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The thermoreversible sol-gel transition in polymer solutions is discussed in terms of (i) liquid-liquid phase 
separation by spinodal decomposition, (ii) crystallite formation of polymer chains, and (iii) a hydrogen- 
bonding type association of the polymer chains. The first two effects can be described by the familiar Flory- 
Huggins theory and the last by a modern theory ofgelation as a result of the site-bond correlated percolation 
problem. The three equilibrium aspects interpret well our recent results on the sol-gel transition in poly(vinyl 
alcohol)/water and poly(vinyl chloride)/y-butyrolactone systems. 
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INTRODUCTION 

It is well known that some polymer solutions lose their 
fluidity gradually upon cooling. They recover the fluidity 
on heating. This thermoreversible phenomenon is called a 
sol-gel transition. Familiar polymer-solvent systems 
exhibiting the sol-gel transition are poly(vinyl alcohol) in 
water, gelatin in water, and poly(vinyl chloride) in dibutyl 
phthalate t'z. It is generally agreed that gelation is the 
result of network formation. However, the nature of the 
tie points in the network is the subject of some 
controversy. 

Basically, we have three models for the tie points in 
networks. The classic model by Eldridge and Ferry 3 
considers them to be a hydrogen-bonding type 
assodation of polymer chains (HBA). The second model 
is that of polymer crystallite formation (PC). This has 
been supported by extensive discussions on 'gel melting' 
behaviour in terms of the thermodynamics of melting- 
point depression 4-6 and a number of crystallographic 
studies on the crystallites 7-9. The third model is 
associated with liquid-liquid phase separation (LL). The 
LL model originates from the proposals by Labudzinska 
etal. t° and Paul t~. They suggested that gelation is 
induced by phase separation into polymer-rich and 
polymer-poor regions. Prins etal. lz't3 made the LL 
model clearer by applying the concept of spinodal 
decomposition to the gelation process. That is, they 
interpreted the origin of the network structure in terms of 
connectivity of the polymer-rich phase. On the same lines 
as theirs, we have undertaken a more quantitative study 
on the dynamics of gelation by light scattering, resulting 
in somewhat different conclusions t4'15. 

As will be reviewed in the next section, an important 
conclusion from our results is that there certainly exists a 
mode of gelation in which spinodal decomposition takes 
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place at the early stage ofgelation; however, the spinodal 
decomposition (LL) is not only a necessary condition but 
also a sufficient one for the sol-gel transition. In order to 
understand the entire mechanism of sol-gel transition, we 
have to go back once again to the older concepts: HBA 
and PC. 

In this paper, we will first describe the background of 
sol-gel transition. Then we discuss theoretically the 
relation between the three aspects, HBA, PC and LL, 
resulting in a comprehensive understanding of the sol-gel 
transition. 

BACKGROUND 

Our experimental results by light scattering 14,15 are 
reproduced in Figure 1. An outline of the experimental 
procedure is described in Appendix I. 

As shown in Figure 1, both polymer solutions had an 
UCST (upper critical solution temperature) type phase 
diagram. The spinodal curve and the sol-gel transition 
curve divided the phase diagram below the melting-point 
depression curve into four regions labelled (i) to (iv). In 
region (i) the solution was a sol. In region (ii), phase 
separation by spinodal decomposition took place but the 
solution did not change to a gel. In region (iii), both 
gelation and spinodal decomposition occurred. In other 
words, gelation was accompanied by liquid-liquid phase 
separation through spinodal decomposition. In region 
(iv), gelation took place without liquid-liquid phase 
separation. 

