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Simple theory for volume phase transition of hydrated gels

Shigeo Sasakiand Hiroshi Maeda
Department of Chemistry, Faculty of Science, Kyushu University, 33 Hakozaki, Higashiku, Fukuoka 812, Japan
(Received 8 April 1996

A simple theory to describe the volume phase transition of hydrated gels is presented. The theory takes a
coupling of the volume change and the dehydration of the gel chain into consideration. The change of the
excluded volume of chain segments with the dehydration is taken into account in evaluating the free energy of
the chain conformation. The mixing free energy of the hydrated and dehydrated chain segments is evaluated by
the quasichemical partition function method. The volume change is described as a function of the chemical
potential of water molecules. The theory reproduces well the temperature and NaCl salt additive induced
volume phase transition behavior Kfpropylacrylamide gel observefi51063-651X96)05709-1

PACS numbdss): 82.70.Gg

I. INTRODUCTION PNIPA solution has exhibited a sharp change with tempera-
ture around the transition temperatdré]. These findings
The swelling behavior of a polymer gel has attractedindicate that the volume phase transition is somehow related
much attention after finding the discontinuous volume reducto the dehydration and hydration of the gel chain. The dehy-
tion of poly-N-isopropylacrylamide gelGNIPA) with an in-  dration of the gel chain causes the affinity reduction of the
crease in temperatufd], which is regarded as the volume chain segment to water molecules, which leads to the volume
phase transition. Before this finding, Baksand Pattersof?2]  reduction. The hydratiofdehydration state can be regarded
theoretically investigated what condition of a gel inducesas the water bindingunbinding state. The gel volume
such a tral.’lsition. They considered it on the basis of th%hou'd be a function Of the b|nd|ng degree Of water m0|_
Flory-Huggins theory[3] and concluded that the volume gcyles, which is generally described in terms of a thermody-
phase transition against the variation of a interaction paranyamic variable of the chemical potential of water molecules
eter, they parameter, occurs for the gel having an unreasony, e aqueous phase. We have reported elsewhere that both
ably high cross link concentration and absorbing a hugg,, aqgitive concentration-dependent and the temperature-
o st o o ) cu ogfependen desuling bhaors of GNI) can bo de-
strong tension, but not in the free-swelling c4g@ After gpnbed in a unified manner in terms of the chemical _potent|al
' difference of water molecules from that at the transi{i®h

finding the GNIPA volume phase transition, the volume- . . .
dependenty parameter has been introduced into the theoryT0 describe the volume change behavior of a hydrophobic

[4] to explain the transition. In the theory, theparameter gel such as GNIPA it is essential to take the effects of bind-

has been determined as a function of the volume fraction of’d @nd unbinding of water molecules into consideration.

the gel chain by fitting the theoretical curve to the dath

Prange, Hooper, and Prausnitg] have applied a qua-

sichemical partition function to elucidate theparameter Il. THEORY
term. In their theory, the hydrogen bonding force and the . i -
dispersion force of van der Waals type acting among chain '{heh cTatln segr?r:ents ttake tvt\;p j_tates{ t:le :N?terTEmdlng
segments and water molecules were taken into account. THad e(h statg an e water unbinding stad statg. The

volume transition of GNIPA was qualitatively reproduced by &Nty of the segment in thé state to water molecules is
the theoretical calculation with using the interaction paramdreater than the affinity of the segment in thetate. A large
eters fitted to the experimental data on phase separation 8ffinity leads to a smalf parameter. An excluded volume of
the poly(N-isopropylacrylamide(PNIPA) solution[5]. the segment is proportional to-Ry according to the theory
The volume phase transition of GNIPA has been intenof de Genneq10]. A large excluded volume enlarges an

sively investigated from various points of view for the pastaverage end-to-end distance of one chain between the cross-
decade. The following two experiments suggest that thdink points R, which leads to a large gel volunigince the
deswelling of GNIPA is accompanied with the dehydrationvolume is~R?®). Therefore, the gel volume increases with an
of the gel chain. The application of the thermal analysis withincrease in the binding degree of water molecules of the
a differential scanning calorimeter to the GNIP&] has re- chain segment. At the binding equilibrium of water mol-
vealed that the endothermic transition heat accompanied witbcules, the chemical potential difference between the seg-
the volume phase transition of the gel is a value similar toments in then andd states equals the chemical potential of
the heat of a coil-globule-like transition of PNIPA. THé water molecules in the bulk solution. The chemical potentials
spin-spin relaxation timeT, of water molecules in the of d andh states are strongly coupled to the conformational

free energy of the gel chain. The coupling of the binding

degree of the water molecule to the chain conformation is

* Author to whom correspondence should be addressed. taken into consideration in the present theory.

