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Swelling and deswelling kinetics of poly  (N-isopropylacrylamide ) gels
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Swelling and deswelling kinetics was investigated for three types of cylindrical
poly(N-isopropylacrylamide (PNIPA) gels differing in crosslink density. The temperature
dependence curves of the volume of the gel specimens were different from one another. One of the
gel specimens was considered as a critical gel showing the continuous volume phase transition. The
volume change process of the specimens after a temperature jump was examined. In the deswelling
processes with temperature jumps to temperatures higher than 35°C, a phase separation was
observed in the gel specimens and the volume change slowed down due to the homogenization after
the phase separation. The value of the diffusion constant obtained without the phase separation
decreased rapidly as temperature approaches the transition temperature. The rapid decrease for the
critical gel indicates the emergence of the critical slowing-down. The value of the critical exponent
for the correlation length suggests that the universality class for the volume phase transition of the
critical PNIPA gel belongs to the class for the classical theory.2@®4 American Institute of
Physics. [DOI: 10.1063/1.1636695

I. INTRODUCTION temperaturg This continuous volume phase transition is re-
garded as the second-order phase transition and the gel
A polymer gel is a three-dimensional polymer network showing the continuous transition is called a critical gel. The
swollen with solvent. The volume of the gel in solvent PNIPA gels having higher crosslink density than the critical
changes according to the change of an external field, such gl change the volume continuously against temperature but
temperature and pH. This is because the change of the extgemains finite over the whole temperature range. This means
nal field moves the thermodynamic equilibrium state of thethat no “volume phase transition” occurs for the gels in a
gels. The gel in solvent changes the volume by swellllg  thermodynamical sense. For the critical gels, physical quan-
deswelling until a new equilibrium state is achieved. Swell- tities such as the correlation length and the specific heat
ing and deswelling kinetics for polymer gels has been widelyshow the critical behavior near the critical temperafuré.
studied, and some theoretical approaches to the swelling kifanakaet al. examined the critical kinetics of the PNIPA
netics has been made> These approaches are based on acritical) gel to show that the characteristic time of volume
kind of linear diffusion equation proposed by Tanakaal®  change diverges at the critical pofttOn the basis of these
and are not applicable to large volume change processestudiess~*! the universality class of the volume phase tran-
Matsuoet al. have studied swelling and deswelling kinetics sition was concluded to be identical to that for the three-
in large volume change processes using a spherical gel, afimentional (3D) Ising model, but there appears to be no
proposed that the diffusion constant should be modified by:onsensus for the universality class.
introducing the concentration dependence into the diffusion  Recently, it has been shown that the volume phase tran-
constant. However, how to modify the diffusion constant is sition in the course of deswellingor shrinking for the
still unclear. PNIPA gels becomes very slow; ' and the kinetics cannot
Poly(N-isopropylacrylamide (PNIPA) gels are well be described by the conventional thebryThis slow kinet-
known as typical of thermo-sensitive polymer gels, and showcs appears to be due to phase separation in the gels. We have
a steep volume change in a narrow temperature range @fiso reporteithat the characteristic time for the deswelling
~35°C. When crosslink density of the network is low is of the order of time needed for homogenization of the two
enough, the PNIPA gel changes the volume discontinuouslghases. To explain the effects of phase separation on the
at a certain temperature around 35 °C. This is called the disinetics, Shibayamat al. have proposed a mechanism for
continuous volume phase transition of polymer gels. The dedeswelling process by considering the inherent spatial inho-
gree of discontinuity at the transition temperature decreasaogeneity of the polymer gels:** Suzukiet al. have inves-
with increasing crosslink density, and discontinuity is van-tigated various phenomena observed in the deswelling pro-
ished when the crosslink density becomes high enough. Theess such as phase separation, bubble formation and phase
PNIPA gel at a certain crosslink density shows the continucoexistence, and they accounted for these phenomena on the
ous volume phase transition, where the slope of volum@asis of the classical phase separation models of nucleation
against temperature diverges at a certain temperéttiteal  and spinodal decompositidRl® For further understanding
of the origin of the slow kinetics, detailed studies on how the
9Author to whom correspondence should be addressed. Fax:75-383-  Phase separation affects the deswelling kinetics must be still
2458. Electronic mail: takigawa@rheogate.polym.kyoto-u.ac.jp needed.
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In this study, swelling as well as deswelling kinetics was heating | cooling
examined for three types of PNIPA gels differing in crosslink 1.2 +——{ GELI P P
density: One specimen shows the discontinuous phase tran- R % o GEL2 a s
sition and the second one shows a continuous volume change LogF ¢ g v GEL3 - o
without phase transition, the final one being the critical gel. % L0
The effects of phase separation on the kinetics were investi- 0.8 ! A i
gated for various volume change processes induced by tem- "5 : Y
perature jumps, and the kinetics for the three types of gels Z 06 % 0.5 A.’ T
was compared with one another. z 04l : ® 1

