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ABSTRACT The evolution of the mechanical properties, as a function of time t ,  during the gelation process 
was studied by means of the sphere magnetorheometer near the gel point t,. For the set of samples studied, 
the weight fraction of solvent and the mean molecular weight between two successive junctions points of the 
branched polymer were modified. As a function of the reduced time 1 - t/t,, the viscosity 9 and the shear 
elastic modulus G can be described by simple power laws only for samples that have the smallest mean molecular 
weight between two successive junction points. We find 7 - (1 - t/t,)4.8*0.1 and G - (t/t, - l)3.2*0.5. The 
exponent values are independent of the weight fraction of the solvent. Those results are in agreement with 
percolation theory and recent theoretical predictions. 

Introduction 
The evolution of the reaction during the gelation process 

is characterized by the conversion factor,' p ;  this parameter 
is equal to 0 and 1 at the beginning and at  the end of the 
reaction, respectively. The mechanical properties are 
typical of the sol-gel transition; a t  the gel point, pc ,  the 
reaction bath goes from a liquid medium to an elastic 
medium.2 For p < pc,  there is a sol that is an assembly 
of polydisperse finite clusters. For p > pc ,  there is a sol 
embedded in a gel that is an infiiite cluster (i.e., it has the 
size of the vessel). Our aim is to study the mechanical 
properties near p c  because, according to percolation or 
classical theories, they must be universal whatever the 
structure of the gel in its final state (p = 1). 

Previous3s4 mechanical measurements were performed 
on radical copolymerization with solvent (polystyrene/ 
divinylbenzenel benzene) and polycondensation without 
solvent (diisocyanate/triol). In both systems it was found 
that the viscosity q diverges a t  the gel point as q - (pc.- 
p)-s  with S = 0.78 f 0.05. The increase of the elastic 
modulus was different in the two systems: we obtained 
G - (p - p J T  with T = 2.1 f 0.3 for copolymerization and 
T = 3.2 f 0.6 for polycondensation. These measurements 
were done with a new apparatus, the sphere magneto- 
rheometer, and the strong difference observed between the 
T exponent values could be assigned to experimental 
diffi~ulties.~ In order to validate the preliminary results 
we have performed experiments on several polyconden- 
sation samples, in which the hydroxyl groups and iso- 
cyanate groups have equal reactivities6 and which present 
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the following advantages: the gel time is a controllable 
quantity and can be chosen to be very long (132-500 h); 
well-defined "quenched samples" can be prepared. 

In this way, it is possible to perform measurements at 
low shear rates and low shear deformations very near the 
gel point and to determine quantitatively the perturbation 
induced by mechanical measurements. 

We have also changed the proportion of solvent and the 
mean molecular weight between two successive junction 
points in order to observe their influence on the mechanical 
properties. We already know that those parameters have 
a strong influence on the absolute value of pc.6.7 

Experimental Conditions 
Samples and  Materials. The polycondensation reaction 

studied is 
OH 

I 
R" 
I 

HO-Rn-R-Rn-OH t OCN-R'-NCO t HO-RR'-OH 
Tr io l  d i i  so cyanate diol 

-- polyurethane 

The condensation occurs between the OH groups of the polyols 
and the NCO groups of the diisocyanate. The polycondensation 
was studied on four types of samples (I-IV) that differ by the 
weight fraction of diol, the weight fraction of solvent (toluene), 
and the molecular weight of the triol. The composition and the 
characteristics of the four types of polycondensation are given 

gel 
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Table I 
Composition and Characteristics of the Different Types of 

Polycondensations" 
Mn, M,,, Mn, 

system p W triol diol diisocyanate r 
I 1 0  715 or 168 1 

I1 1 40% 5 715 or 168 1 

I11 1 0 2970 168 1 

695 

w 5 60% 695 

IV 2/3 16% 5 2970 3900 168 1 
w 5 3 0 %  

" r  is the stoichiometric ratio r = [NCO]/[OH]; UI is the weight 
fraction of toluene; p is equal to [OH triol]/([OH triol] + [OH 
diol]). 