1063-651X/96/543)/2761(5)/$10.00 54 2761 © 1996 The American Physical Society



2762 SHIGEO SASAKI AND HIROSHI MAEDA 54

A. Free energy Vih= h3b3(1—2Xhh),
The free energy per one chain of the system is written in 3.3
the form Vga=h"b>(1—2x4q), 5
G=Gt+Gnt+Gw, N Vha=hb3(1—2xna),
2€ps— (€nnt €so)
where 2Xph=————=F
T
Goe  Vppn2+2Vinong+Vegn?  R? 2€4s— (€qqT €s9)
Ser _ Vhhh hd3h dT Vddlg y ) 2 xag= s s , (5a)
T R ngb T

_(fhs+ €ds) — (€ngT €s9)
apn— aqg— hd— .
E+2ay 1+ &+ 2ay l+ | 2x T
Ngln NpiN gy
&+1 E+1

In Eq. (5a), €y, €s, andegg, respectively, are the interac-
+ngingq, (3 tion energy between the segments in theand y states,
which are not neighboring along the chain, the interaction
energy between the segment in thestate and the solvent

ap=—, ag=—, Ng=nNp+ng, (3a  molecules, and the interaction energy between the solvent
Mo Mo molecules. It is assumed that the interaction energy is due to
the dispersion force and that the relatiag=— | ey, | €y,
Pt dmad 1), 1 exp( 2e"— €l — Eg(j) holds[11]. Then Eq.(58) can be rewritten as
- h&d - ’ — 5 ’
2 2T (V] €nnl = Vlesd)?
(3b) 2Xnhn= T :
ent €nn €4+ €4q _(\/|€dd|_\/|ess|)2
qn=ex . Qg=ex , (30) 2Xdd= : (5b)
T T T
NO 2Xnd=2VXhhXdd-
w
GW:(N__ nh"h)lLW- 4 . . o
c B. Basic equations at equilibrium

The minimization condition of the free energy at equilib-
In Eq. (1), G¢t, Gy, andGyy, respectively, are the free en- rium gives
ergy of the chain conformation, the mixing free energy of the

hydrated and dehydrated segments in the chain, and the free G

energy of the water molecules. It should be mentioned that (9_R:O' ©6)
Eq. (2) is a formula of the de Gennes approximatjdl)] for

the conformational free energy of the polymer. The coopera- IG

tive binding of water molecules is taken into account in Eq. a—ndZO- ()

(3). The free energy for mixing the segments of thandd

states in a chain is derived in E(B) by using the quasi- The binding reaction of water molecules is described by
chemical method11]. In Eq. (2), V,p, b, ng, n,,, andny,

respectively, are the volume mutually excluded by the seg- k, H,O+d state=h state, (88
ments in thea and b states, the unit segment length, the
number segments in one chain, the number of segments in
the h state, and the number of segments in thetate. In
Egs.(3b) and(3c) €, and €}, respectively, are the intrinsic
energy of the segment in theestate and the interaction en- Equation(6) gives the relation
ergy between the segments in theand ¢ states, which are
neighboring each other along the chain. The cooperativity
parameter is denoted hyin Eq. (3b). In Eq. (4), N9, N,

k,,, andwyy , respectively, are the total number of water mol-
ecules in the whole system, the number of chains in the geEquation(9) leads to
the number of water molecules that are unbound from one

1
dng=—dny=1= dNy. (8b)
h

2

302 2y 4o, R
3(athh+2ahathd+adVdd) R4+2n bz—O. (9)
0

. 3K2
segment, which changes from thestate to thed state and 5 3mb” 2
the chemical potential of water molecules. The Landau tem- R*=—— (apVhnt+2anagVnet agVaa) (10

perature is denoted by.
We write the excluded volume as and



Vyd

R3(ayg=1) _Mag=1) _(Vaq
Vhn

1-2x4q
Ri(ap=1) Wap=1)

1-2xhn

3/5 3/5
Nilr=
11
whereV is the volume. Using this relation, we can compare
the value of (+2x4q)/(1—2xp,) from the ratio ¥/;) of
the gel volume in the completely deswollen staig€ 1) to

that in the completely swollen statex(=1). Equation(7)
gives the relation

ong  E+2ag—1
[—anVint (ah— ag)Vagt agVydl =T In i1 2ar—1
Kntw T £a— tn
- LT (=k,S), (12
where
pmg=TInqg, pp=T INq.

