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A b s t r a c t - P h a s e  transition was observed in HSMA/PVA IPN gels having ionizable groups with 
3-dimensional network structure in the mixed solvents such as water-methanol, water-acetone or 
water-ethanoL In order to analyze this phenomena quantitatively, two adjustable parameters related 
to gel properties were determined from the model based on Tanaka theory. One was the number 
of dissociated counterions per effective chain (O, the other was the interaction parameters (~j) between 
gel and water. As increasing the composition of water, swelling of the gels occurs in the mixed 
solvent; the gel was shrunk instead when the water content was decreased, which was reversible 
regardless of the path of swelling and shrinking. A degree of swelling or shrinking of the gel was 
dependent upon these ,~j and f of the gel. With smaller X,~ and larger f. more rapid phase transition 
was observed. Additionally, swelling and shrinking behavior of the gel in system of two solvents 
and one polymer was influenced not only by X~,. between gel and solvents but also by )5, between 
two solvents. 

INTRODUCTION 

As one of the advanced materials, polymer gels have 
been studied a lot because of their wide applicabilities 
for various industries. Especially soft contact lens, per- 

sonal care products such as infant disposable diapers, 
femine pads, and medical sheets, agricultural items 
like soil conditioners have been already commercializ- 
ed based on their absorbability. Generally speaking, 
these polymer gels are consisted of polymer chains 
having hydrophilic ionic groups in the 3-dimensional 
network structure, so that they can show the phase 
transition of rapid swelling-shrinking due to small 
change of external stimuli such as temperature E1-4~, 
pH ~5, 6~, ionic strength or electrical potential ~7~. 
Recently, several works have been focused on the pos- 
sibility of polymer gels in the fields of drug delivery 
system, artificial muscle, separation membrane or 
switching sensors utilizing these properties E8, 9~. 
Therefore in order to accelerate the usage of these 
materials in newly developed areas, it is necessary 
to look into in details not only dynamic response of 
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polymer gels but also its relationship between the ba- 

sic structure and property. 
In this study swelling behaviors of HSMA/PVA 1PN 

gels in the mixed solvents will be searched to see 
the phase transition according to the composition of 

the solvents in order to obtain the structure-related 
properties of polymer gels in the water such as the 
amount of polyions in the gel network, interaction pa- 
rameter between gel and water. 

Mixed solvents such as water-acetone, water-meth- 
anol, or water-ethanol, will be considered, where phase 

transition occurs when water composition is less than 
that of other solvent ~5, 11~. Polymer gels with lots 
of ions have usually a broad range of phase transition. 
Tanaka has developed a theory to explain this ph- 
enomena qualitatively ~10~. In order to investigate 
sv, elling behavior in the mixed solvents quantitatively, 
it is necessary Io have several physical parameters 
such as interaction parameters between gel and sol- 
vents, ion content in the gel etc. in advance. Here 
we are trying to evaluate several parameters of new 
polymer gels synthesized by means of comparing the 

swelling data with a model based on Tanaka theory. 
Especially interaction parameters between solvent and 
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solvent will be compared with other values reported 

elsewhere and effective polyion concentration and in- 

teraction parameter between gel and water will be 
used for the characterization of synthesized polymer 

gels, which may be useful in interpretation of electrical 

behavior of polymer gels in the water. 

T A N A K A  T H E O R Y  

It is well known that polymer gels are soft compared 

with solid polymers, which swell or shrink according 

tu the amount of liquid to exhibit various useful prop- 
erties. Their properties are dependent not only upon 

the hydrophilic/hydrophobic nature of polymer itself 
of which the 3-dimensional network structure is corn 

posed, but also upon the solvent contained in the gel. 
Tanaka [10~ has tried to explain the swelling and 

shrinking phenomena of the gel via the four osmotic 

forces based on Flory-ttuggins theory [12~. Here, the 

sign of osmotic forces will be positive when the gel 

swells. 
1. Elas t ic  P r e s s u r e  due  to the N e t w o r k  

A polymer chain in vacuum will have a lot of confor- 

mation due to the thermal motion of the chain to ex- 

hibit a finite end-to-end distance depending upon its 

average conformation. Generally a polymer chain in 
equilibrium will tend to have the most stable confor- 

mation distribution with a finite end-to-end distance. 

Thus if one tries to stretch the chain from equilibrium, 

then a force is arising to lessen the distance. On the 

other hand if the chain is contracted, a force is appa- 

rent to stretch the chain to tbe equilibrium distance. 