Table 11 
Characteristics of the Polyols Used" 

UGIPOL 
precursors polyols LHT 240 3170 LG56 PPG 4000 
Mn 715 695 2970 3900 
M w I M n  1.03 1.03 1.06 1.04 
hydroxyl extent 4.20 4.32 1.01 0.51 

"Amount of hydroxyl extent is expressed in mmol g-l. 

in Table I. In all the systems studied OH and NCO groups were 
present in equivalent quantities; the ratio of NCO to OH groups 
initially present was r = 1.OOO f 0.0005. The complete reaction 
of isocyanate groups was checked by infrared spectroscopy. The 
homogeneity of the samples was checked by observing the in- 
tensity of the light scattered by the gel at  different locations. The 
toluene used was freshly distilled. The purity of hexamethylene 
diisocyanate (HMDI) was controlled by size exclusion chroma- 
tography (SEC) and nuclear magnetic resonance (NMR) and was 
estimated to be 99%. 

Four kinds of polyoxypropylene polyols were used: LG56, LHT 
240, UGIPOl3170, and PPG 4000. These polyols are propylene 
oxide adducts of glycerol (LG56), 1,2,6-hexanetriol (LHT 240), 
trimethylolpropane (UGIPOL 3170), and ethylene glycol (PPG 
4000). In this way the chains of poly01 are terminated by sec- 
ondary hydroxyl groups. The polyob were dried for 2 h at  reduced 
pressure (0.01 mbar), and the residual amount of water was smaller 
than 200 ppm (Karl Fisher method). The amount of hydroxyl 
groups was evaluated from acetylation, and the molecular weights 
of poly01 samples were determined from SEC analysis. The 
characteristics of the polyols are given in Table 11. 

In the preparation of triol some dehydration reactions may 
occur that lead to units with a functionality smaller than 3. The 
narrow molecular weight distribution, M,/M, 5 1.06, suggests 
that this is not the case. Moreover, in order to detect the presence 
of triol units that are not trifunctional we prepared polyurethane 
polymers by reaction of triol with an excess of n-octadecyl iso- 
cyanate. The SEC chromatrograms of the resultant polymers 
exhibit only one peak, which confirms that the effective func- 
tionality of triol is 3.* 

In order to study the mechanical properties during the poly- 
condensation all the components plus a magnetic sphere were 
placed together in a tube which was sealed under argon. The 
kinetic rate of the reaction (or gelation time) was changed by 
varying the temperature (25-70 'C). 

Mechanical Measurements. During the polycondensation 
reaction the viscosity or the elasticity of the reaction bath was 
measured with the sphere magnetorheometer. As a complete 
description has been given elsewhere: we describe here only the 
principle of the apparatus (see Figure 1). 

When the tube (Tu), which contains the reaction bath, is at  rest 
in order to maintain the sphere (diameter d = 1 mm) in levitation, 
a voltage V, is applied to the coil. The magnetic force coun- 
terbalances the gravitational and the buoyancy forces. When a 
displacement of the tube is imposed, A(t), a t  a velocity u( t ) ,  the 
sphere experiences an additional force f( t) .  For a pure viscous 
liquid, f ( t )  is proportional to the velocity u ( t )  and to the viscosity 
7. For a pure elastic solid, f ( t )  is proportional to the displacement 
A(t) and to the shear elastic modulus G.*O In order to maintain 

U 

L- - -- - 
Figure 1. Schematic diagram of the sphere magnetorheometer. 
The ratio of the diameter of the magnetic sphere (M) to the 
internal diameter of the tube (Tu) is 0.1. The magnetic sphere 
experiences a force due to an extemal coil C. The sphere is imaged 
on two photodiodes (PI, Pz) by means of an optical system ((S) 
light source and (L) lens). The differential photocurrent of the 
photodiodes is fed to the monitor which adjusts the voltage (V(t)  
= Vo + U ( t ) )  applied to the coil in such a way that the sphere 
remains at  the same place. For viscoelastic measurements the 
tube Tu, containing the sample, is displaced by means of a stepping 
motor. In part a is represented a typical displacement as a 
function of time: the solid and broken lines correspond respec- 
tively to the displacement A(t) and to the velocity u( t ) .  In part 
b is represented as a function of time t the voltage U solid and 
broken l i e s  correspond respectively to a pure viscous and a pure 
elastic system. 

the sphere at the same location an increment of voltage, U ( t )  = 
V ( t )  - Vo, proportional to the force f ( t )  has to be applied to the 
coil: U(t)  = A&) for a pure viscous liquid and U(t)  = AGA(t) 
for a pure elastic solid. The factor A can be determined by a 
calibration on a standard oil. 

