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Abstract—The transition behavior of swelling and deswelling of water-soluble poly(N-isopropylacrylamide) was
calculated by alecorated UNIQUAC modelith blob concept. The deswelling behavior of hydrogels at high tem-
peratures was also reported with shrinking volumes during the transition. Polymer chains were scaled within a directly
interacting size as blobs, which are composed of a segmentalized polymer chain and solvent molecules and counted
blobs of hypothetical components or segments. The interaction parameters of bulks, UNIQUAC interaction parameters,
were approximated with temperature-independent site interaction energies following the blob renormalization trans-
formation. The swelling gel transition volume at each given temperature was calculated with the decorated UNIQUAC
model. The blob rescaling model successfully described the first order transition of swelling-deswelling behaviors.
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INTRODUCTION ply changing the temperature without altering the chemical structure.
For binary systems of polymer-solvent mixtures, the UCST'’s were
Temperature-sensitive hydrogels have received considerable aéxplained in terms of the conformational entropy, but the LCST's
tention because of their technical importance and scientific interestwere attributed to local molecular interactions between the specific
There sometimes occurs a reversible, discontinuous change of phasaentation or to the free volume effect created by a thermal expan-
in environmental conditions such as solvent composition, pH, ionicsion of polymer molecules and solvent. This general phenomenon,
composition, and temperature [Bae et al., 1990; Chun and Kimjn which two liquids that are completely miscible at a lower tem-
1996; Dong and Hoffman, 1991; Gehrke et al., 1989; Kim and Kim,perature form a two-phase system at higher temperatures [Kim and
1997; Kim et al., 1999; Kwon et al., 1991; Ohmine and Tanaka,Kim, 1988], has been extensively studied. The models, which are
1982; Park and Hoffman, 1992; Peppas and Peppas, 1991; Shildprmally used today to explain this phenomenon are based on the
1992; Tanaka, 1981]. idea of Hirschfelder et al. [Hirshfelder et al., 1937]. They suggested
Recently, poly(N-isopropylacrylamide) gels in water have beenthat intermolecular potentials between two types of molecules form-
shown to exhibit a thermoshrinking type of transition [Hirokawa ing solubility gab are strongly attractive (e.g., hydrogen bonds) in
and Tanaka, 1984, in which the collapse of gels occurs in responssmall regions and repulsive in large regions.
to an increase in temperature. Since swelling changes of gels enableHere we are interested in the phase equilibria of water-soluble
one to regulate the solute diffusivity within gels, the on-off solute polymers in terms of thdecorated UNIQUAC modbly the blob
release or release rates may be controlled by swelling-shrinkingescaling [Ban et al., 1989; Kim and Kim, 1988]. It is known that
changes induced in gels [Chun and Kim, 1996; lwata et al., 1991]solvents adsorbed on or near polymer chains may alter the chain
The temperature-induced collapse transition of gels is analogous tproperties and that the boundary layer structures of solvents near a
the phase separation of polymer solutions with a lower critical soluchain would differ from their bulk structures as well. Therefore, the
tion temperature (LCST). Therefore, it cannot be explained by conrenormalized lattice of blobs was approximated by performing two-
ventional polymer-solution theories such as the Flory-Huggins modstep renormalization of lattice [Kim and Kim, 1988; Kim et al., 1996)].
el [Flory, 1953] and by Tanaka’s theory [Tanaka, 1981], but may
depend largely on the interaction affinity between polymer chains DECORATED UNIQUAC MODEL
and solvents, i.e., water. Aqueous solutions of poly(N-isopropy- WITH BLOB CONCEPT
lacrylamide) [p(NIPAAmM)] exhibit a lower critical solution temper-
ature (LCST) in the vicinity of 305 K [Bae et al., 1990; Shild, 1992], 1. Blob Solution Presentation
and the temperature-responsive behavior can be controlled by sim- Let us imagine the solution structure of polymer in a good sol-
vent. The orientational and configurational structures of a polymer
"To whom correspondence should be addressed. ch'a?n in a solution quctuaFe around a stable structure of hgving the
E-mail: kid@Kkaist.ac.kr minimum free energy ma|nly in the form of a thermgl mothn ofa
*Present address: Samshin Creation Co. Ltd., 31-28, Chungdam-dongzh@in and its neighboring sites. In such a dynamic interaction of a
Kangnam-gu, Seoul, Korea polymer chain with a solvent or polymer, a contact scale between
*This paper is dedicated to Dr. Youn Yong Lee on the occasion of hissolvent and some finite dimensions of polymer segments, called a
retirement from Korea Institute of Science and Technology. blob, is approximated as the most important part of interaction. The
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dimension of contact may not extend toward the entire dimensior («) G 3

