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A molecular-thermodynamic model is presented to predict volume-change transitions in temperature-sensitive 
polymer gels. The model uses an extended Flory-Huggins theory as a mixing contribution and a new interpolated 
afline model suggested by Birshtein as an elastic contribution. The Flory X parameter is given by the product of a 
temperature-dependent and a composition-dependent term. Our model also differs from those presented 
previously because the temperature-dependent term is given by the incompressible lattice-gas model by ten 
Brinke and Karasz that accounts for specific interactions such as hydrogen bonding. Following conventional 
practice, the van't Huff equation is introduced to represent the effect of a small number of ionizable segments in 
the network chain. Calculated swelling-ratio curves for neutral and weakly ionized aqueous N-isopropylacry- 
lamide gels use molecular parameters obtained from phase-equilibrium data for (non-crosslinked) polymer 
solutions. In agreement with experiment, the calculated volume-transition temperature of the gel is about I'~( TM 

higher than the lower critical solution temperature of the (non-crosslinked) polymer solution. © 1998 Elsevier 
Science Ltd. All rights reserved. 
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In trodu('lion 

Numerous experimental and theoretical studies ~-~5 have 
examined polymer gels exhibiting temperature-induced 
volume-change transition. One of the most extensively 
studied polymer gels is the poly(N-isopropylacrylamide) 
(PNIPAAm) gel 3-~ that exhibits volume contraction upon 
heating, in PNIPAAm gels. volume change can be either 
continuous or discontinuous, depending on the crosslink 
density and degree of ionization of  the network chain I~'. 

PNIPAAm gels show volume contraction at temperatures 
where the corresponding PNIPAAm solutions exhibit lower 
critical-solution-temperature (LCST) behaviour due to 
hydrogen bonding 7'rz'ls. One objective of  this work is to 
elucidate the differences and similarities between cross- 
linked and non-crosslinked polymer systems containing 
PNIPAAm. 

Although several molecular-thermodynamic models are 
available for polymer systems, it is a challenging task to 
represent simultaneously the phase behaviour of polymer 
solutions and that of  polymer gels using the same 
parameters. Currently available models for aqueous poly- 
mer gels often require parameters that are different from 

solutions ' or use too many those for aqueous pollaymer • 4 
adjustable parameters 

In this paper, we present a simple molecular-thermo- 
dynamic model which is applicable to polymer solutions as 
well as to weakly charged polymer gels that can hydrogen 
bond with the solvent. 

Theory 

Helmholt: energy of mixing for polymer solutions. Con- 

* To whom correspondence should be addressed 

sider first a binary mixture containing solvent (component 
1) and linear polymer (component 2) where solvent mole- 
cules are represented by spheres and polymer molecules by 
freely-jointed chains. We use an extended Flory-Huggins  
lattice theory ~9-2~ to calculate the Helmholtz energy of 
mixing z£4 m,~: 

~n l lX  = nlln(1 - ¢2) + n d n ~  + nlg~b~ (I) 
kBT 

where kB is the Boltzmann constant, 7 is the absolute tem- 
perature, n, is the number of  molecules of  component i, ~2 is 
the volume fraction of  polymer, and g(T,~) is an empirical 
function that replaces the customary Fiery segmental inter- 
action parameter. 

Helmhohz energy of miring for polynwr gels. We next 
consider a polymer gel containing solvent (component 1) 
and a large crosslinked polymer molecule (component 2) 
having a small number of ionizable segments. The Helm- 
holtz energy of  mixing is given by 2'"~ 

' ~ m i x  ~--- '~kAmix + '~ACla" -{- g~tAi°n ( 2 )  

where the first, second, and third terms represent mixing, 
elastic, and electrostatic contributions, respectively. For 
polymer gels, the mixing contribution is given by v~ 

- nl ln(l - ~ )  + I ~ l g ~ z -  ( 3 )  
k~T 

In the Flory-Rehner  theory 22--~7 for crosslink functionality 
4, ~t, el~' is given by 

~A~'~" [ 3 ~ 1 ' ' k.T =u 5((x-- l ) - l n e  3 + 5vln(~ (4) 

where o~ is the expansion factor and v is the number of total 
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chains. In equation (4), the terms in the bracket represent the 
energy change due to affine deformation of an acyclic tree 
and the last term accounts for the energy change by joining 
• • • 1 9 , 2 2 , 2 6  - junctmn points to Iorm a network. Birshtein and cow- 
orkers 2~-3° and Grosberg and Kuznetsov 3~, however, 
pointed out that the terms in the bracket in equation (4) 
are applicable only for o~ > 1. For polymer gels that exhibit 
a volume-change transition, however, o~ is smaller than 
unity in the collapsed state. 

