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velopment Co. supplied us with the block copolymers used 
in this investigation. 

Registry No. (S)(I) (block copolymer), 105729-79-1. 
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ABSTRACT: The temperature dependence of the concentration of loosely cross-linked polymer networks 
swollen to equilibrium in poor solvent has been studied. An attempt is made to compare the prediction of 
different theories with experimental results. It is shown that the classical James-Guth network theory gives 
almost the same result as the modern thermal blob theory. Both theories predict universal dependence if 
scaled concentration and scaled temperature are used. This dependence excludes the possibility of first-order 
phase transition in gels below the 8 point. The Flory-Hermans-Wall-Kuhn theory predicts a collapse 
phenomenon, which has not been observed in our experiments. The results exhibited by poly(viny1 acetate) 
networks of different cross-linking densities swollen in isopropyl alcohol are diametrically opposed to those 
predicted on the basis of the Flory-Hermans-Wall-Kuhn theory, while the agreement with the James-Guth 
and thermal blob theories is quite satisfactory. 

Introduction 
Considerable attention has been paid recently to the 

theoretical and experimental investigation of the influence 
of solvent power on the network properties.'-13 I t  is pre- 
dicted that under certain conditions, the swollen polymer 

0024-9297/89/2222-0394$01.50/0 

networks undergo a first-order, coil-globula like phase 
transition marked by a sharp collapse of the gel.'-' 

Despite the theoretical works, the predicted sharp 
transition, called collapse, has not yet been observed ex- 
perimentally, at least for neutral gels. Although poly- 
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acrylamide gels were found to have a sudden change in the 
swelling degree within a narrow range of polymer-solvent 
interaction, the observed collapse was due to either elec- 
trostatic interactions or formation of heterogeneous 
structures.6 These two effects were not considered in the 
theories. 

The main purpose of the present paper is to investigate 
the temperature dependence of the equilibrium concen- 
tration of chemically cross-linked neutral gels below and 
above the 8 temperature. Three basically different ap- 
proaches are discussed: two from the classical network 
theories, the James-Guth (JG) approach with the Flory- 
Hermans-Wall treatment, and the remaining one, which 
corresponds to the scaling theory. Other models like the 
constrained junction fluctuation, slip-link, and tube models 
will be discussed in a forthcoming paper. 

Dependence of the Equilibrium Concentration on 
the Temperature As Given by the James-Guth 
Theory 

The condition of swelling equilibrium with pure diluent 
can be generally written as 

Av*qo-2/3v41/3 + In (1 - 4) + 4 + x42 - Bv*P@ = 0 (1) 

where v* is the amount (expressed in moles) of elastically 
active network chains per unit dry polymer volume, 4 is 
the volume fraction of the polymer in the gel, V is the 
partial molar volume of the diluent, x is the Huggins in- 
teraction parameter, and qo stands for the isotropic de- 
formation factor through which the system remembers 
those sets of states a t  which the cross-links were intro- 
duced. A and B are constants, the molecular meaning of 
them is not understood. 

The "front factor", A,  includes the possible corrections 
due to elastically ineffective chain ends, loops, and en- 
tanglements. I t  is often taken as unity if instead of the 
network chains, the elastically active chains are regarded.2 

The value of the coefficient B is also controversial. 
According to Flory and Wall B = 2 / f  where f is the 
functionality of the cross-links. On the basis of the 
James-Guth theory B = 0, while Kuhn and Hermans write 
B = 1. 

There are different experimental results available from 
the literature concerning the value of B. Van der Kraats 
et al.15 and Froelich et a1.16 found that B = 0.5, Pennings 
and Prins" and Rijkela obtained B = 1, and Horkay et 
al.lgJO concluded that B = 0. 

It is obvious that the swelling behavior of a gel predicted 
by eq 1 is greatly affected by the value of B. In this paper 
we are going to discuss what can be said about the tem- 
perature dependence of equilibrium concentration of 
different networks. 