The presence of region (ii) implies that liquid-liquid 
phase separation by spinodal decomposition does not 
always induce gelation. The presence of region (iv) means 
that spinodal decomposition is not a necessary condition 
for gelation. However, there exists a region in which 
gelation accompanies spinodal decomposition. This may 
correspond to the situation discussed by Labudzinska 
etal. 1°, Paul 11 and Prins etalJ  2-1g 
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In regions (iii) and (iv), for example, in the PVA system, 
a broad X-ray diffraction peak at 20 = 19.3 ° was observed 
after a gelation time of more than 20 h. The diffraction 
peak is assigned to the (010) diffraction from PVA 
crystallites. That is, liquid-solid phase separation takes 
place in the late stages of gelation in both regions (iii) and 
(iv). So the problem is, why are the regions (i) and (iv) 
separated by the sol-gel transition curve? The presence of 
region (i) implies that crystallization does not always 
induce gelation. It is reasonable to think that, although 
gelation in region (iv) is accompanied by crystallization at 
a very late stage, it should be induced initially by a 
mechanism different from crystallization. It may be 
assigned to a hydrogen-bonding type association of the 
polymer chains, as will be discussed later. 

On the other hand, the sol-gel transition can be 
discussed in terms of a modern theory developed by 
Coniglio et al.~ 6 as the site-bond correlation-percolation 
problem. The sol-gel transition curve predicted by this 
theory crosses the coexistence (liquid-liquid phase 
equilibrium) curve, just as is shown in Figure 1. That is, 
speaking qualitatively, the shape of the sol-gel transition 
curve observed and the positional relation between it and 
the coexistence curve (instead, spinodal curve in Figure 1) 
in the phase diagram are exactly the same as predicted by 
the percolation theory. 

This encourages us to examine more quantitatively the 
relation between the sol-gel transition, liquid-liquid 
phase equilibrium and also crystallization (liquid-solid 
phase equilibrium). It is expected that these three are not 
entirely independent but are related to each other 
through thermodynamic and molecular parameters, such 
as polymer-solvent interaction, molecular weight and so 
on. In the next section, we will describe theoretically the 
relation to answer the above question on the nature of 
gelation in region (iv). 

THEORETICAL 

The Flory-Huggins expression for the free energy of 
mixing AG for a binary solution consisting of a solvent 
(subscript 1) and a polymer (subscript 2) is 

AG =q~ll n ~b 1 +~221n q~2 +Z12q~l~b2 (1) 
R T  V 1 

where ~bi is the volume fraction, V~ is the molar volume and 
Xl z is the interaction parameter 17. The second derivative 
of AG with respect to ~b 2 is zero at the spinodah 

V~b + V ~ - 2 Z 1 2 + 2  ( 1 - 2 ~ 2 ) = 0  (2) 
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where Z12 is assumed to be a function of ~b2 and 
temperature T: 

Zz2 = A + (B/T) + Cc~2 (3) 

Here B is the exchange energy parameter defined by 

zV~ 
B = 2~-~u (W11 "~- W22 - -  2W12) (4) 

and z is the coordination number, Wq is the van der Waals 
interaction energy between component i and j, and Vu is 
the molar volume of the polymer segment. 

The value of W. may be estimated as W.=  (2/z)5~, 
where 5~ is the solubility parameter. When the measured 
value of the solubility parameter is not available, dii is 
calculated by using Small's molar attraction method Is. 
Fitting equation (2) and the critical condition 

d2AG/d¢~ = ~93AG/d~ = 0 

to the observed spinodal curve, one can determine the 
values of A, B and C in (3). Hence the value of 14112 in (4) is 
obtained. 

Flory's formulation of the melting-point depression of 
a polymer due to the presence of a solvent is 

1 1 R V~]- l n ¢ 2  {1  1 \ 1  ] 

(5) 

where AHu is the heat of fusion per mole of polymer 
segments, T ° the melting point of pure polymer, Tm the 
m_elting point of polymer in the presence of solvent, and 
P. the degree of polymerization 19. 

The values of AHu and T ° are available in the 
literature 2°'21. Using the value of Z12 obtained by fitting 
the spinodal curve, we are able to calculate the melting- 
point depression curve. 