In this work, we use an interpolation expression 28'3~ for 
the energy change associated with affine deformation of an 
acyclic tree. In that event, AA ela' is given by 2s3i 

zL4ela~ 3 [ 1, ] 1 ~ 
kBT - ~ u  2 + _ _ ~ , _ 2  + ~ulnoc (5) 

The expansion factor is given by 22-2c' 

1 

\<~21 
where ~0 is the volume fraction of polymer in the reference 
state where the conformation of network chains is closest to 
that of unperturbed Gaussian chains27; qb0 is usually approxi- 
mated by the volume fraction of polymer at preparation. 

Finally, for a small charge density, we express the 
electrostatic effect using the van't Hoff equation n.32: 

ion 

k t ~  -- ravin (hi + vN) (7) 

where m is the number of charged segments per network 
chain and N is the number of segments per network chain. 

Phase equilibria. To perform phase-equilibrium 
calculations, we first define the Flory X parameter by 2°'21 

( (s) 
x ~ g -  k, aO2/i T 

where B(~b) is a function of composition and D(T) is a func- 
tion of temperature. Equation (8) assumes that the Flory X 
parameter is given by the product of a composition-depen- 
dent term and a temperature-dependent term. 

We also define the reduced temperature 7" and the 
interchange energy E by 

i" =-- kBT (9) 
e 

~ 2~12 -- t~11 -- e22 (10) 

where ei/(i,j ' = 1,2) is the segmental interaction energy for 
non-specific interactions between components i and j. 

For B(4~), we use an expression from Bae et al. 2]. For D(T), 
we use an expression based on the work of ten Brinke and 
Karasz33-35; this expression is able to predict LCST behaviour 
due to specific interactions such as hydrogen bonding: 

D(T)=  

L t 1 + s l 2 e x p ( 6 ~ - 2 ) )  J 

(11) 

1 
B(~b) = - -  (12) 

1 - bq~ 2 

where z is the lattice coordination number (z = 6 in this 

work), & ~2 is the difference between the segmental inter- 
action energy for specific interactions and that for non- 
specific interactions, s~2 is the ratio of degeneracy of non- 
specific interactions to that of specific interactions, and b is 
an empirical parameter obtained from polymer-solution 
data. Equation (1 1) accounts for specific interactions 
between unlike molecules 33 35. 

Refs 20,21 give equations necessary for phase equilibrium 
calculations in polymer solutions• For polymer gels, the 
equilibrium volume fraction of polymer ~<, is determined 
from the equilibrium condition given by 

f &5,A.,.,, \ 
A#i(~be) = t ~ )  ,.,.,,_~ =, = In(I - ~ )  + ~b<" + X~b~ 

, ,( )] 
where A#t is the change in chemical potential of solvent 
upon mixing, V is the volume of the gel, and N is the number 
of segments between junction points. For the elastic term in 
equation (13), we use the interpolated affine model given by 
equation (5). For the mixing term, we use the extended 
Flory-Huggins theory presented above. 

Under specific conditions, however, two gel phases can 
coexist at one temperature. At these conditions, a polymer 
gel exhibits a discontinuous volume change. The conditions 
for coexistence of two phases are 12 

Avi'(*<') = AVl (*<") = 0  (14) 

.A/xtqb~ -d~2 = 0  (15) 
J q h .  

where superscripts ' and " denote coexisting phases. 
Equation (15) is derived by the Gibbs-Duhem equation 
for component 2. 

Results  and discussion 

P N I P A A m  solutions. We apply our model to PNIPAAm 
gels in water. Parameters for the mixing term are obtained 
from phase-equilibrium data for aqueous PNIPAAm solu- 
tions. Aqueous PNIPAAm solutions exhibit LCST beha- 
viour at about 32°C with an enthalpy of phase transition 

7 7 1 8  near 1.5 kcal mol ~ of repeating units" " . In addition 
the LCST is insensitive to the molecular weight of polymer 
when the molecular weight is sufficiently high. 

In our lattice model, the interchange energy is the energy 
required to form a pair of contacts between components 1 
and 2 by breaking a contact between segments of 
component I and a contact between segments of component 
2. Therefore, the enthalpy of phase transition per repeating 
unit of polymer may be approximated as the negative one 
half of the interchange energy at LCST when a repeating 
unit is represented by a single segment. In the present 
model, the interchange energy including specific 

• . ~ 4  "~'~ interactions is ~0, gwen ny . . . .  

w = e +f le(26et2)  (16) 

where e is given by equation (10) of 3"Lz is the fraction of I - 2  
contacts that is specific:fr2 is given by 

1 

+ s t 2 e x p t  ~7" / 
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The mixing term requires three adjustable parameters: ~, the 
ratio of 6t ,2 to ~, and s ~2. We preset s ~2 to 5000, as discussed 
in ref. 34. From phase-equilibrium data for the non- 
crosslinked aqueous polymer solution, we then obtain E = 
0.698 kcal mol-I  and the ratio of 6~ ~.~ to ~ of - 7, such that 
the interchange energy given by equation (16) is 
approximately equal to the enthalpy of  phase separation 

1.5 kcal mol ~ per repeating unit at 32°C. 