E : A
IIl. EXPERIMENT 02 L o Yo ]

Three types of cylindrical PNIPA gels with different koj’&o 32 34 36 38 40
crosslink density(coded hereafter as GEL1, GEL2, and Or Posos il
GELJ) were prepared in distilled water by radical copoly- o
merization ofN-isopropylacrylamidgNIPA) as a main con- i '210 20 30 40 50 60 70 80 90
stituent andN, N’-methylene-bigacrylamide (BIS) as a T/°C

crosslink agent. Ammonium peroxodisulfa#®P) and N, N, .
N’, N’-tetramethylethylenediaming@ EMED) were used as FIG. 1. TemperaturéT) dependence of normalized volunvéV g ofothree

o . types of the PNIPA gels. Her&/gs representd/ of each gel at 65 °C. The
an initiator and an accelerator, respectively. The monomeihset shows the enlargement around 35 °C.
concentratior(namely, the sum of the concentration of NIPA
and BIS was set to be 10.4wt%. The molar concentration
ratio, [NIPA]/[BIS], was 20, 60, and 80 for GEL1, GEL2, applied by transferring the gel specimens kept in waté; at
and GELS, respectively. The pregel solution was poured intdnto the water controlled &f;, meaning that equilibrium of
glass tubes, in which the gelation was performed at 20 °C fotemperature in the gel specimens occurrs very shortly com-
24 h. Then, the cylindrical PNIPA gels were removed frompared with the time scale of this experiment because the
the glass tubes and immersed into the sufficient amount ofolume of water in the bath was3 cn? which is large
distilled water to wash out the unreacted agent. The gelenough compared with that of the specimens.
were cut into 15 mm long and used as specimens in mea-
suremen'ts..The diameter of the specimens w&80 um in | RESULTS AND DISCUSSION
the equilibrium state at 20.0 °C.

Two types of measurements were employed in this study.  As stated previously in the experimental section, the vol-
One is the measurement in equilibriustatic measurement ume of the gel specimens in thermodynamic equilibrium
The other is the measurement under the volume changgate at each temperatufevas first examined. The volume-
(swelling and deswellingprocess after &-jump (dynamic  temperature\{-T) curves measured on heating as well as on
measuremeitt In both measurements, size and appearancegooling for the three types of gels are shown in Fig. 1. In the
of the gel specimens were observed using a specially desquilibrium state, the gels were transparent regardless of
signed double-jacket water bath and a microscope equippgémperature for the three gels. The volume used here is a
with a CCD camera. Temperature of the specim@svas  normalized quantity calculated by using the volume of each
controlled by circulating the temperature controlled water inspecimen in the thermodynamic equilibrium state at
the outer jacket of the water bath. The accuracy in tempera5.0 °C (Vg5). The volume decreases with increasifgand
ture was=0.1 °C for the measurements. shows a very steep change around 35°C for all kinds of

First, the static measurement was performed. Thepecimens. The gels are in the swollen state inTirange
T-dependence curve of the diameter of the specintgnsn  lower than 35°C, and in the collapsed statd dtigher than
the equilibrium statéthe state where the diameter does not35 °C. The inset in Fig. 1 shows the magnifiédT curves
change with time at a fixed temperature in this experimenton heating around 35 °C. As can be seen from the figure, the
was examined at varioukin a T-range of 20 to 80°C. The gel with the lowest crosslink densitGEL3) changes/ dis-
measurement was performed on heat{ag °C—80°C) as  continuously at 35 °C, evidencing the discontinuous volume
well as on cooling80 °C—20 °C). The T-dependence curve phase transition. The gel with the highest crosslink density
of volume of the specimenV) was calculated by assuming (GEL1) changes/ continuously withT, showing no volume
that the swelling of the gel occurs isotropically; namely, by phase transitioof course, the volume change occurs for the
assuming gel). The gel with the intermediate crosslink dengiGEL2)