According to the JG theory the equilibrium condition 
for free swelling is given by 

Av*qo-2/3v41/3 + In (1 - 4) + 4 + ~4~ = 0 ( 2 )  

Since we focus on hikhly swollen (loosely cross-linked) 
networks, it is more straightforward to use the virial form 
of eq 2. In this approach the logarithmic term is substi- 
tuted by its third-order series and generalized in order to 
take into account not only the binary but also the ternary 
monomer interactions: 

(3) 

where a = and u and w are dimensionless 
second and third virial coefficients of monomer interac- 
tions. In the literature u is usually identified as u = 1/2 

- x. The third virial coefficient, w, is supposed to be 

a41/3 - u42 - w43 = 0 
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temperature independent and dominated by chain flexi- 
bility. In eq 3 the only quantity that depends on the 
temperature is u, as long as the difference in heat expan- 
sion between the dry network and the solvent can be ne- 
glected. In our analysis we neglect the possible tempera- 
ture dependence of the products v * V q ~ ~ / ~  and v*V. 

Near the critical solution temperatures and consequently 
near the 8 temperature, the second virial coefficient has 
been predicted to be linearly proportional with the reduced 
temperature,4J4y2l 7, defined as T = (T - 8 ) / T  

u = (d/e)T (4) 

a4e1l3 = ~ $ 0 ~  (5) 

At  8 condition eq 3 can be written as follows: 

where the 8 subscript refers to the 8 state. Combinations 
of eq 3-5 results in 

4113 - ~ ~ 4 ~ - 8 / 3 4 2  - 4e-8/343 = 0 (6) 

where 
c = d/w8 

One can see that the equilibrium concentration, or swelling 
degree (q = $-l), depends on the reduced temperature, the 
cross-linking density which is taken into consideration via 
$e, and the numerical factor c, which includes the effects 
of chain stiffness and interaction between the network 
polymer and the swelling agent. 

For network homologues swollen in the same liquid c 
is constant and consequently the equilibrium concentration 
of the gels are determined by the T and & values. At first 
sight one may think that 4 is a two-variable, implicit 
function of T and &. However, eq 6 has simple scaling 
properties with respect to the reduced temperature, and 
as a result of this, the number of variable: can be de- 
creased. Introducing scaled temperature, T,  and scaled 
concentration, 4 (or swelling degree Q) defined as 

T = 7 / 4 e  4 = @/+e Q = 141-l (7) 
one can see that T is eliminated from eq 6 and the equi- 
librium concentration can be given by a single-variable 
function: 

4 =f(n or 4 = 4eAT/4eI (8) 

A similar scaling form serves to describe the swelling de- 
gree-temperature dependence via the scaled temperature: 

Q = fq(n 01 q = 4e-'fqIT/4eI (9) 

The respective f(n or fq(n functions can only be given 
in implicit form: 

141-5/3 - 3 = c p  (lO.a) 

1Q15/3 - 141-1 = c p  (lO.b) 

The dependence of 4 and Q on !f' as given by eq 10.a and 
10.b is shown in Figure 1. The monotonically changing 
character of these curves shows that no phase transition 
can occur, a t  least as far as the JG theory is considered. 

Equations 10.a and 10.b deserve some attention. They 
predictJhat in case of network homologues (c = constant) 
the 4-T curve is independent of structural details like v* 
and qo. 

Dependence of the Equilibrium Concentration on 
the Temperature As  Given by the 
Flory-Hermans-Wall-Kuhn (FHWK) Theory 

In this case eq 3 must be completed by the term which 
takes into consideration the effect of cross-linking on the 



9 

Macromolecules, Vol. 22, No. 1, 1989 

I 

i 

0 
-20 -10 0 10 c i  

0 
-20 -10 0 10 ci 

( a )  ( b i  
Figure 1. Dependence of the scaled concentration (a) and the 
swelling degree (b) on the scaled temperature. The latter is 
multiplied by the constant c .  

I ,  I \ ' \ \  I 

( a  i ( b )  
Figure 2. Scal_ed concentration (a) and swelling degree (b) as 
a function of cT at different b/W6e2 values. b/w6e2 = 0 (11, 10 
(2), 40 (3), and 80 (4). 

thermodynamical properties of swollen gels. Let b = Bu* v; 
then one can write the equilibrium condition in the fol- 
lowing way: 

(11) 

(12) 

Combination of eq 4,11, and 12 gives for the 4-T and Q-?' 
dependence 

- ~4~ - ~4~ - b 4  = 0 

At 6 condition eq 11 yields 

a4e1/3 - w4e3 - bcpe = 0 

b 
(4)-513 - 4 + - - ($)-lI = Cp (13.a) 

w4e2 

NOW it is obvious that universal dependence of 4 and 
Q on T for homologous networks is QO longer expected. The 
shape of the 4-T as well as the 4-T curve is very sensitive 
to the value of b/w$e2. Figure 2 shows this sensitivity. It 
can also be seen that above ,a certain v@ue of b/w4e2 the 
monotonic character of the 4-T or Q-T curve disappears. 
This indicates a first-order transition marked by a sudden 
change in the swelling degree or concentration. 