During the gelation process the reaction bath has neither the 
properties of a pure viscous liquid nor the properties of a pure 
elastic solid. I t  is always a viscoelastic system, and we haveg 

U ( t )  = A L f G ( t  - t')u(t') dt '  

G(t )  is the shear relaxation modulus of the reaction bath linked 
to the dynamical viscosity by" 

Typical viscoelastic liquid behavior observed before the gel point, 
Le., in the sol, is given in Figure 2. At time to, within a period 
of time t ,  - to, a displacement of the tube with a constant velocity 
v is imposed. The voltage U(t),  in these conditions, is proportional 
to the dynamical viscosity: U(t)  = Avv(t - to). At short times 
(see Figure 2), U(t )  is an increasing function of time that is 
characterized by the mean longest viscoelastic relaxation time 
7 of the reaction bath. At long times t - to > 37, the voltage 
becomes a constant, Us, that is proportional to the static viscosity 
7 of the reaction ba th  Us = Avv. These statements are correct 
if the measurements are performed a t  low reduced shear rates: 
u r / d .  

In order to determine the influence of the shear rate on the 
viscosity we performed measurements on a "quenched sample". 
We prepared a sample of type I (see Table I) but with a stoi- 
chiometric ratio r = 0.5624. After complete reaction of the iso- 
cyanate groups, the sample is a liquid (rg - r = 4 x where 
rg is the stoichiometric ratio at  which the gel phase appears). On 
this sample we found that the viscosity deduced a t  u s i d  5 3.5 
X was independent of the velocity u within fl% and thus 
independent of the shear rate (see Figure 3). During the study 
of gelation process all the measurements were made with m i d  
5 1.5 X so the measured viscosity represents the static 
viscosity of the sol. 

Typical viscoelastic solid behavior observed after the gel point 
is reported in Figure 4a. During the time t ,  - to the tube is 
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tuct, a 

+ " I  n r t (mn) 

- v  k U 

Figure 2. Typical behavior of the viscoelastic force ( N U(t)) below 
the gel point (It1 = 1 - t / t ,  = 1.5 X one division on t axis 
represents 1 min. In this example the relaxation time 7 is of the 
order of 6 s and the reduced shear rate m / d  is about A steady 
viscoelastic force is reached after 36 s. 

I I 1  

0 5 10 

Figure 3. Check of the proportionality between the increment 
of voltage Us (see Figure 2) and the velocity for the case of a 
'quenched sample" r = 0.5624 (Ap 2: 4 X The reduced shear 
rate u r / d  is equal to 0.05 for u = loT3 cm/s. 

displaced at  a constant speed u ;  at  time tl the motion is stopped, 
and thus the total displacement of the tube is A = u(tl  - to). For 
t > tl, the voltage U(t )  is a decreasing function of time with a 
characteristic time 7. For t - tl > 37, U(t)  is a constant Us 
proportional to the static shear modulus: Us = AGA. This 
statement is correct only for low shear deformations: A/d. In 
order to determine the influence of the shear deformation on the 
shear elastic modulus, measurements were performed on another 
quenched sample of type I (see Table I) with a stoichiometric ratio 
of 0.57 larger than r, ( r  - r, = One can see in Figure 4b 
that for to + 37 < t < to + 107 the voltage U(t)  increases linearly 
with time. Thus (l/u)(dU/dt) is a constant AG equal to 1.48 X 
lo4 mV/cm. For t > tl + 37, the voltage reaches a constant value 
Us A plot of Us vs. A, see Figure 5, shows that Us is proportional 
to A when the shear deformation A/d 5 0.1; this leads to AG = 
1.44 X 104 mV/cm. On this sample we find that the shear elastic 
modulus, determined from the voltage Us a t  37 after stopping 
the displacement, is to within 5% equal to the value obtained 
from the slope of the voltage at  10s after the beginning of the 

