 2) 

(11.12) 

where p~ is the density of benzene ( p ~  = 0.8794 g/cm3) and A the 
Avogadro number.Ig 

In Table I1 we give the characteristics and the polydispersity of the 
samples used. 

(3 )  Experimental Procedure.  Dilute Range at KR << 1. The 
solution contains dust particles which fall by gravitation on the bot- 
tom of the cell. In the upper part of the sample we find a clean scat- 
tering volume. In this case homodyne detection with photon corre- 
lation has been used. 

Semidilute Range a t  Kt << 1. The high viscosity of the solution 
does not allow the dust particles to be eliminated from the scattering 
volume; they are homogeneously distributed in the sample cell. The 
light scattered by the dust acts as a local o ~ c i l l a t o r . ~ ~  The ratio of the 
light scattered by dust to  the light scattered by concentration fluc- 
tuations is unknown and therefore we are not sure that the conditions 
of heterodyning are respected. In order to be sure that these conditions 
are fullfilled we have added a local oscillator using the heterodyne 
spectrometer with two separated beams. The optical signal in this 
condition is very high and correlation of the output photocurrent of 
photomultiplier is made with the analogue correlator. 

Dilute Range at KR >> 1. The heterodyne spectrometer with two 
separated beams and the analogue correlator have been used. In this 
case the dynamical structure factor S(K,t) is a complex function of 
time. With this method, we have a replica of the dynamical structure 
factor, independently of the field statistics. 
(4) Numerical Analysis of the  Experimental Autocorrelations. 

In every case the experimental autocorrelation is fitted to  the theo- 
retical time-dependent profile of the dynamical structure factor 
S(K,T-YK)~)/S(K,O) by a least-squares three-parameter procedure. 

3 

I 

5 k2 x 10-"( cm2) 

Figure 3. Inverse characteristic time of S,,,(K,t) as a function of K2 
in the dilute range. As homodyne detection has been used s-lexp = 
27-1. 

We minimize the quantity H2 

with respect to the parameters A ,  B ,  and r-l(K). X is equal to 1 for 
heterodyne detection and to 2 for homodyne detection. N is the 
number of experimental points. 

For each fit  we calculate the standard relative deviation V and the 
quality factor: 

(11.14) 

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

Our empirical rule is that: the experimental curve can be repre- 
sented by the chosen theoretical law and the determination of i- l(K) 
is meaningful if V 5 2% and Q 2 0.7. 

111. Results and Discussion 
In this section we describe and discuss t h e  results obtained 

on different  macromolecular weights M for  different  K and 
c values well within the regimes of Figure 1. We measure: three 
dynamical  exponents  a in  d i lu te  regime and @ i n  semidi lute  
regime for  low kL values and y in  high kL regime (a, (3, and 
y are different from the corresponding theoretical values); the 
stat ic  exponent Y, when stat ic  lengths occur, which value is i n  
agreement  with theory and other s ta t ic  measurements. 
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1 I , M  
105 106 107 

Figure 4. z-average molecular weight dependence of the diffusion 
coefficient a t  infinite dilution. The last point corresponds to M ,  = 
3.8 X lo6 (z-average molecular weight of this polymer is unknown). 
The dotted line (-e-) is the theoretical prediction D - M-o.6. 

/ 

/ 

1 o L  10 106 M 

Figure 5. Variation of the concentration parameter $ ( M )  as a func- 
tion of molecular weight. The dotted line scales like the theoretical 
law Mo.s. 

In the discussion we use the static value of v when geomet- 
rical lengths are considered and the a ,  p ,  and y values when 
dynamical quantities occur. 

(1) Dilute Regime KR << 1. The autocorrelation function 
of the scattered light has been studied as a function of con- 
centration3 for macromolecules of molecular weights ranging 
from 2 X lo4 to 4 X lo6 daltons. The autocorrelation function 
has an exponential profile; the inverse characteristic time of 
the dynamical structure factor is proportional to K2 (Figure 
3) 

(111.1) 

The effective diffusion coefficient D(c,M)  (determined with 
an experimental accuracy of 3%) obeys the relation: 

D(c,M) = Do(M)(1 + d ( M ) c )  (111.2) 

The mass distribution of the sample used is M,/M, < 1.13. 
As the experimental value of D(c,M) is a “2-average” diffusion 
coefficient the quantities D o ( M )  and d ( M )  have been plotted 
as a function of the “z molecular weight”. Do(M),  the trans- 
lation diffusion coefficient in the limit of c = 0 (Figure 4), 
obeys the relation: 