Figure 3 shows a predicted collapse phenomenon to 
occur below the 8 temperature. The higher the value of 
b/w@e2 is, the lower the transition temperature and the 
bigger the difference in the swelling degree. 

I t  is difficult to express exactly how the structural pa- 
rameters which charactsrize th: network make their in- 
fluence felt on the $-T or Q-T dependence or on the 
transition temperature. The reason of this difficulty comes 
from eq 12, which says that the &(v*,q0,w) relation cannot 
be given in explicit form. Numerical investigation of eq 
12 gives that the value of b/wde2 increases with v* and q,,. 
This means that according to the FHWK theory, to 
achieve collapse one needs high value of v* and qo and low 
value of w. It is worth mentioning that the results obtained 
in this section are in agreement with those obtained by 

Figure 3. Scaled swelling degree versus the scaled temperature. 
The numbers denote different values of b/w6e2. b/w@e2 = 0 (l), 
40 (2), 80 (3), and 120 (4). 

Duiek and Prins1p2 as well as Khoklov4 on the basis of 
different arguments. 

Dependence of the Equilibrium Concentration on 
the Temperature As Given by the Scaling Theory 

Polymer gels in swelling equilibrium with a pure diluent 
can be considered as a set of closely packed coils kept 
together by cross-links. de Gennes has postulated that the 
equilibrium polymer concentration of a swollen network 
can be expressed in terms of the overlap concentration, 
4*, of a polymer having the same molecular mass as the 
network chains:21 

4 = kO4* (14) 

where k(f j  is a constant of unity depending only on the 
functionality, f ,  of the cross-links. Equation 14 is often 
called the c* theorem and has also been derived from the 
classical Flory theory by Brochard22 and from the scaling 
theory by Candau et al.23 It is essentially a generalization 
of the Flory-Rehner equation.14 

It must be emphasized that the c* theorem is only valid 
if the swollen network is in equilibrium with pure diluent; 
that is, the chemical potential of the pure swelling agent 
inside and outside the gel is the same. This situation can 
be realized at different temperatures and therefore we can 
use eq 14 with the assumption that c* depends on tem- 
perature. 

The overlap concentration divides the dilute polymer 
solution regime from the semidilute one, and can be ex- 
pressed as follows: 

4* = (const)N/R3 (15) 

where N is the degree of polymerization and R is the radius 
of gyration. 

The most important statement of the c* theorem is that 
at swelling equilibrium with pure diluent (a, = 1) the 
end-to-end distance (or the radius of gyration) of the 
network chain of the gel scales with N, like the end-to-end 
distance of a free macromolecule of the same molecular 
mass, in the same solvent. This statement was supported 
by small-angle neutron scattering experiments of Beltzung 
et  

On the basis of the c* theorem (eq 141, one can deter- 
mine the temperature dependence of the equilibrium 
concentration of a gel if the temperature dependence of 
the end-to-end distance is known. With this known, one 
can establish the temperature dependence of @*. This was 
first done by Daoud and Jannink,27 who have shown that 

+* (N,T) = ( ~ o n s t ) N ~ - $ 7 1 ~ ( ~ - ~ ~ )  (16) 

where the excluded-volume exponent, v, takes the value 
3 /6 ,  lI2, and 1/3 for T greater than, equal to, or less than 
6,  respectively. At a good solvent condition (7 >> N-l12) 
eq 16 predicts @* a N-4/51~J-3/5, while in the poor solvent 
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regime (7  << -N-l12) q5* is independent of the molecular 
mass and #* 0: -7. 