Thermal effect can be considered similarly; at high 

temperature, vigorous thermal motion of the chain will 

tend to reduce the end-to-end distance. This force 

call be treated as an elastic pressure ~,. 

n~: vk]'{O/O (0/o, ,)  ~:~} (1) 

tfere, v is the number of effective chains per unit 

vohmle at O 0,,  ; 0 a n d  q),, are the volume fraction 

of polymer chains of the network and that at random 

conlormati~m respectively. And k and T denote the 

goltzman constant and absolule temperature respec- 

tively. 
2. P r e s s u r e  due to the Interact ion  b e t w e e n  Gel 

and So lvent  
Water soluble polymers such as polyacrylamide etc., 

dissolve in the water, and polystyrene dissolves in 

organic solvents such as benzene and loluene, when 

the interaction between a specific polymer and a sol- 
vent is stronger lhan that between polymer them- 

selves. The interaction between polymer and snh'ent 

will generate an osmotic pressure rh, which is given 
by Eq. (2). 

~ -  - AF~2/n (2) 

Here, AF is the free energy, change based on the 

interaction between polymer network and solvents, 
n is the volume per unit mole of the liquid. 

3. P r e s s u r e  due  to  the Counter  Ions  in the Net-  
w o r k  

Pressure due to the counter ion in the gel network 

can he easily understood if one thinks of gas pressure 

in the balloon. Gas molecules in the balloon can move 

freely and they will generate the pressure due to the 

collision with the wall of balloon. Similarly counter 
ions in the gel structure with anionic carboxyl part 

will be confined in the gel in order to conserve the 

electrical neutrality. Thus counter ions can move free- 
ly only in the gel to produce the pressure ~:~, as shown 

in Eq. (.'3). 

n:~ fvkT(O/o.) (3) 

Here, f is the number of counter ions per a polymer 

chain between crosslinking points in the gel :structure. 
4. P r e s s u r e  due  to the Mix ing  Entropy  

Polymer gel and solvents are interacting each other; 
if gel does not exist, solvent will flow freely, and if 

"solvent does not exist, gel cannot swell at all. There- 

fore the entropy of the mixture is different :from sim- 

ple average entropy of the gel and solvent, which will 

cause an osmotic pressure. If one has n mols of liquid, 
mixing entropy AS and gel w)lume V will be given 

by Eqs, (4) and (5). 

A S = n  I n ( l - o )  (4) 

V =- no/(1 ()) (5) 

Thus the pressure m can be derived as Eq. (6) on 
the basis of this entropy change. 

~, 8(kT AS)/SV=(kT/u){ln(1 0)+q~} (6) 

Once abow~ four types of pressures are given, an 

equation of state for polymer gel can be derived by 

the simple addition. 

n rh ~- ,~+ ~:~+ n, (7) 

Here, r~ is the total pressure of the polymer gel, 

which will bt! zero at equilibrium. Then Eq. (7) be- 

comes (8) as following: 

AF/kT=S,,q>,,:70-' {(2f+ 1)(o/q).) 2(0/r ~} 

- 2/0-21n(1 0)/o -~ (8) 
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Fig. 1. Algorithm to obtain interaction parameters for several mixed sohrent systems. 

Here, S,, denotes vu/(~,,:~N, and AF is nothing but 
the excess free energy, f is the number  of ions be- 

tween crosslinking points. N is the Avogadro number. 
Thus this Eq. (8) can explain how the volume of poly- 
mer gels changes with temperature and composition 
of the mixed solvents quantitatively El3]. 

MODELLING AND ANALYSIS 

If one adopts the single-liquid approximation to as- 
sume the mixed solvents as a single liquid to say that 
polymer gel does not have any selective adsorption 
for any solvent, then excess free energy AF can be 
expressed as a function of solvent composilions [14]. 

AF xIAFI:~+ xeAF,:~- xlxeAFt~ (9) 

Here x~ and x~ ( -  1 -  x~) are mole fractions of solvent 
1 and solvent 2 respectively. And AFH and AF,:~ are 
the changes of the free energy" due to the ,nteraction 
between solvent 1 and polymer gel 3, and :nteraction 

between solvent 2 and polymer gel 3, AFt~ is change 
of free energy between solvent 1 and solvent 2. t tere  
it is also assumed that polymer gels have a homoge- 
neous structure in the sense of interaction with sol- 
vents even though gels are IPN. 