Figure 6. An example of correlation function S,,,(K,t) observed in 
the pseudogel domain: ( 0 )  experimental points; (-) best fit using an 
exponentiel function. One interval in the time axis corresponds to 2.7 
x 10-4 

D o ( M )  = (2.18 f 0.32) X 10-4M-iY cm2 s-l 

a = 0.55 & 0.02 

The dynamical exponent a is different from the theoretical 
prediction but agrees with experimental results obtained from 
gradient concentrations:l* 

(111.3) 

& ( M )  - M-0.54 (111.4) 

The concentration dependence (eq 111.2) of the diffusion 
coefficient reflects the interactions between coils and the 
molecular weight dependence of $ ( M )  is found to  be Mo,s 
(Figure 5 ) .  By a model of hard spheres taking into account 
geometrical consideration, it has been found3gI5 that the in- 
teraction between macromolecules is proportional to the 
volume occupied by the coils in the solution, c/c*, which scales 
as M:+l. So we found experimentally that Y = 0.6 and we 
conclude that the geometrical model of interaction is ade- 
quate. 

In conclusion from these experiments in dilute solutions we 
have found that: (1) the diffusion coefficient D o  is essentially 
mass dependent; (2) the hydrodynamical radius deduced from 
dynamical measurements is different from the geometrical 
radius of gyration 

R H  - M“ = 0.55 f 0.02 (111.5) 

(3) the static exponent value v is found to be 0.6 when geo- 
metrical values are observed. 

(2) Pseudogel Domain. For this study, three molecular 
weights have been used (Table 11). The concentrations in- 
vestigated range from 1 to lo%, (with c/c* L 2.7). For each 
sample the correlation time analysis of the scattered light is 
carried out in a wave vector range K such as K,i, < K < K,,, 
(see Figure 1). An example of the observed autocorrelation 
function is represented in Figure 6 with the exponential curve 
fitting (following expression 11.13). The quality of the fit (Q 
N 0.8) indicates that the dynamical structure factor is rep- 
resented by a single exponential function of time. The inverse 
characteristic time of the dynamical structure factor is pro- 
portional to K2 (Figure 7) and the diffusion coefficient 
D,(c,M) is determined with an experimental accuracy of 
5%. 

The main consequence of the pseudogel model is that the 
diffusion coefficient increases with concentration like (eq 
I. 11). The diffusion coefficient versus concentration is drawn 
in a log-log scale (Figure 8); D ,  increases with concentration. 
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Figure 7. Inverse of the characteristic time of the dynamical structure 
factor as a function of the square transfer vector (3K,i, < K < 
0.6Kmax). 

1 . 2 1  

O.’t 

03 0’51 
I 1 I 

1 2 5 10 Cr lOZ 

Figure 8. Diffusion in the pseudogel domain as a function of the 
concentration (log-log scale). 

The straight line corresponds to: 

D,(c) = (5.63 f 0.16) X lO-%d cm2 s-l 

p = 0.67 f 0.02 

The fact that D,(c) increases with concentration is in agree- 
ment with the theory. Again the experimental value of the 
dynamical exponent /3 does not match the theoretical value 
0.75 derived from identification of static length with hydro- 
dynamical length. The hydrodynamical length derived from 
(111.6) and (1.10) is: 

t~ - c-b /3 = 0.67 f 0.02 (111.7) 

An important corollary of the pseudogel model is the mo- 
lecular weight independence of the diffusion coefficient. To 
determine the mass dependence of D,, three samples with 
approximatively the same monomer concentration but ob- 
tained from macromolecules with molecular weights 1.27 X 
106,3.8 X 106, and 8.4 X lo6 daltons have been used. The re- 
sults are reported in Table 111. Within experimental error 
D,(c,M) is independent of molecular weight.20 

Let us relate our results obtained in semidilute solutions 
to observations made in the dilute range. We can express the 
hydrodynamical length [H as a function of the number of 
monomers N ( [ )  contained in a mesh of the polymer network. 
N ( [ )  is proportional to cE3 where E3 is the volume of the mesh. 
With the expression of defined in eq 3, we derive: 

N ( [ )  - cl l (1-3~)  (111.8) 

(111.6) 

Table I11 
Diffusion Coefficients in the “Pseudogel” Domain for 
Different Molecular Weights a t  the Same Monomer 