Vord? 1) shows a very steep but continuous volume chang.e. around

' 35 °C, so that we regard hereafter the &EL2) as a critical

After finishing the static measurement, the dynamicgel which shows the continuous volume phase transition.
measurement was performed. Tligump from the initial The V-T curve for GEL3 shows a hysteresis, which corre-
temperature T;) to the final temperaturel¢) was applied to  sponds to 0.2 °C in the transition temperature; namely, the
the gel specimens, and the tinfg dependence ofl was transition occurs at 35.1°C on heating, while at 34.9°C on
examined at a constant temperatureTefuntil the volume  cooling. The transition temperatur&,) for GEL3 was de-
approaches a constant value. In this study, THemp was termined to be 35.0°C by averaging the two temperatures.
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For GEL1 and GELZ2, no hysteresis was observed otvtie  short time region of the deswelling, a large-scale surface
curves and even for these gels was determined to be pattern occurred for this specimen, but the longest relaxation
35.0 °C where the absolute value of slope for the curve holdEme 7 is not affected by the pattern formation because the
a maximum. time domains are quite different. Whenand d; are deter-

The dynamic measurement was performed by themined, we can estimate the diffusion constéj by using
T-jump method for the three types of specimens. The valuethe following relation for cylindrical gel$®

of T, and Ty are summarized in Table I. The appearance of 2
the gel specimens during the volume change process was p— 3
different depending on the condition of tAejump. In the 247

deswelling(shrinking processes at; higher than 35.0°C, The values oD obtained for GEL2, is plotted again§t in
however, the opaqueness was observed for the three geﬁg. 4. Figure 4a) shows the data folf;<T,(=35.0°C),
The opaqueness must originate from the inhomogeneity oind Fig. 4b) for T>T,. Open and filled symbols represent
polymer concentration in the whole gel induced by the phasgne gata on swelling and deswelling, respectively. The details
separatioff and the phase separation temperature lay aroungre summarized in Table I, together with the data for GEL1
35.0°C regardless of the gel type. In other cases than thgnd GEL3. It is clear from the figure th@ in Fig. 4(b)

deswelling processes &> 35 °C(name_:ly, in the deswelling  gepends on the total amount of volume change, or a swelling
processes al(<35.0°C or the swelling procesgehow-  sirain (y,) defined by

ever, the gels changed without the phase separatidne.,

with keeping transparengy _ Vit Vi @
For example, thé-dependence curve dffor GEL2 after W Vi

the T-jump fromT;=20.0 °C toT;=50.0 °C is shown in Fig.

2. Since this is the deswelling processat-35.0 °C, the gel

specimen became opaque after fTrRpump. As can be seen

from the figure d decreases steeply just after thgump. In

this time period, a bamboolike pattern was observed on th (b) appears to decreases with increasjndf comparison is

surface of the gel specimen. The gel with this Iarge-scalqnade at a fixed temperature. The data points in Fig) éan
surface pattern was composed of the transparent and OPAGYE c|assified into several categorigsur for deswelling and

regions, the latter corresponding to the node of the bambogzw0 for swelling depending on the value of,. Of course,

The node extended in the axial direction with increasingthe grouping is an expedient and no clear border between
time, and finally the gel became fully opaque at about 30 mi eighboring groups exists. The valuesffor the deswell-

?fter ttr:] e-lr'ﬁj T“pt-h”f‘.'s means that t:e d;ecofnﬁ filled circle ing process where the phase separation was observed are
rom the feft In the higure corresponds ofor fully opaque plotted againsty, in Fig. 5. The values are very small and

gel. This large-scale surface pattern was observed only in thz?re almost independent of. at v.>3 where the large-scale
deswelling processes &f>35.0°C with relatively large P o at v, 9

surface pattern was observed. The homogenization after the
volume change. . . phase separation requires long time and also moves the time
_The _dlar_neter of the opaque regiod) is also plotted needed for thermodynamic equilibration in dimension to the
against in Fig. 2. The value otly, also decrea_ses withand longer time side compared with that of the volume change
the decrease af;, corresponds to the extension of the trans-