Since 4*(N,7) is a generalized homogeneous function of 
variables N and 7 ,  it is convenient to write 

q5*(AN,h-1/27) = X-lI2@*(N,7) (17) 

where we relabeled the variables such that N - AN and 
7 - x-'&. 

If we want to compare the results of different theories, 
then we must have the same quantities for the sake of 
comparison. That is, instead of 4 (or 4*) the scaled c?n- 
centration 4, or instead of 7 ,  the scaled temperature T i s  
needed. & can enter into the problem through NJ since 
according to eq 15 4e 0: N-'I2. To obtain 4 and T from 
q5 or T ,  one has to substitute T / &  0: 7WI2 instead of 7 and 
@*/$e 0: q5*WI2 instead of q5* in eq 17. 

This can be done easily if we choose X = N-l. Now the 
function q5*(1,7WI2) appearing on the left-hand side of eq 
17 is formally a function of two variables, but the first 
variable is fixed at unity. Hence we can_ denote it by a 
function of a single varaible, defined as j8(D = q5*(1,7Wl2). 
Since the left-hand side of eq 17 is proportional with 4, 
one gets for the temperature dependence of the equilib- 
rium concentration 

4 = (const)f8(n (18) 

where 

j8(n = (const)(n3('+) (19) 

It must be emphasized that eq 18 and 19 are valid only 
in the asymptotic limits. To reach these limits the product 
W.l2 must be high. However, to prepare polymer networks 
having long chains is rather difficult. The typical values 
of N in gels are from 50 to 1000. Consequently achieving 
the limit below the 8 temperature is almost hopeless due 
to spinodal decomposition. For a better description one 
has to investigate the crossover regimes, which separate 
both the good-solvent and the poor-solvent regimes from 
the 8 regime.21 

The blob t h e ~ r y ~ ~ ~ ~ ~  permits the calculation of chain 
dimensions in the crossover regimes. I t  is assumed that 
a polymer chain is a succession of blobs made of N mo- 
nomers. The excluded-volume effects become important 
only when the intersegmental distances are taken over the 
number of segments exceeding N,. In other works, the 
chains have Gaussian statistics inside the blobs and ex- 
cluded-volume or globular statistics outside the blobs. N, 
is the temperature dependent cutoff, separating the 
Gaussian and the excluded-volume regimes, and can be 
expressed by the reduced temperature as follows: 

N, = (c0nst)l71-~ (20) 

Several a ~ t h o r s ~ ~ s ~ ~  have calculated the temperature 
dependence of the chain dimensions. I t  was found that 
the static expansion factor, CY, is a function of one variable 

The expansion factor can be expressed by the scaled 
NTIN. 

concentration or swelling degree as follows: 

CY = R3/Re3 = &/$ (1 = ($I-' (21) 

A t  this stage the following remark should be made. 
Equation 21 implies the assumption that the chain di- 
mension of the gel in the 8 state is unperturbed. Since 
the same holds for the dry network, this means that at least 
two different mechanisms are supposed to occur during 
swelling. When the concentration decreases from I$ = 1 
to 6 = 40 < 1, desinterspersion is thought to be effective. 
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( a )  ( b )  
Figure 4. Scaled concentration (a) and the scaled swelling degree 
(b) as a function of the scaled temperature, according to eq 23. 
The scaled temperature is multiplied by the constant k. 

Then up until the equilibrium concentration is attained, 
the swelling is followed by the affine deformation of the 
network chains. These two processes together may result 
in the loss of affineness reported by Bastide et a1.26 

The variable N,/N can also be expressed by the scaled 
temperature 

N,/N = (const)(l/Nr2) = ( c o n s t ) ( ~ W / ~ ) - ~  = 
(const) (n-2 (22) 

Now the blob theory can already be applied for gels in the 
following form: 

where k is a constant. 
Figure 4 shows how 4 and (1 depend on k p .  On the basis 

of the blob theory, three different behaviors can be dis- 
tinguished. In the poor-solvent regime q5 decreases almost 
linearly with T. This is followed by the 8 regime, where 
4 is independent of T, and in the good-solvent regime, q5 
also decreases further with T. 