b 
A 

tact, 

I 
Figure 4. (a) Example of the behavior of the voltage U(t)  above 
the gel point (t = t / t ,  - 1 = 1.6 X One division on t axis 
represents 1 min. The period to - tl where the sample was dis- 
placed by A was very short in order to reduce the time needed 
for each measurement. (b) Typical viscoelastic solid behavior 
obtained with a "quenched sample" above the gel point r = 0.57 
( A p  i= One division on t axis represents 6 min. The re- 
laxation time T is estimated to be of the order of 50 s. 

displacement. During the study of the gelation process, as a 
function of time, the measurements were performed a t  shear 
deformations smaller than 0.1 and the shear elastic modulus was 
obtained from the steady voltage Us at  37 after stopping the 
displacement. Thus we measured a static shear elastic modulus. 

One must note that the four typical behaviors of the viscosity 
and the elastic modulus presented in Figure 6 are the result of 
about 20 experiments, which allowed us to control the influence 
of the different experimental parameters. In particular, it was 
observed that the number of measurements per hour does not 
influence the viscosity and elastic behaviors. This observation 
shows that our mechanical measurements do not perturb the 
system. 

Determination of the Gel Time. The gel time corresponds 
to the time t ,  when the static viscosity goes to infinity and the 
static elastic modulus begins to be different from zero. Direct 
observation of the behavior of the voltage U(t)  allows us to de- 
termine a time interval, [t,, t,], where t ,  is located. For times 
smaller than t ,  and larger than t, the voltages are typically those 
given in Figure 2 and Figure 4a, respectively. In the time domain 
[t,, tal reliable measurements are not possible because the voltage 
does not reach a constant value Us either during the displacement 
of the tube or after the displacement of the tube. This can be 
due to a rapid increase of 9 or G during the time of the mea- 
surements or to a relaxation time 7 which becomes of the order 
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m' LA.-__-- 10'. A 1cm)I 

10 10 BO 

Figure 5. Check of the proportionality between the voltage Us, 
measured at 37 after stopping the displacement, and the total 
displacement A of the sample in the case of the "quenched sample" 
corresponding to Figure 4b. The shear deformation A / d  is of the 
order of 0.1 for A = cm. 

of the time of the measurements. In contrast, if G 5 0.25 dyn/cm2, 
the fluctuations of Us are larger than the mean value and G cannot 
be measured. 

If the measurements done in the vicinity of t ,  and t ,  are ex- 
trapolated, we determine the time t, where the viscosity is infinite 
and the shear elastic modulus is equal to zero. The extrapolation 
is done with a nonlinear fitting programI2 which assumes that 
the viscosity and the shear elastic modulus depend on powers of 
t - t ,  with the constraint that t, 5 t ,  5 t,. Typical examples for 
the accuracy of t ,  are given under Figure 6. 

Experimental Results and Discussion 
The experiments were performed in a time domain close 

to the gel point 5 X 5 It - t I/tg 5 5 X Typical 
experimental data obtained wita the four kinds of poly- 
condensation are given in Figure 6 where the variation of 
the viscosity and the shear elastic modulus are plotted in 
a log-log representation as a function of the reduced time 

The increase of the viscosity and of the shear elastic 
modulus can be reasonably described, in this representa- 
tion, by a linear behavior only for polycondensation sys- 
tems I and 11. From least-square fits we obtain the fol- 
lowing slopes for the viscosity (S) and the elasticity (T): 
S = 0.82, T = 3.6 (case I) and S = 0.93, T = 3.55 (case 11). 

For polycondensation of type I11 the increase of the 
viscosity and of the shear elastic modulus are less rapid 
than those observed in the former cases: dq/q < 0.71de/~( 
and dG/G I 2dc/c. One must note that log q and log G 
are linear functions of t. 