In this study solvent 1 is fixed as water, and solvent 
2 is one of the three organic solvents such as acetone. 
methanol, and ethanol. 

It is customary to use the following relationship be- 
tween interacti(m parameter (L) and free ener;~' cha- 
nge (AF,). 

7J, = AF,,/2KT {10) 

Now we wuuld like to divide the parameters according 
to the dependence on solvent 2. First group such as 
(, S,,, 0,,, ZI< are independent of solvent 2, and second 
group such as Z~e, Ze:, are dependent Ul)On solw~nt 2. 
Last group will be r as shown in (11). 

x~ f(f, S,., o.. Z~, Z,-. Ze:, O) (11) 
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Table 1. Preparation of HSMA/PVA IPN gels having ion- 
ic groups 

HSMA ~ CA b H-PVA' 
Sample 

gr tool* gr tool* gr tool* 
1 3.2 1 1.07 0.1 0 0 
2 3.2 1 1.07 0.1 0.16 0.1 
3 3.2 1 1.07 0.1 0.32 0.2 
4 3.2 1 1.07 0.1 0.48 0.3 
5 3.2 1 2.14 0.2 0.16 0.1 

a: Hydrolyzed styrene-maleic anhydride alternating co- 
polymer, b: poly (ethylene glycol 600 diglycidyl ether) 
used as a crosslinking agent, c: 80%-hydrolyzed poly (vi- 
nyl alcohol), *denote the number of mole per repeating 
unit. 

Once first group (f, S,,, 0,,, X~) is chosen, q) can be 
obtained as a function of x~ if two interaction parame- 
ters (El'-,, Y~3) are known. Solvent-solvent interaction 
parameter will be chosen fixed, but interaction param- 
eter between gel and solvent 2 will be adjusted to 
give the best fitting. Optimal values are going to be 
searched for three solvent systems, but if that is diffi- 
cult, then parameters of gel will be adjusted to repeat 
the above algorithm, which is shown in Fig. 1. 

EXPERIMENTS 

!. HSMA/PVA IPN Cylindrical Gel 
HSMA/PVA IPN gels used in this study have five 

different compositions as shown in Table 1. They were 
synthesized according to the following procedure, of 
which the details can be found in the separate report 
1-15~. Here in Fig. 2 schematic method of synthesis 

and final structure are shown. 
First 50 g of Styrene-Maleic Anhydride alternating 

copolymer (Aldrich) will be reacted with water in 325 
cc of 1M-KOH aqueous solution for 2 days at room 
temperature with agitation, and then be precipitated 
by adding excess isopropyl alcohol. White colored 
HSMA (Hydrolyzed Styrene-Maleic Anhydride alter- 
nating copolymer) will be obtained after filtration fol 
lowed by two day's drying. A specific amount of HS- 
MA will be dissolved in the distilled water to give 
a transparent solution. And then the crossliking agent 
and PVA are added into HSMA solution with vigorous 
agitation for 30 rain. Air bubble in the mixture should 
be removed in the centrifuge. After putting the mix- 
ture free of air into glass tube of 2 mm inner diameter, 
it was crosslinked in the hot oven for 21 hours at 
80C followed by for 5 hours' reaction at 110C. Finally 
after some time, cylindrical sample will be cutted from 

SMA 

KOH(NaOH) 

"K + 

~4 HSMA 

(PVA) 
CA 

~ \ / 
COO-K § COO-K§ COO-K* T 

L 

Sample 1 

HSMA - -  

PVA ......... 

HSMA-PVA IPN's 

Sample 2 - 5 

CA: Crossllnking Agent 
O O 
II II 

* : Cmsslinking Point (-CO .... OC-) 

Fig. 2. Preparation and schematic structure of HSMA/ 
PVA IPN gels, 

the polymer gel about 2.0 cm in length. 

2. Swel l ing  Exper iments  
The principal purpose of swelling experiment is to 

estimate the ion concentration in the polymer gels 
and to examine the behavior of gels in the mixed sol- 
vents by measuring the swelling extents in the three 
sets of mixed solvent systems (water+acetone,  wa- 
t e r +  methanol, wa te r+  ethanol) at room temperature. 
Detailed procedures are as followings: 

Firstly, polymer gels synthesized were cut into 2 cm 
length and measure their weights (sample 1-sample 
5). For the swelling experiments, they were put into 
100% acetone and the weight were measured every 
hour after some time until the weight is unchanged. 
Similarly, the equilibrium weight were measured in 
from 90% acetone (10% water) to 0% acetone (pure 
water) successively. Swelling experiments were re- 
peated using not only methanol instead of acetone but 
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Fig. 3. Swelling behavior of  HSMA/PVA IPN gels by the 
solvent composition of pure water and acetone. 
Solid lines were obtained from the modeling. Swel- 
ling in pure water first and then shrinking with 
adding acetone: ( ; sample 3, ~3; sample 5); sh- 
rinking in pure acetone first and then swelling with 
adding waters (Q; sample 3, II; sample 5) 

also ethanol. 