) _process without the phase separation. As a result, the value
parent region from the surface to the center of the gel. As i

X ;. fDb [I. On the other haridl,i idl
seen from the figure, d@t=9.7x10*sd reaches an equilib- ecame sma n the omher harid;nereases rapialy

ith i in th fy,<2. The ph -
rium value d;) and the opaque region disappears. Thetv-wt decreasingy, in the range ofy, © pnase separa

| . inat h tat | oh ion was also observed in thig,-range but the degree of
opaque gel Specimen In a two-phase state, polymer ric arlsj;aqueness was relatively small compared with the case of
solvent rich phases, shrank with the progress of homogeni-

i dth | finall dthe t cl v~>3. This may give a shorter time for homogenization of
Ef}‘qfﬂrﬁg € gel Tinally recovered the transparency at fong, o phase separation, resulting in a larger valuB.oAs can

| der to determine the ch teristic tifw for th be seen in Fig. 4, it is clear that the effects of the homogeni-
n order to determine the characteristic i for the zation after phase separation on the deswelling kinetics be-
change ofd, it is convenient to use two parametersd and

. ) oo come negligible in the smally, limit, where D in the
Ad,) defined by the following equations: deswelling process approaches to that in the swelling pro-

Here,V; and V; are the volumes af; and T, respectively.

The diffusion constanD in Fig. 4(a) is independent ofy,

and theT;-dependence dD on swelling and deswelling ap-
ears identical. On the other harid,on deswelling in Fig.

Ad=d—d;, (2a)  ©€SS: , o
The data points foll;<T,, in Fig. 4a) appear to fall on
Ady=d;—d. (2p) @ single curve, and the curve shows a steep decrea$e as

approached,, corresponding to the critical slowingdown.
Here, d; represents the diameter @t. Figure 3 shows a Although all data points foif>T, in Fig. 4b) cannot be
semilogarithmic plot ofAd/Ad, againstt of the deswelling approximated by a single curve due to the strong
process after thé-jump fromT;=20.0°C toT;=50.0°C for  y,-dependence ob, the data points marked by open sym-
GELZ2. The data here correspond to those in Fig. 2. The slopeols, which correspond to the data on swelling and are there-
of the line gives the value of of 2.7x10%s. As easily un- fore free from the effects of the phase separation, might fall
derstood;r estimated in this method corresponds to a longesbn a single curve, just as a mirror image of the curve ex-
relaxation time for the diameter, or volume, change. In thepected for the data points in Fig(al. In addition, seeing the
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TABLE |. Sample code, the final temperaturg), the initial temperatureT;), the diffusion constan{D), and
the swelling strain §,) of the dynamic(T-jump) measurements.