In modern theory of gelation developed by Coniglio 
et al.X 6 as the site-bond correlated-percolation problem, 
polymer segments are allowed to interact with each other 
in two ways: one is by van der Waals interaction, the 
other by a directional interaction which leads to the tie 
point in the gel. When an infinite network is formed via 
the directional interaction, the system is gelled. In our 
thermoreversible gel, the directional interaction is 
assumed to be hydrogen bonding. So, the system involves 
four nearest-neighbour interactions: solvent-solvent 
( - W i l ) ,  solvent-polymer segment ( -Wl2) ,  van der 
Waals interaction between polymer segments (-W22), 
with weight p, and hydrogen-bonding interaction 
between polymer segments ( - E )  with weight ( I - p ) .  
When the number of interactions per polymer segment 
and per solvent molecule is equal to 3 (see Figure 2) the 
gelation threshold tk2,g is given by 

3/SnPBU 2 
~b2,g - (2/5 pB_ 1)u 2 + (/5.PB -- 1) 2 (6) 

where Pa is the probability that the directional interaction 
is present between two nearest-neighbour polymer 
segments: 

PB 
(1 - p)exp(E/RT) 

p exp(W22/RT) + (1 - p) exp(E/RT)  

QO@ B 

i .  

! 

Figure 2 Interactions in the polymer(heavy line)/solvent(closed circle) 
system: van der Waals interaction (dotted line) and hydrogen-bonding 
interaction between polymers (double line) 

Table 1 Values of various parameters employed for fitting in the 
PVC/y-butyrolactone system 

Parameter Value 

Vl 
V~ 
P~ 
51 
62 

- W22 
-14112 
- E  
P 
Ha 
r~ 
A 
B 
C 

76.1 cm a mol- 1 
44.6 c m  3 mol- 1 

3200 
11.2 (cal cm-a) 1/2 = 
9.6 (cal cm-a) 1/2 b 

- 2.25 kcat tool- 1 
- 1.75 kcal mol- 1 
- 2.04 kcal tool- 
- 9.23 kcal mol- 

0.9999999 
900 cal mol- ~ c 
212oc a 

0 
350K 

0.038 

° Small's method 
b 'Polymer Handbook' 
c 858 cal mol- t in ref. 20 
dSee ref. 21 

and u is 

u =  pexp  R T  F 

( + ( l - p )  exp -Wll + E - 2 W 1 2  + f (~2)  
R T  

where 

f(~b2) = 2V~ (A + C ~b2) 
zE 

Fitting (6) to the sol-gel transition curve observed, one 
can estimate the values of E and p, since the values of the 
other parameters are known by the above procedure for 
the spinodal curve. 

RESULTS AND DISCUSSION 

In Table 1 is shown a set of parameters used in fitting the 
theoretical curves to the experimental ones for the PVC 
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solution. The calculated curves are shown in Figure 3. 
The situation in Figure 1 is exactly described in Figure 3. 
It is also noted that the value of E is a reasonable one for 
the hydrogen-bonding energy. These results suggest that 
gelation in region (iv) is due to a hydrogen bonding type 
association of the polymer chains. 

Based on these results, we will summarize the 
mechanism of sol-gel transition. The sol-gel transition 
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Figure 3 Phase diagram calculated for the PVC (/5n=3200)/?- 
butyrolactone system: ( ) percolation curve; ( - - - - )  spinodal 
curve; and ( . . . . .  ) melting-point depression curve 

pretends to be a complicated phenomenon. However, we 
believe that the apparent complexity comes from a 
sequential superposition of three fundamental pheno- 
mena: hydrogen-bonding type association, crystallite 
formation (liquid-solid phase separation) and liquid- 
liquid phase separation by spinodal decomposition. The 
mode of superposition may be determined by the kinetics 
of the individual phenomena, as is typically demonstrated 
by the following plausible scenario. 

In region (iv), the system is initially gelled by 
percolation through hydrogen bonding (see Figure 4a). 
Later, network chains are organized into crystallites to 
form a fringed-micelle type network swollen with solvent 
(see Figure 4b). 