RESULTS AND DISCUSSIONS 

i. S w e l l i n g  B e h a v i o r  
Polymer gel in general can swell and shrink accord- 

ing to the composition of mixed solvenls due to its 
network structure. This structure give a sharp change 
in volume with small change of composition of sol- 

vents, which is called a phase transition. Sometimes this 
transition occurs at different composition depending 
upon path of composition change. In olher word, a 
certain polymer gel shows a rapid transition of swel- 
ling when adding the second component gradually af- 
ter swelled in the water, however this gel does not 
show such a rapid change in swelling when adding 

water gradually after swelled in the second solvent 
such as acetone, methanol, or ethanol first. In this 
experiment, it shows a reversible phase transition re- 
gardless of the path of swelling as shown in Fig. 3, 
which may imply that our gels have rekable proper- 
ties. 

Solid lines in Fig. 3 are drawn from the mathemati- 
cal model obtained by previously mentioned algorithm 
in order to explain the swelling behavior quantita- 
tively. Experimental values are obtained via measuring 
the weight changes during swelling by assulning the 

100 ----*'  , r- - -  

8O 

~.,~ 60 

t 

~= 40 

go 

0 1 1o 

Swelling ratio (r 

Fig. 4. Swelling behavior of HSMA/PVA IPN gels by the 
solvent composition of pure water and methanol. 
Solid lines were obtained from the modeling; sam- 
ple 1 ( ) ,  sample 2 (Q), sample 3 (' L sample 

4 (v) ,  sample 5 (:2). 
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20 
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Swelling ratio (~/'~,o) 

10 

Fig. 5. Swelling behavior of HSMA/P~A IPN gels h) the 
solvent composition of pure ~aler and acetone. The 
solid lines and symbols are the same as in Figure 
4. 

constant density. The difference m density" of IPN gels 
may be in the range of experimental errors. 
2. Swel l ing  B e h a v i o r s  for  Di f ferent  Gels  

Three different mixed solvent systems have been 
used for swelling experiment. Swelling ratios (o/0r 
are plotted against the composition of solvents x in 
Fig. 4 (methanol + water), Fig. 5 (acetone + water) and 
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Table 2. The adjustable parameters obtained from the modeling based on Tanaka theory 

101 

Sample 0, S,, f 
water (1)+ gel (3) acetone (2)+ gel (3) methanol (2) + gel (3) ethanol (2) + gel (3) 

X~:~ ~:~ _ _  Xz:j . . . . .  ~:_2 . . . . . . . .  
1 0.145 7.0 0.400 - 0.70 1.80 1.40 2.05 
2 0.138 4.8 0.830 - 1.28 2.00 1.65 2.20 

3 0.120 6.0 0.950 - 2.00 1.9(1 1.40 2.50 

4 0.110 7.5 1.100 - 2.30 2.55 2.00 2.85 

5 0.140 2.0 0.315 - 0.65 1.80 1.70 2.15 

tO0 . . . . . . . . .  ~ ' { ~ -  r -  . . . . . . . . . . . .  I - -  

80 

k, > 

40 

i 
0 ............... J ............ ~Ib~ - 

0 I 1 10 

Swelling ratio (*/r 

Fig. 6. Swelling behavior of H S M A / P V A  IPN gels by the 

solvent composition of pure water and ethanol. The 

solid lines and symbols are the same as in Figure 

4. 
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Fig. 7. Swelling behavior of sample 1 by the composition 

of mixed solvents: ethanol+water ( ) ,  acetone+ 

water (0 ) ,  methanol+water C:). The solid lines 

were obtained from the modeling. 