The asymptotic behavior of the 4-p cr (1-p dependence 
can be easily calculated from eq 23 if lkTl >> 1 is regarded. 
One obtains for good- and the poor-solvent limits 

Comparing eq 18,19, and 24, one finds that in limit of l k q  
>> 1, the blob theory gives back the result of Daoud and 
Jannink.27 

Comparison of the Results Obtained by the 
Mean-Field and Scaling Theories 

One of our main conclusions is that, despite the com- 
pletely different arguments, on which these theories are 
based, qualitative agreement can be observed in some re- 
spects. 

Neither the classical James-Guth nor the modern blob 
theory predicts a first-order transition to appear. Both 
say that the scaled concentration is an universal function 
of the scaled temperature. Although the molecular 
mechanism of swelling behind the picture is different 
(affine in the case of JG, interspersion_+_affine in the case 
of the blob theory), the shape of the el' curves does not 
deviated considerably. The only difference can be seen 
in the vicinity of the 8 point, as shown in Figure 5. For 
the sake of direct comparison k = 1 . 5 ~  was choosen when 
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( a )  ( b )  
Figure 5. Dependence of 4 (a) and (b) on p. The dotted lines 
were calculated by eq 23, while the s&d ones by eq 10.a and 10.b. 

Table I 
Characteristics of the PVAc Gels" 

svmbol C,, wt % 102X, svmbol Cn, wt % 102X, 
X 3 2 A 9 0.5 
0 6 2 v 9 0.25 

6 0.5 0 12 2 
A 9 2 0 12 0.5 
V 9 1 

" The same symbols are used in the figures. 

t he  plots of eq 10 were made. 
As for the limit behavior, both theories result in the same 

dependence. At  low temperatures (7 << 0), eq 10.a and eq 
24 give 

4 = -(const)T (25) 

while in  the  good-solvent limit they result in 

4 = (const)(T)ij-3/5 (26) 

A completely different swelling behavior is expected on 
the basis of t he  Flory-Hermans-Wall-Kuhn theory. It is 
predicted that equlibrium concentration (or swelling de- 
gree) of network homologues cannot be described by a n  
universal function, and if the BY* V/wrpe2 exceeds ita critical 
value, a first-order transition marked by a sudden change 
in C$ or q can occur. 

Experimental Section 
For the experiments, gel systems of poly(viny1 acetate) (PVAc) 

swollen to equilibrium in isopropyl alcohol were used. At room 
temperature the isopropyl alcohol can be considered as a poor 
solvent for PVAc. Hence by heating or cooling the gels, the 
poor-solvent and the good-solvent regimes can be scanned. The 
8 temperature of PVAc/isopropyl alcohol gels was found to be 
54.7 "C in one of our previous works.1° A more critical analysis 
of the data has shown that 8 = 52 f 2 "C. Thus for the calcu- 
lations, 8 = 325 K is used. 

Materials. A hydrolyzed Poval420 (Japan) poly(viny1 alcohol) 
(PVA) sample was fractionated in a mixture of n-propyl alco- 
hol-water in order to get a narrow molecular mass distribution. 
Spme characteristics of the fractionated sample are M,, = 1000o0, 
M ,  = 110000 (determined by ultracentrifugation), and 1111 = 0.68 
dL g-l. 

PVA solutions of different concentrations (c = 3.0,6.0,9.0, and 
12.0 w t  W )  were cross-linked with glutaraldehyde (Merck, GFR) 
at pH 1.5 and T = 298 f 0.1 K with water as solvent. 

Networks with different cross-linking densities were prepar- 
ed.10~30~31 The cross-linking density, X,, which is the mole fraction 
of the cross-linking agent (now the glutaraldehyde) in the dry 
network, was varied from 2 X to 2 X W2. (For the calculation 
of X, the moles of monomer units of PVA were taken into ac- 
count.) 

Cylindrical network specimens 1 cm in diameter and 1 cm in 
height were prepared in cylindrical containers of a suitable frame. 
The mixture of polymer, cross-linking agent, and catalyst (2 N 
HCl solution) was stirred by means of a magnetic stirrer and then 
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Figure 6. Concentration versus temperature diagram for the 
PVAc/isopropyl alcohol gels. Solid lines are a guide for eyes. For 
identification of the symbols, see Table I. 

it was poured into the containers. Some characteristics of the 
PVA gels are summarized in Table I. 