In region (iii), spinodal decomposition takes place, 
resulting in the development of an interconnected 
structure of polymer-rich and polymer-poor regions (see 
Figure 4c). This is a fast process. Then gelation in the 
polymer-rich region follows. This gelation may be carried 
out in a way similar to that in region (iv), i.e. first by 
hydrogen bonding, then by crystallization*. 

In region (ii), spinodal decomposition takes place. 
However, the system fails to change to a gel, because the 
connectivity of the polymer-rich region is interrupted, 
resulting in isolated droplets of polymer-rich phase. This 
is due to the small volume fraction of polymer-rich 
phaset, as expected from the location of region (ii) in the 
phase diagram. 

In region (i), the solution does not change to a gel, 
because the probability of chain association by hydrogen 
bonding is too low to form an infinite network. Even if 
crystallites are formed at a very late stage, they might be 
isolated crystallites, which do not act as tie points of the 
network. 

It is expected that these competitive situations will be 
clarified in a quantitative way in future. Finally, we will 

* The polymer-rich phase is immobilized by gelation. It suppresses 
further coarsening of the interconnected structure developed by 
spinodal decomposition. We believe that this type of behaviour must 
be characteristic of spinodal decomposition in solutions of gel- 
forming polymers. 

t According to the results of computer simulation of spinodal 
decomposition by Cahn (,,1. Chem. Phys. 42, 93), the interconnectivity 
of phases is not accomplished when the volume fraction of minor 
phase is less than 15~.  

iiiii  , , / , i  ' 

a b c L .Xm. I 

Figure 4 Schematic representations of: (a) a network formed by hydrogen bonding; (b) a fringed-micelle type network swollen with solvent; and (c) the 
unit cell of the interconnected structure by spinodal decomposition. (In the case of aqueous PVA solution, crystallite size was ~ 50 A by X-ray 
diffraction and the periodic distance A m in the interconnected structure was ~ 0.3/~m (ref. 14) 
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demonstrate a possibility that the situation depends on 
the molecular weight of polymer. This is shown in 
Appendix II.  

A P P E N D I X  I 

An outline of the experimental procedures resulting in 
Figure I (for the case of PVA solution) will be described 
here. 

Aqueous solutions were made up in an n.m.r, tube with 
inner diameter 6.7 m m  by gradual heating to 100°C. The 
solution was quenched in a water bath kept at constant 
temperature. After standing for 88 h, the test tube was 
tilted. When the meniscus deformed under its own weight, 
we judged that the solution was still a sol. When the 
meniscus could not be seen to deform, we judged that the 
system had gelled. Thus, by visual investigations, the sol-  
gel transition curve was determined. 

Similar temperature-drop experiments were carried 
out in a light scattering photometer.  The change in 
angular distribution of scattered light intensity with time 
was measured during isothermal phase separation. 
According to Cahn's  linear theory of spinodal 
decomposition, we obtained the apparent  diffusion 
coefficient D. F rom the temperature dependence of D, the 
spinodal temperature was determined as the temperature 
at wh ich / )  is zero. 

The gel prepared by standing for a week at 22°C was 
gradually ( ~  10°C h -  1) heated up in a water bath keeping 
the test tube upside down. The gel melting point was the 
temperature at which the level meniscus began to deform. 
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Figure 5 Effect of molecular weight on ph_ase diagram, c_alculated for 
the PVC/7-bu~rolactone system: (a) Pn=200, (b) Pn=500, (c) 
/~. =2000, (d) Pn =4000 

A P P E N D I X  II  

Figure 5 shows the calculated results, demonstrating the 
effect of molecular weight of PVC on the phase diagram. 
When/5  n is very small, the spinodal curve does not cross 
the percolation curve. On increasing/5 n the percolation 
curve became sharp and the UCSTf ina l ly  locates below 
the percolation curves. The system discussed in the text is 
situated between Figures5c and 5d. Systems with 
different phase diagrams may have different modes of 
sequential superposition. 
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