When V,,,=Vpg= V44, the first term in Eq.12) vanishes
andS is a monotonically increasing function afy .
Substituting Eq.(10) into Eq. (12), we can obtain the
relation
S=5,+T, (13
1 §+2a4-1 13
So—k—h N e e —1’ (133

1

|

2

3

3/5

Vud

—2ap+2(an—ag) Vhd 5, Vad
h h d th thh

- ZXhh)2/5 Vig

2
ap+2apayg —
h h dvhh

(13b

Equation (10) gives the following relation to describe the
volume change behavior:
)3/5

(14

R3
[R(ag=0)]7 "~

Vhda 5 Vad

V,= —hd | 42
' Vinh 9 Vi

aﬁ—l— Zahad

C. Volume phase transition

If V., is larger than bottv, 4 andVg it is possible that
is a decreasing function af, in a certain region otyy. To
confirm this, numerical calculations of Eg&l3) and (14)
were carried out for the case thaty=100, (=4.1,
xnh=0.15,k,=13, andh=6. Theky, value used here is the

SIMPLE THEORY FOR VOLUME PHASE TRANSITI® . . .

2763

O_IIIIIIIII]_

SorSgor I’

(a)

0.02

-0.02

(b)

FIG. 1. Numerically calculated results of Eq$3) and(14). (a)
Dependence 08, Sy, I', andV, on a4 and(b) relation betweers
and V, are shown. The transitions are indicated by arrows. The
broken lines in(b) show the metastable state. The ordinate$,of
Sy, andI” are expressed il units and thé/, is the volume ratio of
the gel to that in the fully swollen state. The abscissavgfs the
degree of dehydration defined by E®a). The parameter values
used areng=100, {=4.1, x,,=0.15,k;,=13, andh=6.

(Sis threefold degenerate with respectdg) between about
ag=0.92 and 0.995, as shown in Figial The largest and
smallestey are stable binodal points and the intermediage

is a metastable point. In the polymer solution, a phase sepa-
ration occurs wheis is degenerate. The separated phases in
one gel are very unstable because the stress yielded at the
phase boundary in the gel increases the free energy of the
system. Wher§ increases to be degenerate, a smaller value
of binodal a4 hardly jumps to a larger value of binodal;,
unless the energy to overcome the stress energy was pro-
vided. The stress energy can be regarded as an activation
energy for jumping into the other phase. Thus thevalue
continuously changes in the range of smaller binodal values
with an increase irs unlessS exceeds the largest degenerate

reported number of water molecules released from a dehys value. WhenS exceeds it, thexy value jumps fromay

drating monomeric unit of the GNIPA chaii2]. The a4
dependence d&, Sy, I', andV, is shown in Fig. 1) for the

value at the peal§ [a4~0.96 in Fig. 1a)] into the largest
binodal a4 value (~0.999. In the jumping ofay, the acti-

cases ofVy =0.5 and 0.05. The gel volumes in both casesvation energy can be provided with the difference of the free

are monotonically decreasing functionsa®f. The curve of
S for V' =0.05 exhibits a valley at the vicinity af4=0.99.
The S value decreases with an increasexfat ay between
about 0.96 and 0.99. Threg, values coexist for on8 value

energy of bulk water molecules from that of hydrating water
molecules to the gel whose, value is that at the pea8.
When S decreases, the jumping @f; occurs in a similar
manner from a larger binodaly value[~0.99 in Fig. 1a)]
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FIG. 2. Comparison of the theoretical calculation with the ex- FIG. 3. Dependence of the volume phase transition behavior on
periment of GNIPA. The closed and open symbols, respectivelythe ¢ value. The transitions are indicated by arrows. B ex-
denote the data evaluated from the temperature induced transitidiessed ifT units and the/, is the volume ratio of the gel to that in
and the isothermal transition induced by changing the concentratioth€ fully swollen state. The broken lines show the metastable states.
of NaCl. The theoretically calculated transitions are indicated byThe parameter values used axg= 100, xp,=0.15,k,=13,h=6,
arrows. The ordinate is the difference of fhaunit chemical poten- ~ andVy =0.05.
tial of water molecule from that at the transition. The broken line
o e o St The s LS S, s, 3,1 e s . s oven 57—,
whereS* is theS value at an upper transition pathway. Here
at the botton'S of the valley to a smalleery [~0.92 in Fig.  un,— mg is assumed a constant. The agreement between them
1(a)] at the bottomS value. The jumping pathways in in- is satisfactory, as shown in Fig. 2. The value{sf4.1 cor-
creasingS and decreasin are indicated by arrows in Fig. responds tay— eny/2— e§4/2=2.1T (5.3 kd/mol at 30 °¢,