For polycondensation of type IV the increase of the 
viscosity is much more rapid far from the gel point (dq/q 
= Idt/tl for It1 > than near the gel point (dq/q = 
0.3Jde/el for le1 = 5 x In the sample given in Figure 
6IV, it appears that in the time domain t > the shear 
elastic modulus has a linear behavior (dG/G = 3.8 dele). 
But one must not accord any importance to the 3.8 slope 
value because on the same kind of polycondensation sam- 
ple13 (dG/G)/(dc/t) is an increasing function of e. 

The behaviors of the viscosity and of the shear elastic 
modulus as a function of the reduced time e are only 
meaningful if the gel time is determined accurately. If the 
location of the gel point within the error bar (see figure 
caption 6) is shifted, we find that for cases I and I1 the 
viscosity and the shear elastic modulus can always be 
described by a linear behavior in log-log representation 
and for cases I11 and IV viscosity and elasticity can never 

E = ( t  - t,)/t,. 

- 102 

- 10 

1 L ..* I . .  . 3 1  
-lo+ -10.' I 10-11 10.' 10.' 

- - 10 
..* .. :i *- 

1 L f' , I I - 3 1  
- 10" -Io-' I 10.1 I 10" 10'' 

Figure 6. Example of the increase of the viscosity and of the 
elastic modulus near the gel point. On-the absci_ssa is plotted c / le l  
log le1 and on the ordinate log q or log G.  8 and G are the viscosity 
or the shear elastic modulus normalized to the viscosity or the 
elastic modulus of the first experimental point. (I) Polycon- 
densation of type I at 60 OC; the gel time is t ,  (min) = 2100 f 
2. (11) Polycondensation of type I1 (40% toluene) at 25 "C; the 
gel time is t (min) = 9422 k 28. (111) Polycondensation of type 
I11 at 70 OC!; the gel time is t ,  (min) = 7195 f 36. (IV) Poly- 
condensation of type IV (30% toluene) at 70 "C; the gel time is 
t ,  (min) = 29808 f 90. 

be linearized simultaneously. 
We must note that in the example of Figure 6, part 111, 

the accuracy of the t ,  value is very poor. This is due to 
the fact that the shear elastic modulus and the viscosity 
do not increase near the gel point.14 
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In order to compare the experimental results with the- 
0rylk19 the fraction p of OH groups that have reacted mmt 
be determined. Assuming, as a first approximation, that 
the rate of formation of urethane is first order with respect 
to the concentration of hydroxyl and isocyanate groups,zo 
we have 

1 -Pc 
AP = P - Pc = Pc - 

where pc is the fraction of OH groups that have reacted 
at  time t,. Since the experiments were performed close 
to the gel point (It1 I 5 X the two quantities Ap and 
t can be considered as being proportional:z1 

AP = pc(l - P A C  
The relative error due to the linearization is always smaller 
than E. Thus the use o f t  instead of Ap, in Figure 6, does 
not introduce any distortion. 

At the present time, in the case of polycondensation of 
types I11 and IV, we have no explanation for the behavior 
of 4 and G near the gel point. Further experiments are 
needed in order to understand the gelation process of these 
systems. 

Now let us discuss the results obtained in the systems 
I and 11. It is well-knownzz that the presence of a solvent 
favors the formation of cyclic structures of small size. 
From the experimental results where it has been found 
that the S and T values are independent of the weight 
fraction of solvent, we can deduce that the presence of 
small cyclic structures does not influence the mechanical 
properties (4 and G) near the gel point. This conclusion 
is similar to that obtained by numerical s i m u l a t i ~ n ~ ~ ~ ~ ~  for 
the degree of polymerization. Since Ap is proportional to 
E, the slopes S and T can be identified with the exponents 
S and T defined in the introduction. Five experiments 
performed on polycondensation systems of types I and I1 
show that S lies between 0.7 and 0.9 and T lies between 
2.7 and 3.7. 