ofa pqumfer ghaln, but localize Wlthln the dmgnsmn. - (N é%‘f\ e e
Within this picture, we observe first that a collision occurs within J "4| L

a finite contact area and a cross section of polymer segment (i. \ * ¢ )‘

blob) relevant to a solvent molecule. In interactions on or througtr — o b P

a chain that does not belong to the target sites, the impact of co 1 ¢ %‘ ®

lision is of a higher order and negligible. Second, individual groups j . r'\ R F’ _ 1_7

(i.e., blobs) are also assumed to have independent motions free fro \.J ; [

neighboring groups in a chain and behave like an independent mol ,{ " % T o

cule - as subdivided pseudocomponents. Any linkages between su ' ‘J

blobs are not allowed despite the connectivity of chains, but are re o o -

laxed as in freely rotating joints. Third, such a blob, having a finite "‘ W‘ /'_

number of segments, is assumed to undergo no significant struc "~ ¢ 7 | -

tural change internally during the course of an instantaneous colli
sion. In these assumptions, polymer chains are fundamentally treatdly. 1. Molecular interactions and decorated lattice representa-

as chains of blobs (i.e., pseudocomponents), but the internal struc- tions.

ture of blobs may depend only on a polymer itself and solvents. The (a) Various types of molecular interactions in the system con-
internal structure of a blob thus remains unchanged, as it was atthe ~ sisting of the molecules of different sizes and shapes. (b) Two-
concentration range of calculation. dimensional lattice representation of interaction in @a)e-

For a polymer chain in a solution, let's take a random walk of N presents for the interaction sites. (c) Two-dimensional repre-
’ sentation of interaction of decorated lattice containing the real

blobs on a pgriodic lattice and operate N succe;sive steps from one (®) and the ghost{) molecules. The ghost molecules intro-
end of a chain fo the other. At each step of varying a step size g, the  qyced to consider the strong third body effect or the hydrogen
next jump of a blob may proceed toward any of its nearest-neigh- bonding.

bor sites; the statistical weight is the same for all these possibilities.

The length of a step in a chain is the size of a blob, whose distribu-

tion can be normalized by taking a proper distribution function. Heretransformed into a wider range than that of their repeating unit scale.
we face a problem of N/g independent variables, leading to Gaussrhe transformations for both lattices and groups may be applied
ian statistics provided that N/g is large and the mean-square endimultaneously or independently.

to-end distance is linear in the number of blobs N; Fig. 1 shows a lattice representation of the blobwise interaction
N and spatial occupation. In Fig. 1(a), a schematic of two interacting
DFD=§E:2D=NEZ @) molecules intervened by a third molecule and the decorated lattice

model was approximated. In Fig. 1(b) and 1(c), a schematic map-

where& =([¢°[4g)"* is now an effective length per blob. Then we ping of blob picture onto a decorated lattice was illustrated. The re-
can break up the chain into a series of blobs, each with an averagermalized lattice of blobs was approximated by incorporating a
size of¢. two-step renormalization of lattices. First, a primary latfider