After the cross-linking reaction the gels were removed from 
the frame and the traces of foreign matter (e.g., HCl) were washed 
by distilled water several times. Then the media of the gels were 
replaced by a mixture of acetic anhydride (40 vol%)-acetic acid 
(10 vol%)-pyridine (50 ~01%).  The acetylation reaction was 
continued at 363 K for 8 h. The acetylation mixture was renewed 
hourly. In the last 3 h the acetic acid was omitted from the fresh 
mixture, in order to shift the equilibrium in the direction of acetate 
formation. After several solvent exchanges, each taking 48 h or 
more, no traces of pyridine, acetic acid, acetic anhydride, or water 
appeared in the wash. The complete wash cycle involved not less 
than 10 solvent exchanges and took over 1 month. After solvent 
exchanges, the gels were carefully dried. The extent of acetylation 
was checked and an agreement within 1-2% was found between 
the calculated and experimentally determined values. The dry 
networks were swollen to equilibrium with isopropyl alcohol 
(Reanal, Hungary). The gels were stored not less than 1 month 
at each temperature before testing. 

Met hods 
In  order to determine the  swelling equilibrium concen- 

tration, the gels were weighed, then evaporated to dryness, 
and weighed again. Densities of the  dry networks and tha t  
of the isopropyl alcohol were also determined as a function 
of temperature.  T h e  volume fraction of t he  polymer in 
the  equilibrated gels was calculated from the  measured 
mass and  density value, supposing the  additivity of the  
specific volumes. T h e  error of concentration measure- 
ments did not  exceed 0.2%. T h e  equilibrium concentra- 
tions of nine network homologues were determined at nine 
different temperatures,  25, 30, 37, 45, 50, 52, 55, 60, and 
70 "C. 

Results and Discussion 
In Figure 6, we plot the equilibrium concentration versus 

temperature for the  studied systems. It can be seen that 
none of the  gels show the  macroscopic collapse phenom- 
enon within the  studied temperature range. For all the  
gels a continuous monotonically decreasing curve was ob- 
tained. One should think that collapse could occur at lower 
temperatures. However, experimental results, not involved 
in this article, show that i t  could not. T h e  reason why we 
do not pay any attention to the temperatures below 25 "C 
is t ha t  upon cooling, all gels exhibit optical, and many of 
them also structural, changes that can be observed visually. 
T h e  originally transparent gels become turbid as the tem- 
perature is decreased. Beside turbidity, profound struc- 
tural  changes can also be observed. When crossing the  
cloud point, there are  no drastic changes in the  concen- 
tration. Below the  cloud-point temperature,  relaxation 
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Figure 7. Scaled concentration versus the scaled temperature 
for the PVAc/isopropyl alcohol gels. 
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Figure 8. Scaled concentration versus the scaled temperature 
for poly(styrene)/cyclohexane networks. These data are taken 
from a paper of Erman and Baysal.12 

Table I1 
Concentration of Gels at T = 8 and the Calculated 

B U * V / W & ~  Data' 
Cn/l02X, ba Bv*PlwbaZ 

312 

912 

612 

91 1 

1212 

610.5 

910.5 
910.25 

1210.5 

0.172 
0.253 
0.149 
0.330 
0.237 
0.201 
0.146 
0.365 
0.219 

76.3 
23.1 
16.3 
14.8 
11.9 
10.7 
8.6 
10.2 
7.3 

a For the calculation, B = 1 and w = 0.078 were used. The v* 7 
values were obtained from unidirectional compression measure- 
m e n t ~ . ~ * - ~ ~  

phenomena enormously slow down, and to attain equilib- 
rium would take years. 

In order to compare the experimental results with the 
prediction of different theories, the scaled concentration 
is plotted against the scaled temperature in Figure 7. For 
the calculation of the scaled quantities, the concentration 
of gels at 8 condition was needed. these are summarized 
in Table 11. 

In Figure 7 one sees that within experimental accuracy, 
all points (72 points) are on the same curve. 