Concentration 

c x 102, D X lo6, 
M, x g k  cm2 s-1 

1.27 8.71 1.05 
3.8 8.68 1.06 
8.4 8.38 1.09 

Table IV 
Inverse Characteristic Times as a Function of Momentum 
Transfer K a t  Large KR Values ( M ,  = 24 X lo6; c = 5.54 X 

1 n-4\ 

KR 

13.7 
13.5 
11.7 
9.9 
8.7 
8.3 
7.5 
6.3 
4.4 

K x 10-5, 
cm-‘ 

3.828 
3.773 
3.263 
2.767 
2.446 
2.339 
2.095 
1.780 
1.241 

7-1, 
!a-1 

1 

1.35 x 104 
1.29 x 104 
8.47 x 103 
5.21 x 103 
3-69 x 103 
3.42 x 103 
2.40 x 103 

.42 X 103011.5 
5.32 X lo2 

v x 102 

1.4 
1.3 
2.5 
2 
1.5 
1.1 
1.3 
0.79 
1.5 

Q 
0.86 
1 
0.9 
0.84 
0.93 
0.92 
0.88 

0.82 

With expression 111.7 it follows: 

Using the experimental value of /3 we found that: 

(3u - 1)/3 = 0.536 f 0.016 (111.10) 

Within the experimental error we find that the hydrody- 
namical length .$“ scales as N n ( l )  where a is the dynamical 
exponent found previously in dilute solution ( a  = 0.55 f 
0.02). 

This point is in perfect agreement with observations of 
quasielastic light scattering in gel with permanent cross-links. 
Munch et a1.16 found in polystyrene network lightly cross- 
linked (swollen in benzene) that the diffusion coefficient D, 
scales with the molecular weight of the mesh M,  in the same 
manner as the diffusion coefficient a t  infinite dilution (ex- 
pression 111.4). 

From these experiments we have shown that: (1) The dif- 
fusion coefficient is only concentration dependentz0 which 
indicates clearly that the coils form a network beyond c*. (2) 
The hydrodynamical length f~ in semidilute solution and 
hydrodynamical radius R H in dilute solution have the same 
scaling law with respect to the contour length. 

(3) Internal M0ti0ns.l~ In order to test the theoretical 
predictions, high values of the product KR are required (re- 
gion 3 in Figure 1). The two following samples have been 
used: 

sample 1 
sample 2 

M ,  = 24 X 106 daltons 
M ,  = 8.4 X lo6 daltons 

which correspond to KR,,, = 13.7 and KR,,, = 7.2, respec- 
tively. 

We have no direct measurement of the polydispersity but 
we can assert that  the polydispersity is unimportant if the 
translational diffusion coefficient Dexp(c,M) measured agrees 
with the value D,,,(c,M) extrapolated from data (section 111.1) 
a t  lower monodisperse molecular weight. On sample 2 a t  c = 
9.51 X IOv4 we measure 

Dexp(c,M) = (5.5 f 0.4) X cm2 s-l 
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Figure 9. Log-log plot of the inverse characteristic time of the dy- 
namical structure factor as a function of transfer vector a t  KR 3 4.4. 
M ,  = 8.4 X 10% ( A )  c = 9.51 X (V) c = 8.56 X w5. kf, = 24 X 
106: ( 0 )  c = 5.54 x 10-4; (t) c = 1.67 x 10-4. 

and we calculate 

DeXt(c,M) = 5.7 X cm2 s-l 

We have fitted the data with eq 1.21. Examples of this analysis 
are listed on Table IV. In the range kR 2 4.4 the values ob- 
tained for the quality factor (Q - 0.8) indicate that the profile 
remains practically insensitive to the value of K when the 
condition KR 2 4.4 is fullfilled. Equation 1.21 is therefore a 
meaningful model from which we have derived a characteristic 
time with an experimental accuracy of 5%). In Figure 9 the 
inverse characteristic times obtained with the two samples for 
various concentrations are plotted as a function of K on a 
log-log scale. We see that the characteristic time is slightly 
sensitive to the concentration. For c -+ 0 the characteristic 
time is independent of the molecular weight, in good agree- 
ment with the theory.20 The characteristic time behaves as: 

T - ~ ( K )  - KT (111.11) 

The best determination of y is 

y = 2.85 f 0.05 (111.12) 

Now, using the intuitive argument developed in section 1.2 
(eq 1.23) we deduce the variation of the diffusion coefficient 
D(K) with the number of monomers, N(K),  contained within 
K-l. With T -~(K)  = D(K)K2 we derive from eq 111.11 that: 

D(K) - K1-2 (111.13) 

Let us express this as a function of the number of monomers 
N(K).  Assuming that a subchain of size K-l corresponds to 
a single chain with excluded volume we have K-’ - NL’(K) 
and 

D(K)  N N v ( 2 - 7 )  (111.14) 

The experimental value y = 2.85 f 0.05 leads to: 

D(K) - N(K)-0.51i0.03 (111.15) 

Within the experimental error this result is self-consistent 
with the results obtained in the other dynamical regimes. 
These experiments have shown that: 

(1) At high values of KR and c - 0 the inverse characteristic 
time is related to local properties (molecular weight inde- 
pendenceZ0). 