In addition to the size of blobs, the shape and molecular weighpolymer molecules is normalized to a blob latfjegith the effec-
of blobs are also important factors accounting for interactions betive interaction energy of the lattice bong Second, the blob lattice
tween blobs and solvents. Therefore, another structural factor ofvith bond ij is renormalized under local compositions to yield the
blob q, representing the ratio of surface areas, is introduced. Thexcess free energy of systems.
shape of blobs and the blob weight are closely related to the step

size g and are averaged along \itRror convenience, volume and EXPERIMENT
surface area parameters of blobs in polymers can be obtained from
the van der Waals volume and area parametefy/,,/V ..) and. Preparation of p(NIPAAm) Hydrogel Spheres

g =(A./A,.) of species i can be determined by the standard meth- N-isopropylacrylamide (NIPAAmM) monomer was purchased from
od, where Y; and A, are the van der Waals volumes and areas ofTokyo Kasei Kogyo Co. (Japan) and used without further purifica-
a molecule given by Bondi [Bondi, 1968] and the subscript s repretion. N,N-methylene hisacrylamide (MBAAmM) was purchased from
sents the reference segment of methylene group. Aldrich Chemical Co. (USA). Ammonium persulfate, and N,N,N',N-
2. Lattice and Group Renormalization tetramethylenediamine (TEMED) were all obtained from Sigma
It is also known that solvents adsorbed on or near polymer chain€hemical Co. (USA). Hydrogel spheres were synthesized by a sur-
may alter chain properties and that the boundary layer structures déctant-free inverse emulsion polymerization along with Tanaka et
solvents near a chain would differ from their bulk structures. There-al. [Tanaka et al., 1985]. After sedimented particles were collected,
fore, our third assumption follows that groups of polymer segmentshydrogel spheres were redispersed into methanol and washed with
and solvents will form new groups of blobs. In fact, one of the sim-distilled water, and repeated twice.
plest idealizations of these semi-flexible polymer chains or groups In our swelling experiments, volume changes of hydrogels were
in a chain consists of such a successive renormalization of latticesieasured by optical microscopy in the temperature range of 20-
or groups. A successive lattice transformation of mixtures occurb0°C. Hydrogel spheres for determination of volume swelling ratio
from their sub-lattice onto a lattice, and groups in a chain also arevere prepared by an inverse emulsion polymerization. Hydrogel
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320 et al., 1989] and hydrophobic efforts [Shild, 1992] contribute to the
Calc. driving force for the transition. With such diversity among theories, it
215 o Exp. appears clear that theoretical explanation of the LCST of poly(N-

isopropylacrylamide), whether as a gel or as single chains, is far
from complete.

According to Flory [Flory, 1953], the chemical potential of sol-
ventin a gel phase coexisting with a pure solvent is given by

310 -

Ha _I-lg =AY, =A|J-1,mixing AU, elasic 4)

An expression for the contribution of mixing is obtained by the
decorated UNIQUAC equation with the blob concept [Ban et al.,
1989; Kim et al., 1996] and an expression for the elastic forces to
the chemical potential can be obtained from the theory of rubber
elasticity. We use an expression given by Flory [Flory, 1953].
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Fig. 2. Swelling behavior of poly(N-isopropylacrylamide) with
varying temperatures. Parameters oflecorated UNIQUAC 7@
model for poly(N-isopropylacrylamide) gel-water system Al erasic { “@(p - pt)% _D} ®
(unit: kcal/mole): r=10, q=15,¢@,=-2.72,¢~=-5.7,€,=0.56,

€,7=0.80, component 1: water, component 2: poly(N-isopro-  where vy is the molar volume of solvent,, ¢he molar volume of

pylacrylamide). monomer unitgs, the volume fraction of the gel in the standard

statep the fraction of monomer units that are connected via cross-

spheres were inserted in a sealed glass cell containing water, afifiks, andp, the fraction of chains in the network terminated by a
we observed the volume change by an optical microscope with &rosslink only on one end, which do not contribute to the elasticity.
temperature controller. The mean diameter of prepared hydrogel Fig. 2 shows the experimental and calculated swelling equilibria
spheres is 100m [Chun, 1995; Chun and Kim, 1996]. for the system water/poly(N-isopropylacrylamide) gel. The calcu-
The poly(N-isopropylacrylamide) gel is swollen at lower tem- lated curve is obtained by using Egs. (4), (5), and (6), and the cal-
peratures and undergoes a sharp collapse’@t[B&e et al., 1990]  culation procedures of the partition function of a decorated cell lattice
and the swelling has a discontinuous transition as shown in Fig. 2.are described in the Appendix. The gel composition parameters re-

wherel is equal to 1 for cylindrical blobs and 2/3 for spherical blobs. ¢
Decorated UNIQUAC modelith the blob concept needs one struc-
tural parameter and 4 of temperature independent energy paramets

In an isothermal and isobaric system containing a crosslinke
polymer in equilibrium with pure solvent, swelling equilibria must
fulfill the equilibrium condition.