Figure 8 shows the same representation of data obtained 
by Erman et a1.12 who investigated polystyrene networks 
swollen to equilibrium in cyclohexane. The temperature 
dependence of the equilibrium concentration of the two 
network homologues seems to be gathered also in the same 
curve except the last three filled circles on the left-hand 
side of Figure 8. These points correspond to low tem- 
peratures where the relaxation of network chains can be 
so long that the time (24 h) allowed for attaining the 
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Figure 9. Equilibrium concentration versus the reciprocal tem- 
perature for PVAc/isopropyl alcohol gels. 

equilibrium might be too short. These results support the 
validity of eq l0,a and 23, since 4 seems to depend only 
on one variable, T. This means that both the James-Guth 
and the scaling (blob) theories are adequate to predict the 
equilibrium concentration-temperature dependence of 
PVAc/isopropyl alcohol gels. 

I t  must be mentioned that our experimental results are 
diametrically opposed to the predictions of eq 13.a; that 
is, the theory based on the approach of Flory, Hermans, 
Wall, and Kuhn seems to be less consistent with the results 
observed for PVAc/isopropyl alcohol gel systems. The 
differences in b/w$Je2 values _are so high (see Table 11) that 
according to eq 13.a the 4-T curves belonging to a given 
network should have been separated to a much greater 
extent than that due to experimental error. These findings 
can be regarded as an independent confirmation of our 
previous results in which B = 0 was p r o ~ e n . ~ ~ , ~ ~  

It  is worth mentioning that considerably below the 8 
point, T > -0.15, the dependence of 4 on T seems to be 
linear, as predicted for the limit behavior by both the JG 
and the blob theories (see eq 25). This means that a t  
temperatures between 8 and the spinodal decomposition, 
the temperature dependence of the equilibrium concen- 
tration can be given as follows: 

$J = c,8/T + - c ,  (27) 
where c ,  and a ,  are constants. 

On the basis of eq 27, one expects a linear relationship 
between the equilibrium concentration and the reciprocal 
temperature. This representation is shown in Figure 9. 
It can be seen that below the 8 point the linearity holds, 
and the straight lines have-within experimental 
accuracy-the same slopes and different intercepts as 
predicted by eq 27. 

In order to compare the observed experimental result 
with those predicted by theory, one would need the value 
of the constants c and k in eq 10.a and 23, respectively, 
which can only be determined by direct comparison. 

For the PVA/isopropyl alcohol gels the best fit was 
obtained at  c = 0.1 and k = 15. Figure 10 shows how the 
theories can give the temperature dependence of the 
equilibrium concentration of swollen network systems. It 
can be seen that the agreement is quite satisfactory. 
Summary 

We have studied the temperature dependence of equi- 
librium concentrations of loosely cross-linked swollen 
networks. Three basically different approaches, the 
James-Guth, the Flory-Hermans-Wall-Kuhn, and the 
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Figure 10. Comparison of theoretical results with the experi- 
ments. The solid line was calculated by eq 10.a, while the dotted 
one by eq 23. The values of the constants are given in the text. 

thermal blob theories were considered. We have shown 
that the James-Guth theory exhibits scaling behavior. As 
a result of this, one can construct a universal function for 
the dependence of the scaled quantities. It has been shown 
that in the limiting cases the scaling functions belonging 
to either the James-Guth or the thermal blob theories 
coincide. 

The Flory-Hermans-Wall-Kuhn theory gives basically 
different swelling behavior: below the 8 temperature a 
first-order phase transition is predicted and no scaling 
behavior has been observed. 

Experimental results obtained for chemically cross- 
linked PVAc networks swollen to equilibrium in isopropyl 
alcohol are in agreement with the prediction of both 
James-Guth and thermal blob theories. 
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ABSTRACT: We study the sol-gel transition obtained by cross-linking of polymer solutions. We measure 
the size distribution function of diluted pregel samples by size-exclusion chromatography coupled with light 
scattering. With this technique a very good approximation of molecular weight distribution function is obtained 
although the separation criterion in the columns is the hydrodynamic volume of the molecules. Experimental 
results are found to be consistent with a scaling description of the sol-gel transition. 

I. Introduction 
Although polymeric gels are widely used materials, an 

extended comprehension of their properties is far from 
being reached. In particular, the relationship between the 
structure and the properties of gels is not yet clearly un- 
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derstood, even in neutral gels.'" Probably this complicated 
relationship originates in the method of synthesis of the 
gels, in the very beginning of gel formation. Therefore, 
among the large amount of experimental and theoretical 
work on gels, particular attention has been paid to gel 
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