(2) For the K vectors investigated the hydrodynamic in- 
teractions are dominant in the internal motions of the polymer 
chain. 

, D(c)cmZ s4 

Figure 10. Diffusion coefficient as a function of concentration for the 
molecular weight 3.8 X lo6 daltons: (* experimental points; (-) best 
fits for each regime; (- - -) and (e-)  extrapolations from each regime. 
We have reported the concentration c *  given in Table 11. 

(3) The hydrodynamical length K H - ~  associated with a 
subchain of geometrical size K-l scales with the number of 
monomers in the same manner as the hydrodynamical radius 
of the coil: K H - ~  - N0.51i0.03(K). 

IV. Continuity of the Characterist ic Time between the 
Different Dynamical Regimes 

So far we have analyzed the simple dynamical regimes far 
from the boundaries. Now let us examine the behavior of the 
characteristic times at  the boundaries between the different 
asymptotic regions in order to test the scaling hypothesis. 

(1) Between Dilute and “Pseudogel” Domain a t  K L  << 
1. The behavior of the diffusion coefficient in the dilute range 
and the “pseudogel” domain, for a given molecular weight, is 
illustrated in Figure 10. We extrapolate the results obtained 
in the dilute regime toward the higher concentrations and in 
contrast we extrapolate the results obtained in the “pseudo- 
gel” domain toward the lower concentrations. The two curves 
are closed to each other a t  a concentration near the concen- 
tration e* (see Figure 10). Thus we state that the diffusion 
coefficients must coincide at  c = c*. A scaling argument 
(section 1.1.b) suggests that: 

Do(M) = D&c*) (IV.1) 

Using the expression of e* (eq 2) and the experimental values 
we obtain the same result as previously mentioned, CY = (3v - 
1)p, which is verified within the experimental error. 

Thus, varying the concentration of the polymer solution we 
observe successively: a t  low concentrations, the polymer 
chains interact weakly and behave like spheres; a t  higher 
concentrations, the strong interactions between segments of 
the macromolecules lead to a medium which can be compared 
to a gel a t  a proper time scale. 

(2) (a) Between Internal Motions and Diffusion Motion 
of the Coil. From previous experimental results in the as- 
ymptotic regions 1 and 3, a t  low concentrations, we know the 
K and M dependence of the inverse characteristic time of the 
dynamical structure factor. 

At KR << 1, the inverse characteristic time, associated with 
the diffusion of the coil, is essentially mass dependent and 
scales as K2: 

~ o - l ( K )  - M-”K2 Q = 0.55 f 0.02 (IV.2) 

At KR >> 1, q- l (K)  which reflects the local properties of the 
chain is molecular weight independent and scales with K in 
the following manner 
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Figure 11. Inverse of the characteristic time of the dynamical 
structure factor as a function of the square transfer vector at K < Kmin 
and K > K,i, for a molecular weight of 1.27 X lo6 a t  c/c* = 2.7: (e) 
experimental points; (-) best fit in each regime; ( -  - -) extrapolation 
from K > Kmin. 

71-1(K) N KT y = 2.85 f 0.05 (IV.3) 

Now, let us make the supposition17 that the inverse charac- 
teristic times ro-’(K) and TI-I(K) have the same order of 
magnitude at K = R-l N M-“. We obtain the following rela- 
tion: 

M - u y  -M-(R+~II) (IV.4) 

Within the experimental accuracy the two exponent values 
yu and (a  + 2 v )  are equal. This verifies the hypothesis and 
shows that the inverse characteristic time varies continuously 
from region 1 (KR << 1) to region 3 (KR >> 1). 