The viscosity exponent S is in agreement with previous 
values obtained on radical copolymerization and poly- 
c~ndensat ion.~.~ It is also identical (within experimental 
reproducibility) with the exponent, s, of the supercon- 
ductivity of a percolating random network of supercon- 
ducting and normal bonds.17 From numerical calculations 
one obtains s = 0.75 f 0.04z5 and from experiments s = 
0.73 f 0.07.% The present experimental result would mean 
that gelation is described by per~olation'~ and supports 
the de Gennes analogy between the viscosity of the gelation 
bath and percolating superconductivity. 

The exponent value T of the shear elastic modulus is 
in agreement with our previous3 experiments and with the 
results of Gordon on triacetic acid decamethylene gly- 
col/ benzene polycondensati~n.~~ The T value is close to 
but larger than the value predicted by graph theoq?J8 and 
differs by a factor of 1.6 with the exponent value t pre- 
dicted if an analogy is made between the elastic modulus 
and the electrical condutivity16 of a random network of 
insulator and conductor bonds (t = 1.94).z8 

The striking fact is that the exponent value of the shear 
elastic modulus agrees with graph theory, whereas the 
exponent value of the viscosity agrees with percolation 
theory in the same range of t. One way to explain this 
result is to invoke a critical domain (where percolation 
exponent values hold) broader below pc (Ap-*) than above 
pc (Ap+*). From Figure 6, parts I and 11, we find that if 
a critical domain exists above pc, it  will occur a t  e+* < 3 
X loT3. In contrast, below pc we find a percolation expo- 
nent value on the whole range of t investigated, thus e-* 
> 5 X This means that Ap+*/Ap-* < 6 X This 

1 + pctt 
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result must be compared with numerical simulation of the 
weight-average degree of polymerizationz9 and the con- 
duction of hierarchic networks.30 Actually, the two simu- 
lations lead respectively to Ap,*/Ap-* = 0.5 and Ap,*/ 
Ap-* = 0.2. The critical domain seems indeed to be 
broader below pc than above, but the experimental as- 
symetry would be much bigger (by a factor 10) than that 
found by calculation. 

The preceding discussion implies that the de Gennes 
analogy between conductivity and elasticity is valid. Re- 
cent theoretical ~ o r k ~ ~ , ~ ~  shows that T i s  larger than the 
conductivity exponent t whatever the space dimensionality 
D and 2.85 < T < 3.55 in D = 3. This has been verified 
experimentally3 (for D = 2) on a percolating system made 
of metal and voids where the conductivity and the elas- 
ticity exponents were measured simultaneously. The 
difference between t and T could explain our experimental 
results. But one must be cautious in drawing conclusions 
because those two explanations (t # T and Ap,*/Ap-* <6 
X are opposed to the experimental fact that for 
radical cop~lymerization~~ as well as for gelatin35 it was 
found that t = T. 

Summary and Conclusions 
The mechanical measurements performed in the reac- 

tion bath during the polycondensation gelation process, 
as a function of reaction time, are reproducible for a great 
number of samples. 

Even very near the gel point (It1 = It - t,l/t, = 3 X 
the measurements are static measurements: the viscosity 
is independent of the shear rate, and the shear elastic 
modulus is independent of the shear deformation. 

In the set of polycondensation samples studied, two 
kinds of results exist: (a) results obtained with samples 
having a high molecular weight between junction points 
(samples I11 and IV), for which 4 and G increase slowly 
near t,-no exponent values can be deduced from those 
experiments; (b) results obtained with samples having a 
low molecular weight between junction points (samples I 
and 11), for which 7 and G increase strongly near t,. 

For the latter system, the viscosity diverges at t, fol- 
lowing a power law in t with an exponent value of 0.8 f 
0.1, identical with that determined for a radical co- 
polymerization. This result supports the de Gennes and 
the Stauffer analogies. The shear elastic modulus increases 
above t with a power law with an exponent 3.2 f 0.5, 
larger tkan the experimental value (2.2) determined in 
different systems (gelatin and radical copolymerization). 