Hi=Hy

where ' and " denote the pure solvent phase and the gel phase e
spectively, and subscript 1 refers to the solvent.

Swelling curves of poly(N-isopropylacrylamide) gel are discon-
tinuous, containing a first-order transition in the swelling equilibrium
(Fig. 2), many theories have been exercised to explain the LCS
phenomenon in poly(N-isopropylacrylamide) single chains and gel
All of these gel theories basically contain four terms reflecting the
changes in free energies of mixing, elasticity, osmotic effects, anc
specific interactions for a gel in aqueous media. Some efforts qualFig. 3. Photographs of poly(N-isopropylacrylamide) hydrogel.
itatively summarized that both so-called hydrogen bonding [Prange (a) 26°C, (b) 29°C, (c) 33C, (d) 34°C, (e) 4C0°C, (f) 45°C
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POLY(N-ISOPROPYLACRYLAMIDE) GEL SYSTEM

In normalizing blobs in polymer, the shape of blobs need not b
invariant but is assumed to remain unchanged after this rescalin
Then the rescaled of the a blob of speciesean be written by,

0 =gt
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quired in the Eq. (6) are obtained from conditions under which the B. The decorated cell partition function, Q
gel is preparedd=0.018,09=0.07); the value b, is estimated to

be 0.0001 [Prange et al., 1989]. Qu > g(o,K)exp ~E(0,KYRT]

The poly(N-isopropylacrylamide) gel undergoes a sharp collapse - - -
at 32°C and a discontinuous transition in Figs. 2 and 3. The semi- Qu [NZ+2(; - nu+eye/2-2(w - 1)-1]n}
quantitative agreement of the predicted swelling equilibria with ex- @iz [NaNz+ (00— 1)(N,+N7) +@,0/2-2(w; ~ 1)~ 1]n.N,
periment is encouraging. The model can predict the existence of Qiz [N2+(®,~1)NgN.Ns
lower critical solution temperatures that are caused by the order- Q.: [N2+2(0; =~ 1)+, /2-2(w; —1)-1]n3
disorder transition without using temperature-dependent parame- Qi [N+ (w,~1)-1]n2
ters. For binary closed-loop diagrams of polyethyleneglycol-water  Q,z, [2Ne+(w,—1)-1]n3

mixtures having strongly interacting groups [Ban et al., 1989], in
previous works, calculated equilibrium concentrations of polymer n,=expt@./RT)  n,=expt @, /RT)  n,=expC&,/RT)
solutions incorporated the blob configurations of polymers and strong n,=expt-€,/RT) ns=expt¢€,,/RT) Ne=expt @,/RT)
interactions like hydrogen bonding toward one or more directons . _ . fom
with adecorated UNIQUAC modgKim and Kim, 1988]. “r —wlslncpA/;

The decorated UNIQUAC modelith the blob concept can be
used to calculate the phase equilibria for aqueous solutions of h

drophilic polymers or gels. 1=Z[%1 %erZng
CONCLUSIONS o Qe 0Qu
Qlj:Q2]+ZQ|1]
The transition behavior of swelling and deswelling of water-solu- T =8—z Ta :8—2
ble poly(N-isopropylacrylamide) was calculated lieeorated UNI-
QUAC modetvith blob concept and the volume changes were de-where Qis partition function of the bond,, s the partition func-
termined by a photographical method. In modeling, polymer chaingion for k (ghost molecule in the second célljs fugacity ratio,
were scaled within a directly interacting size as blobs, which wereandg is directional interaction arg] is nondirectional interaction.
composed of a segmentalized polymer chain and solvent molecules
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