(b) Between Internal Motions and “Pseudogel” Mo- 
tions. We suppose: (a) that the inverse characteristic time has 
the same dependence in the entire region 3; (b) a continuity 
requirement between 71-l and 7g-l which are related to the 
internal motions and the cooperative diffusion of the pseudo- 
gel respectively a t  K = (-’ - ~ ~ ’ ( 3 ~ ~ - 1 ) .  Then we obtain a rela- 
tion between exponents @ and y 

y = 2 + ( [ 3 Y  - l]/v)P (IV.5) 

With the value of /I (= 0.67) and v (= 0.6) we find y = 2.89 in 
agreement with the experimental value. This last point verifies 
our hypothesis: the characteristic time related to the local 
properties has a uniform K dependence in the entire region 
3. 

Thus, by a variation of the wave vector it should be possible 
to observe the continuity of the dispersion relation associated 
with the characteristic time of the internal motions on one side 
and the pseudogel motions on the other side. 

(3)  Between “Pseudogel” and Translational Motions 
in Region 1’ (Figure 1).  The domain where the time scale of 
the observation is greater than T R  may be interpreted as the 
domain where translational diffusion motions of the chains 
are observable. The range of K vector such that K < Kmin is 
very narrow (see Figure 1). Therefore the extrapolation of the 
techniques used in region 1 is less appropriate (in this case, 
gradient concentration technique is a more convenient 
method). However, an experiment has been carried out in the 
proper wave vector domain for a molecular weight of 1.27 X 
lofi daltons and c/c* - 2.7 (Table 11). The inverse character- 
istic time is proportional to K2 (Figure 11) and the corre- 
sponding diffusion coefficient (DT = 5.4 X cm2 s-l) is in 
good agreement with the extrapolated value obtained from 

measurements in dilute range (D = 5.33 X cm2 s-l). In 
Figure 11 we have also reported the inverse of characteristic 
time obtained in the pseudogel domain (Dg = 4.83 X lo7 cm2 
s-l a t  K > Krnin). The K value corresponding to the transition 
between macromolecular diffusion and pseudogel motion is 
Kmin 6.7 X lo4 cm-’; this value has t,o be compared to the 
expected value derived from the theoretical expression of T R  
(eq 1.13 and 1.14) (Kmin N 5.3 X lo4 cm-’1. 

This experiment indicates clearly that the network observed 
in region 1 has a finite lifetime. We are able to observe re- 
spectively a translational motion or a collective motion if the 
observation time is lower or bigger than TR. 

I t  should be interesting to  measure the self-diffusion coef- 
ficient by any other appropriate method and determine the 
dependence of T R  upon molecular weight and concentra- 
tion. 

V. Conclusion 
We have measured the characteristic time, 7, of the dy- 

namical structure factor of the polystyrene dispersed in 
benzene as a function of the scattering angle and polystyrene 
concentration for several molecular weights. 

We have determined the dynamical behavior of polymer 
solution in very different situations: diffusion of coils, internal 
motions of the chain, and cooperative diffusion of entangled 
polymer. In each of these situations we have found well-de- 
fined patterns of behavior. The characteristic times obey the 
following power laws: 

(1) 7-l is proportional to K2 and M-0.55, in the limit of zero 
concentration and KR << 1, as already known from earlier 
experiments. 

(2) In the semidilute range a t  KF << 1, 7-l is proportional 
to K2 and What is remarkable is that the characteristic 
time depends only on the distance between the contact points 
which is a function of concentration only. 

(3) For KR 2 4.4, the inverse characteristic time which is 
related to the deformation of the chain follows a simple dis- 
persion relation 7-l N K2.85 and is independent of the mo- 
lecular weight. 

In the boundary regions the characteristic time varies 
continuously from one regime to another and scaling relations 
are respected. The dynamical exponents found in situation 
( 2 )  and (3) can be explained if the hydrodynamical length 
scales with the dynamical exponent a = 0.55 as a function of 
the number of monomers. Such a value of a = 0.55 is different 
from the value predicted on the basis of identification between 
dynamic and static length. These data add to the unexplained 
exponent found in viscosity experiment and provide enough 
evidence for the necessity of a “dynamical” theory. 
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ABSTRACT: The existence of the depolarized Rayleigh dip in the spectra of two n-alkanes is clearly demonstrated. 
The spectra are found to be in good quantitative agreement with the general theories of depolarized Rayleigh scatter- 
ing in viscoelastic media. The coupling parameter R is found to be 0.33 f 0.02 for n-hexadecane at 65 "C and 0.38 f 
0.02 for n-docosane at 110 "C. Thus the n-alkane liquids are not qualitatively different from other liquids previously 
studied. 