Graph or percolation theories lead to exponent values 
for the mechanical properties near the gel point that must 
be independent of the gelation process studied; this is 
called universality. Graph theory leads to a set of expo- 
nents that are different from those predicted by percola- 
tion theory. The present experimental results and their 
comparison with experimental results obtained in other 
different systems show that mechanical properties are not 
universal. This lack of universality may be due to the 
extent of the critical domain, which may depend on the 
system studied. Indeed, it has been proposed that the 
extent of critical domain depends on molecular parameters 
and on the cross-linking process.36 In contrast, recent 
theoretical work suggests that the elasticity exponent value 
is strongly dependent on the stiffness of the chain between 
two junction points. Thus mechanical properties are not 
universal. This has to be compared to the well-known fact 
that two second-order phase transitions may have static 
properties which belong to the same universality class, 
whereas their dynamical properties belong to different 
classes. 
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If the stiffness of chains has an importance, the results 
obtained here indicate that small cycle structures are ir- 
relevant quantities for the variation of the mechanical 
properties near the gel point. Actually the S and T ex- 
ponent values are independent of the weight fraction of 
solvent. 

Acknowledgment. We thank J. P. Carton, G. Forgacs, 
P. G. de Gennes, H. J. Herrmann, and D. Stauffer who 
have given most welcome help and advice. 

Registry No. (HMDI).(LHT 240) (copolymer), 53479-43-9; 
(HMDI).(UGIPOL 3170) (copolymer), 57596-47-1; (HMDI).(LG 
56) (copolymer), 58450-56-9; (HMD1)-(LG 56).(PPG 4000) (co- 
polymer), 98527-37-8. 

References and Notes 
(1) Flory, P. J. ‘Principles of Polymer Chemistry”; Cornel1 Univ- 

ersity Press: Ithaca, NY, 1953. 
(2) Rogovina, L. Z.; Slonimskii, G. L. Russ. Chem. Rev. (Engl. 

Trawl.) 1974, 43, 503. 
(3) Adam, M.; Delsanti, M.; Durand, D.; Hild G.; Munch, J. P. 

Pure Appl. Chem. 1981,53, 1489. 
(4) Adam, M.; Delsanti, M.; Okasha, R.; Hild, G. J .  Phys. Lett. 

1979,40, L539. 
(5) Hopkins, W.; Peters, R. M.; Stepto, R. F. T. Polymer 1974,15, 

315. 
(6) Stockmayer, W. H. ‘Advancing Fronts in Chemistry”; Rein- 

hold: New York, 1945; Chapter 6. 
(7) See for example Table XXXI p 355 in ref 1. 
(8) Naveau, F.; Durand, D.; Busnel, J. P.; Bruneau, C. M. Un- 

pulbished data. 
(9) Adam, M.; Delsanti, M.; Pieransky, P.; Meyer, R. Reu. Phys. 

Appl. 1984,19, 253. 
(10) Gordon, M.; Hunter, S. C.; Love, J. A.; Ward, T. C. Nature 

(London) 1968,217, 735. 
(11) Ferry, J. D. “Viscoelastic Properties of Polymers”, 3rd ed.; 

Wiley: New York, 1980. 
(12) Tournarie, M. J.  Phys. 1969, 30, 47. 

(13) The resulta obtained with this sample are not reported because 
no precise absolute value of tg was determined. 

(14) For samples I11 and IV, the direct experimental evidence for 
the smooth increase of 7 and G is that measurements are 
possible even at le1 ,5 8 X whereas for samples I and 11, 
due to the rapid increase of 7 and G, measurements can be 
performed only for ( e l  2 5 X 

(15) Stauffer, D. J .  Chem. SOC., Faraday Trans. 2 1976, 72, 1354. 
(16) de Gennes, P. G. J.  Phys., Lett. 1976, 37, L1. 
(17) de Gennes, P. G., C. R. Acad. Sci., Ser. B 1978, 286, 131. 
(18) Gordon, M. Proc. Int. Rubber. Conf. 1969. Gordon, M.; 

Ross-Murphy, S. B. J .  Phys. A:  Math. Gen. 1978,11, L155. 
(19) Stauffer, D.; Coniglio, A.; Adam, M. Adu. Polym. Sci. 1982,44, 

103. 
(20) Hopkins, W. Thesis, Manchester, 1967. 
(21) It has been shown in ref 8 that p c  values, and thus the pro- 

portionality factor between Ap and E ,  are to within experi- 
mental precision independent of the mean molecular weight 
of the triol. 