Swelling and deswelling kinetics

Symbols Symbols
T (°C) T, (°C) D (cnPsY) Y in Fig. 7 in Fig. 9
8.7 20.0 7.50< 1077 -0.185 @)
15.4 26.0 4.6% 1077 —0.246 O
19.2 27.6 5.0% 107’ —0.276 O
27.6 33.4 2.9% 1077 —0.441 O @)
33.4 34.2 1.2% 107”7 —-0.237 @) O
33.6 34.6 1.84< 1077 —0.349 O O
34.2 34.8 6.90< 1078 -0.412 @) O
35.0 37.0 3.2% 1078 —0.442 O
35.2 39.8 2.20< 1078 —0.334 O O
35.4 39.8 1.84< 1078 —-0.255 O O
35.6 45.0 3.1% 1078 -0.192 O O
35.9 45.0 5.87% 1078 -0.223 O O
GEL1 37.0 45.0 3341078 —-0.194 O O
37.0 60.0 6.8% 108 —0.096 O O
38.0 60.0 1.2% 1077 —0.095 O O
39.0 60.0 8.2% 1078 -0.079 O O
21.4 8.0 7.0 1077 0.346 ® ®
28.2 20.0 7.08 1077 0.398 ® ()
28.2 20.3 4.94< 1077 0.339 ® ()
32.0 28.2 1.96< 1077 0.553 () ®
32.2 28.2 1.94< 1077 0.504 ) ®
33.6 32.0 1.6% 1077 0.239 ) ®
33.6 32.2 1.47% 1077 0.215 ) )
34.3 33.6 7.73% 1078 0.196 () ®
34.6 33.6 5.6 1078 0.505 ® ()
34.8 34.3 5.10< 1078 0.268 ® ®
Symbols Symbols Symbols
T;(°C) T,(°C) D (cnPs™Y) YW in Fig. 4a  in Fig. 4b)  in Fig. 6
5.6 20.0 6.32x 1077 -0.199 @)
10.0 20.0 4.5% 1077 -0.213 @)
15.0 25.0 5.78 107’ —-0.270 @)
20.0 28.7 4.08 1077 —-0.290 @) )
28.7 32.0 3.0% 1077 -0.334 @) @)
30.0 34.0 2.1 1077 —-0.394 @) @)
32.0 34.0 1.8% 1077 —0.257 O O
34.0 34.6 1.2 107’7 -0.320 @) @)
20.0 60.0 4.21x 1077 —-0.931 o
34.0 37.2 7.85¢ 1078 —0.709 O
36.1 45.0 417 108 -0.088 @) 0
38.0 60.0 5.6% 1078 -0.088 O O
40.0 60.0 3.3% 1078 —-0.067 O O
45.0 70.0 1.3% 1077 —-0.036 O O
35.4 40.0 1.3% 1078 -0.192 A O
36.4 45.0 5.56< 108 -0.103 A O
35.5 45.0 2.11x 1078 -0.175 A O
35.6 45.0 2.55¢ 1078 -0.175 A O
35.9 45.0 3.24x 1078 -0.119 A O
25.0 10.0 3.76< 1077 0.481 ® ®
GEL2 28.7 20.0 3341077 0.500 () ®
32.2 28.7 1.65¢ 1077 0.403 ® ®
33.9 32.2 9.86< 10 8 0.467 ® ®
34.2 33.0 9.75¢ 1078 0.339 ) )
34.4 33.0 5.36< 1078 0.548 ) ®
34.6 33.9 2.2% 1078 0.467 ) )
45.0 43.0 1.0% 1077 0.028 °
60.2 55.0 1.1% 1077 0.00C ()
37.0 35.9 6.55¢ 1078 0.037 A
45.0 38.8 2.46< 1078 0.097 A
456 41.7 1.94 1078 0.037 A
35.9 35.1 1.40¢< 1078 0.210 v
36.5 35.3 2.4% 1078 0.132 v
38.0 35.3 7.41x 10°° 0.260 v
40.0 35.3 5.28< 10°° 0.456 v
45.0 35.3 3.4 107° 0.424 v
45.0 35.3 3.98 10°° 0.397 v
50.0 35.5 5.5 10°° 0.700 v
50.4 35.5 1.06< 1078 0.422 v
60.0 35.0 4.21x 107° 0.424 v
60.2 36.0 7.38% 107° 0.256 v
70.4 36.0 9.2% 107° 0.202 v
40.0 20.0 7.5 10710 10.305 ¢
50.0 20.0 7.36< 10°1°  10.665 ¢
60.0 20.0 1.1x 107° 13.414 ¢
60.0 30.0 1.0% 10°° 6.547 3
60.0 33.0 1.14 10°° 5.985 .
60.0 34.0 1.40¢ 10°° 3.294 3
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TABLE I. (Continued)
Symbols Symbols
T;(°C) T,(°C) D (cn?s %) Y in Fig. 8 in Fig. 10
25.4 12.0 4.27 1077 0.310 ) °
28.8 20.2 8.57% 1077 0.456 ) o
30.0 25.4 3.10x 1077 0.434 [ J [ J
31.9 28.8 5.21x 107/ 0.816 [ J [ J
329 30.0 210 1077 0.352 ([ J [ J
33.4 31.9 2.85¢ 107/ 0.377 [ J [ J
34.3 33.4 1.1% 1077 0.344 [ J [ J
34.6 32.9 6.15¢ 108 0.953 ) )
34.8 33.4 8.24< 10°8 0.559 ) )
34.8 33.4 5.18< 108 0.953 ) )
GEL3 12.0 20.2 7.4% 1077 -0.170 O
20.2 28.3 3.7% 1077 —-0.272 @) @)
28.3 31.6 4.70< 1077 —-0.237 @) @)
31.6 33.0 2.36< 1077 —-0.173 @) @)
33.0 34.2 2.25¢ 1077 —0.301 O O
35.4 50.0 3.7% 1078 —0.226 O O
35.5 50.0 4.9x 1078 —0.226 O O
35.7 50.0 3.98 1078 —0.215 O O
36.0 50.0 3.5% 108 -0.202 O a
37.0 50.0 5.84< 108 —0.150 O O
38.0 50.0 5.38 108 —0.079 O O
4n this deswelling process, the volume change was too small to detech) g able to be estimated using
the relation betweer and the time {;) needed for the homogenization after the phase separatjer8(4r)
for the gel.
data on deswelling in € y,<<0.03, the data points appear to 1
fall on the same curve as that for the data points for swelling. D~ & (5b)