General of Rayleigh scattering by a viscoelas- 
tic medium predict that the depolarized (ZHV) spectrum will 
exhibit a central dip when the quantity q2vlp  is comparable 
to the overall half-width at  half-height r H V  of the depolarized 
peak. The quantity q = (Innlh) sin 812 is the magnitude of the 
scattering vector for light of vacuum wavelength h traveling 
in a medium with refractive index n and scattered through an 
angle 8 in the scattering plane; 7 is the shear viscosity and p 
is the mass density. The dip is due to coupling between the 
hydrodynamic shear modes of the fluid and molecular reori- 
entation. The predicted form of the spectrum is2b 

where R is a parameter which is equal to the fraction of the 
total shear viscosity which is due to coupling to molecular 
reorientation. 

The theory should apply to any fluid composed of optically 
anisotropic molecules. The quantity q 2 q / p  is known to be 
comparable to rHV for the n-alkanes liquids. Thus, the central 
dip is predicted to  occur if the coupling parameter R is suffi- 
ciently large. We expect any optically anisotropic liquid to 
show the dip feature provided the value of q 2 d p r  is in the 
range of -0.1 to 0.7 and the value of R is sufficiently large 
( 4 . 1  or greater). However, a recent paper5 by Champion and 
Jackson reported that none of the IHV spectra in the n-alkanes 
showed any evidence of this central dip. The purpose of the 
present paper is to demonstrate the observation of a central 
dip in the depolarized Rayleigh spectra of two n-alkanes. The 
spectra were fit to the form given in eq 1 and a value of R was 
determined. The results are then discussed in detail and 
compared to  the work of Champion and Jackson. 

Experimental Section 
The spectra were obtained as described previously.6 The incident 

light was at 5145 A and the free spectral range of the Fabry-Perot 
interferometer was 7.41 GHz. Great care was taken to render the in- 
cident light highly polarized in the horizontal direction relative to the 
scattering plane. The scattering angle was 0 = 90". A Glan-Thompson 
polarizer was used to isolate the HV component of the scattered 
light. 

The spectra were recorded with a 1024-point multichannel analyzer 
and fit with a nonlinear least-squares program described previously.7 
The deconvoluted values of rHV, q2q/p ,  and R for each spectrum were 
obtained by comparing the fitted results with spectra obtained by 
convoluting the instrumental function with eq 1. 

n-Hexadecane (99%) and n-docosane (99%) were obtained from 
the Chemical Samples Co. The liquids were filtered directly into 
square quartz cells. The samples were held in a thermostated alumi- 
num block and the temperatures were controlled to  f 0 . 2  "C. 

Results and Discussion 
The depolarized (ZHV) spectrum of n-hexadecane at  65 "C 

is shown in Figure 1. The central dip is clearly visible. This 
feature was studied from 40-80 "C, but the best spectra were 
obtained near 65 "C. The overall width of the peak was r H V  
= 1.30 f 0.05 GHz and agrees quite well with the value re- 
ported by Champion and J a ~ k s o n . ~  The quantity q 2 v / p  cal- 
culated from direct measurements is 186 MHz for n-hexa- 
decane a t  65 "C. The value obtained from the fit to the de- 
polarized spectrum is q 2 q / p  = 196 f 20 MHz. The coupling 
parameter is measured to be R = 0.33 f 0.02. This value for 
R is in the same range as that measured in several previous 
studies of the depolarized Rayleigh dip in other liquids.7-10 
Although no dip was actually observed, Champion and 
Jackson estimated the value of R to be near 0.1 by comparing 
depolarized Rayleigh and flow birefringence data. The present 
results cast some doubt on the validity of that analysis. 

The IHV spectrum of n-docosane at  110 "C is shown in 
Figure 2 .  The overall width is r H V  = 1.05 f 0.05 GHz. The 
calculated value of the shear width quantity is q 2 q / p  = 187 
MHz. The value obtained by fitting the spectrum is 199 f 20 
MHz. The coupling parameter is found to be R = 0.38 f 0.02. 
The depolarized Rayleigh spectra of the n-alkanes are found 
to be in good quantitative agreement with the general 
theories. 

The observation of the central dip feature in liquids de- 
pends on both physical considerations and experimental 
conditions. Keyes and Kivelson3 have shown that no central 
dip exists when the quantity q 2 v / p r H V  is greater than a critical 
value given by 

(1 - R ) R  + [(l - R ) 2  + tan2 8/2]1/2R1/2 (2) 
(1 - R ) 3  + tan2 8/2  