Neutral PNIPAAm gels. We next apply the model to neu- 
tral PNIPAAm gels in water using the parameters obtained 
from aqueous PNIPAAm solutions. PNIPAAm gels show 
abrupt volume contraction at about 33-34°C. Figure la 
shows theoretical swelling-ratio curves from the interpo- 
lated at'line model with an extended Flory-Huggins  theory 

(m = 0) for various values of  parameter b. For each curve. 
parameter N in equation (13) was adjusted such that the 
swelling ratio is 2.5 at 20°C with 4~, = 0.07, which roughly 

• • 4 

corresponds to the PNIPAAm gels studied by H~rotsu et al. 
The volume transition becomes steeper as parameter b rises, 
i.e.. polymer gels exhibit a steeper volume-change transition 
if the corresponding solution shows a flatter coexistence 
curve near the LCST. 

In the present model for polymer solutions, calculated 
critical temperatures are insensitive to parameter b in 
equation (12). The role of parameter b is to make the 
coexistence curve flatter near the critical solution tempera- 
tures. To fit the coexistence curves lor polymer solutions. 
typical values for b used by Bae et al. 21 are 0.5-0.6. Using 
the same set of parameters for the mixing term obtained 

5 0  

L ,  

4 5  

4 0  

3 5  

3 0  

2 5  

2 0  

5 0  

4 5  

4 0  

3 5  

3 0  

2 5  

2 0  I I , , l  
6 7 8 9  

' : . 1  . . . . . . . . .  ' . . . .  ' ' ' ' ' ' ' I . . . . . . . . .  ' . . . .  ' 

t 
I 
, 
: a 
I 

I 

i 

i 

" "  - -'2"2"2L-~. 
° ~ ° 

. . . . .  b 

- -  0.3 
- -  0.65 

, , , I ,,,,,,,,.1 .... , .., I i 

6 7 8 9  2 3 4 5 6 7 8 9  2 3 

0.1 1 

L~ 
o 
V 

',; 
,; 

:". b 

'" ....................... 

:i::: ..... o , ,  

2 3 4 5 6 7 8 9  2 3 4 

0.1 1 

Swelling ratio 
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F i g u r e  2 Calculated swelling-ratio curves from the interpolated affine model with an extended Flory-Huggins  t heo~  for charged PNIPAAm gels in v, ater4: 
= 0•698 kcal mo l - i :  6e ._~/e = _ 7: ,Sl_, = 5000: @. = 0.07: h = 0.65: N = 89 

here, our model with b = 0.65 represents the phase diagram 
tbr non-crosslinked PNIPAAm solutions as well as that for 
PNIPAAm gels. 

Figure lb compares theoretical curves based on the 
interpolated affine model with those based on the original 
affine model (equation (4) for zk4~'~'). Both models use the 
same extended Flory-Huggins theory tbr the mixing 
contribution. The transition temperature predicted by the 
interpolated affine model is about I°C higher than that by 
the original affine model which predicts the transition 
temperature at about 32°C, essentially the same temperature 
as the LCST for PNIPAAm solutions. Experimental data 
show that the volume-change transition temperature in 
PNIPAAm gels is about 1-2°C higher than the LCST for 
PNIPAAm solutions 7. 

Weakly-charged PNIPAAm gels• It is well known that 
PNIPAAm gels copolymerized with ionizable monomers 
swell more than neutral PNIPAAm gels 15 and exhibit 
more abrupt volume contraction z'3¢'. Figure 2 shows calcu- 
lated swelling-ratio curves for aqueous PNIPAAm gels with 
b = 0.65 at various m, the number of ionizable segments per 
network chain• [n Figure 2, the number of segments per 
network chain is 89. Consistent with experimental data 

• 4 • reported by Hirotsu et al.,  theory predicts an enhanced 
discontinuous volume change as m rises 4. 

Using the Donnan theory for weakly charged ionic gels :L~. 
the present model is readily extended to the system where 
the surrounding water is a dilute electrolyte solution. 

Conclusions 

A semi-empirical model is presented for predicting the 
volume-change transition in polymer gels• The model 
accounts for the effect of specific interactions such as 
hydrogen bonding using the incompressible lattice-gas 
model by ten Brinke and Karasz. The present model uses 
an interpolated affine model by Birshtein for the elastic 
contribution. The van't Hoff equation is used to represent 

the effect of a small number of ionizable segments in the 
network chain. Because of the interpolated affine model by 
Birshtein, the calculated volume-transition temperature of 
the gel is about I°C higher than the lower critical solution 
temperature of the (non-crosslinked) polymer solution. The 
model given here represents the swelling properties of 
neutral and weakly charged aqueous PNIPAAm gels using 
molecular parameters obtained from phase-equilibrium data 
for (non-crosslinked) polymer solutions. 
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