Fig. 6 (e thanol+water ) .  Solid lines in each plot were  

obtained according to modelling, of which the most 

appropriate values of parameters  are tabulated in Ta- 

ble 2. The interaction parameters  be tween solvent and 

solvent are fixed since they do not depend  on gel 's 
propert ies;  1.00 for wa t e r+ace tone ,  0.95 f,.~r w a t e r +  

methaol and 1.20 for wa te r+e thano l .  The values are 
not rigorously obtained but are chosen somewhat  ar- 

bitrarily. As shown in Fig. 4. samples  1, 5 swell ra ther  
continuously in the mixed solvents, but samples 2, 

3, 4 show a rather sudden  change. And, as shown in 
Fig. 5 and 6, similar phenomena  are observed  for 

other  sets  of mixed solvents, which is consistent  with 
the fact that these  samples  have more ions in the gel 

network [4~. The interaction parameters  be tween wa- 

ter  and gel show the same trend. 
)G be tween two components  is a physical parameter  

Io show the extent  of mixing or the possibility of mix- 

ing. There fore  it is useful to explain the swelling 

behavior of polymer gels. According to Flory-Huggins 

theory if X~,>0.5 , then mixing is difficult and larger 

~0~ means  that mixing is more  difficult [_17i. )0~=0.5 

is a start ing point from which mixing can be possible, 

and smaller  value means  easier mixing. If L.,<0.5. then 

interaction be tween polymer chains is weaker than 
that be tween solvent and polymer chain, so that smal- 

ler values of ~, make it easier  to be homogeneous  

solutkm with perfect  mixing. For Smaller 7J,, it is easily 
found that ra ther  rapid swelling occurs when solvent 

composition is changed. Interaction parameters  obtain- 
ed in Table 2 are consis tent  with swelling behaviors 

uf the gels, which means  that our model is pretty ac- 

curate to predict the overall swelling patterns.  

3. S w e l l i n g  for  D i f f e r e n t  S o l v e n t s  
Sample 1 shows three  different swelling curves ac- 

cording to the solvent sys tems as shown in Fig. 7 and 
results  for sample 3 arc shown in Fig. 8. The differ- 
ence between Fig. 7 and 8 is mainly due to the number  

of ions in the gel s tructure.  As shown in Table 1 sam- 
ple 3 has more ions than sample 1, which results  in 
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Fig. 8. Swelling behavior of sample 3 by the composition 
of mixed solvent: ethanol+water (C), acetone+ 
water (O), methanol+water (v) .  The solid lines 
were obtained from the modeling. 

a rapid transition in swellings for all three solvent 
systems. In Fig. 8, the compositions at which phase 
transitions occur are nearly consistent with the order 
of interaction parameters between two solvents (wa- 
ter + methanol, water + acetone, water + elhanol). The 
interaction between component 2 and gels shows the 
order of methanol, acetone and ethanol, so that the 
transition in water+methanol  occurs at less fraction 
of solvent 2 compared with other cases. 

According to Butler, X,j between water and alcohol 
is positive and increases with the increasing number  
of carbons in alcohol molecules [16]. It is consistent 

wtth our estimations. Tirrell has obtained )',,j as 1.1- 
1.7 for methanol+water  case from gas-liquid equilib- 
rium data ~17]. It is also comparable with 0.95 used 

in this study. 

CONCLUSIONS 

Two major parameters to contro[ the swelling char- 
acteristics of HSMA/PVA IPN gels are shown to be 

the number of effective ions in the network and inter- 
action parameter between gel and water, which were 
successfully estimated by comparing Tanaka theory 
with experimental data in the mixed solvents. 

Swelling behavior of the gel depends upon solvent 
systems and experimental data can be interpreted qua- 
ntitatively via Tanaka theory to give us proper val- 
ues of interaction parameters between solvent and 
solvent. These parameters obtained will be useful to 

explain the electrical behavior of the polymer gels, 
which is undergoing in this laboratory. 
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N O M E N C L A T U R E  

f : the number  of dissociated counter ions per  effec- 
tive chain 

AF : the  excess free energy 
AF,~: the free energy of the association between com- 

ponent i and j 

k : Bottzmann's constant 
N : Avogardro number  

S,, : = vu/0,/N 
T : absolute temperature 
x, :mole fraction of component i 

Greek  Let ters  
v : the  number  of constituent chains per unit vol- 

ume at O = ~,, 
n~, rL,:the osmotic pressure arising from the rubber 

elasticity and the association between polymer 
segment and solvent respectively 

n:~,,~:the osmotic pressure arising from the polyion 
and the mixing entropy respectively 

o : the  molar volume 
o, 0,, : the volume fraction of the network and at ran 

dom-walk configurations respectively 
)ca, : interaction parameter between component i and 

J 
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