1(a). The difference of the pathways can be observed as which is close to the transition heat of GNIR&.3-4.5 kJ/
hysteresis in the experiment. The jumping @f leads the mol) [6]. The value ofyyq=0.497, which indicates a very
volume phase transition as indicated by the arrows in Figpoor affinity of the dehydrated segment to water molecules,
1(b), which shows the relation betwe&andV, . The tran- s obtained from the value of;,,=0.15. The value oh=6
sition is not observed in the cad =0.5. In this caseS s considered to correspond tq=13 since the excluded
monotonically increases witey as shown in Fig. (). It yolume is proportional to the thickness of the hydration
should be mentioned thd&, is a monotonically increasing |ayer, that is, the number of bound water molecules. The
function of a4 for any large value of cooperativity parameter hysteresis temperature converted from the hysteresis of
¢. Without the sharp decreaselinthatis, the large decrease 4y, /T observed in the calculated result is about 0.4 °C as

in R, the valley ofS never appears. the transition temperature of GNIPA is 34 °C. This value is
close to a reported value of 0.2 @5]. It should be men-
IIl. DISCUSSION tioned here that the theoretical curve can be better fit to the
It is worthwhile to examine how quantitatively the present&XPerimental results by adjusting the parameters in detail.
theory can explain the experimental results of volume phase tiS intéresting to examine how the variation of parameter
transition behavior of GNIPA[8], which is described in Vvalues of¢, h, andyy, affects the deswelling and transition
terms of the chemical potential difference of water moleculef€havior. Figure 3 shows the change of the transition behav-
from that at the transitiof9]. The transitions induced by the [OF With an increase irg. The transitionS values in both
temperature change and the NaCl concentration chfige Processes of increasing and decreasingecreases with an
were examined in the present study. The chemical potentidl’cré@se in the cooperativity parameterThe discrete vol-

of water molecules is obtained from the relation ume change at the transition and the hysteresB8iotrease
as{ is increased. Thé value given by Eq(3b) increases as
ww= i o(T)+T Inay(C), 2€e04— €nn— €4q increases. The value increases with the
2

strength of the hydrophobicity of the gel since the stability of

where P«azo(T) and aW(C), respective|y, are the chemical the dehydrated S.tate increia.ses, that iS, 6'3@ .Value de-
potential of pure water & and the activity of water. The creases with an increase in the hydrophobicity strength. It

. should be noted that the distinction between the phase tran-
literature values of temperature-depend,eﬁgo(T) [13] and sition behavior ofN-normalpropylacrylamide geiGNNPA)

NaCl-concentration-dependeaiy(C) [14] were used. Fig- and that of GNIPA[16] is very similar to the difference due
ure 2 shows a comparison of the experimental data with thgy the ¢ value, as shown in Fig. 3. A more hydrophobic
calculated result based on the present theory. In this Ca|CU|<'r‘TormaIpropyI group than an isopropyl group gives a lager
tion, the values ofVF =0.05, np=100, {=4.1, x4y=0.15,  value to GNNPA than to GNIPA. The changes of the transi-
kn,=13, andh=6 were used. The values & =0.05 and tion behavior with an increase im and a decrease iy,

ny= 100, respectively, are given by the observed volume rashown in Figs. 4 and 5, are similar to the behavior change
tio of V¥ and the experimental conditid8]. The chemical with an increase . The contribution of thd” term to S
potential difference of water molecules from that at the tranincreases witth sinceT is proportional toh?®, as indicated
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FIG. 4. Dependence of the volume phase transition behavior on FIG. 5. Dependence of the volume phase transition behavior on
the h value. The transitions are indicated by arrows. The brokerthe y;,, value. The transitions are indicated by arrows. The broken
lines show the metastable states. Bhis expressed il units and  lines show the metastable states. Bhis expressed ifl units and
the V, is the volume ratio of the gel to that in the fully swollen the V, is the volume ratio of the gel to that in the fully swollen
state. The parameter values used @ge- 100, {=4.1, x,,=0.15, state. The parameter values used age=100, (=4.1, k=13,
kn=13, andV} =0.05. h=6, andV} =0.05.

by Eq.(13b). The value o,/ V,,,, increases with a decrease is possible for the discrete changeaf to become continu-

in xnn for a constantv* (=0.09), as indicated by Eqg5)  OUS, which leads to the disappearance of the.t_ransmon. The
and(11). The increase o¥/,4/V,,,, leads an increase of tie ~ Present theory expects t_hat the phase transition of the .gel
term contribution toS at high 4. The increase of the dec- consisting of partially ionized chal'n becomes vague or dis-
rement rate of againstey accompanied by the increases of @Ppears when the Donnan osmotic pres$ai@ swells the

T has nearly the same effect on the transition behavior as th@el- This has been observed in the experiments of Beltran
decrease of the increment rateSfagainstay, which is led €t al.[18] and Kawasaki, Sasaki, and Mae{da)].

by the increase id.

It is necessary for the occurrence of the volume phase
transition that the decrement rate Bfagainstay is larger
than the increment rate &, in a certain region ofyy. The This work was patrtially supported by Grants-in Aid for
large decrement rate &fis led by the large decrement Bf  Scientific Research(Nos. B-08454184 and C-08640742
as indicated by Eq12) or (13b). When the decrement & from the Ministry of Education, Science, Sports and Culture
is reduced by the swelling perturbation on the gel system, ibf Japan.
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