(22) Stepto, R. F. T. “Developments in Polymerization”; Harward, 
R. M., ed.; Applied Sciences: London, 1982, Chapter 3. 

(23) Matthew-Morgan, D.; Landau, D.; Herrmann, H. J. Phys. Reu. 
B: Condens. Matter 1984, 29, 6328. 

(24) Bansil, R.; Herrmann, H. J.; Stauffer, D. Macromolecules 1984, 
17, 998. 

(25) Herrmann, H. J.; Derrida, B.; Vannimenus, J. Phys. Reu. B: 
Condens. Matter 1984, 30, 4080. 

(26) Girannan, D. M.; Garland, J. C.; Tanner, D. B. Phys. Reu. Lett. 
1981, 46, 375. 

(27) Gordon, M.; Roberts, K. R. Polymer 1979, 20, 681. 
(28) Derrida, B.; Stauffer, D.; Herrmann, H. J.; Vannimenus, J. J .  

Phvs.. Lett. 1983. 44. L701. 
(29) Hekmann, H. J.; Stauffer, D.; Landau, D. P., J .  Phys. A: 

Math. Gen. 1983,16, 1221. 
(30) Luck, J. M. Private communication. 
(31) Bergman, D. J.; Kantor, Y. Phys. Rev. Lett. 1984, 53, 511. 
(32) Kantor, Y.; Webman, I. Phys. Reu. Lett. 1984, 52, 1891. 
(33) Benguigui, L. Phys. Reu. Lett. 1984, 53, 2028. 
(34) Gauthier Manuel, B.; Guyon, E. C. R. Acad. Sci., Ser. B 1980, 

290, 465. 
(35) Gordon, M.; Torkington, J. A. Pure Appl. Chem. 1981, 53, 

1461. 
(36) de Gennes, P. G. “Scaling Concepts in Polymer Physics”; 

Cornell University Press: Ithaca, NY, 1979. 

Small-Angle X-ray Scattering from Semidilute Polymer Solutions. 
1. Polystyrene in Toluene 

Fumiyuki Hamada,* Shinichi Kinugasa, Hisao Hayashi, and Akio Nakajima 
Department of Polymer Chemistry, Kyoto University, Kyoto 606, Japan. 
Received April 4, 1985 

ABSTRACT: Small-angle X-ray scattering has been measured on solutions of polystyrene in toluene at various 
concentrations covering from the dilute to semidilute regions. The correlation length [ for the monomer-density 
distribution and the number of monomeric units g, involved within this range have been determined as a 
function of the concentration and the molecular weight of the polymer. The results of [ and g, agree with 
the scaling predictions for the semidilute-good region and with the blob hypothesis when the molecular weight 
is higher than 1.1 X lo5 and [ is not very small (520 A). On the other hand, for lower molecular weights and 
smaller values of [, the results are in agreement with Moore’s mean-field theory proposed for poor solvents. 
The value of the binary cluster integral B,  has been estimated by Moore’s theory and is in good agreement 
with those estimated a t  infinite dilution. 

Introduction 
Since a scaling theory for polymer solutions was first 

proposed by de Gennes,’ various studies have been per- 
formed on the properties of semidilute polymer solu- 
tions.2-6 In particular small-angle neutron scattering28 has 
provided experimental evidence for the theory, and the 
features of the semidilute region distinguishable from the 
dilute and concentrated regions have been established. 

The semidilute region is defined as a concentration range 
in which the number density of polymer chains is large 
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enough to enable individual chains to overlap, while still 
ensuring diluteness of the local number density of the 
segments. The mass concentration c* at the overlap 
threshold between the dilute and semidilute regions is 
usually given by 

c* = M / N A ( S 2 ) 3 / 2  

where M is the molecular weight of the polymer, Ns is 
Avogadro’s number, and (S2) is the mean square radius 
of gyration of a single chain. 
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