This means that even for the data on deswelldor very
small volume changes is little affected by the phase separdntroducing a reduced temperatufe) that represents the

tion. These values dd also seem to converge to zeroTgt,

as in the case of Fig.(d); namely, the steep decrease®f

aroundT,, originates from the critical slowing-down.

By employing mode-coupling approximation, Ontiki

has shown thab scales with the correlation lengt) as

1
D~ 5
whereas Tanaka has applied the Kawasaki formula f:
namely

(5a)

500 T T T T
GEL2
50.0°C <— 20.0°C
400
L]
g ‘e
2300 1 . 1
& v,
= .
g Y Vv, ......""Oooo
2200 Vv h
= v,
V"
e d v
100 v d, Y T
v'
v
0 1 1 L L
0 2 4 6 8 10

t/10%s

FIG. 2. Time(t) dependence of the diameter of the ¢dland the diameter

of the opaque regiond{,) for GEL2. TheT jump (from 20.0 °C to 50.0 °C
is applied at=
triangle symbols at<t4 h are eliminated from the figure.

0. At the short timesg was identical tal;,, so that the three

relative distance from the critical temperatuf@.) by?°

i) o
nearT., D is related toe by
D~e? (79
or
D~¢€’, (7b)
0 T T T T T

GEL2
50.0°C <— 20.0°C

log (Ad/Ad,)

_15 1 1 1 1 L

t/10%

FIG. 3. Normalized volume changkd/Ad, is semilogarithmically plotted
againstt. The T jump (from 20.0 °C to 50.0 °Cis applied to the GEL2 at
t=0.
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-6 T T T -6 R
Deswelling, T <35.0°C
° (a) f GEL2
° ©  Swelling, T<35.0°C
o B Swelling, T>35.0°C
= TEF . o
D ‘n
o « o
5 § 4l -
a a
s * 0.1<y,<0.7 =
< 8F o 07<,<0 ] =
° -1.0<y,<-0.7 o °
* a o
GEL2
o
_9 1 1 L _8 1
0 10 20 30 40 -3 -2 -1
T;/°C loge
% s 02 o1 FIG. 6. The diffusion constarid is double-logarithmically plotted against
®) ' ' j Hea<yy<O. reduced temperatufe) for GEL2. The data plotted are limited to those with
° -0.1<y,<0 20 °C<T<50°C. The solid line is the best fit to the data g T, .
* 0<y,<0.03
TF 4 0.03<y,<0.1
- ¥ 0.1<y,<0.7 B . . 20
o o 3<y<ld becaus&~ e~ ". Here,v is the critical exponent fo£.“~ The
v . . .
5 8 former scaling law corresponds to the scaling relation pro-
~ - B v T . .
a posed by Onuki, the latter corresponding to the Tanaka rela-
& tion. The critical temperaturd,, is 35.0 °C,T,, for GEL2.
ot $ ] Figure 6 shows the semilogarithmic plots Dfagainste for
¢ . GEL2. The data shown in Fig. 6 are limited to those in
GEL2 20°C<T{<50°C, and also the data on deswelling with
10 . . , . >T, are eliminated, becaud® depends strongly ow, as

30 40 50 60 70 80

Ty/°C

shown in Fig. 5. The solid line is the best fit to the data on
both swelling and deswelling foF;<<Tj,.
On the basis of the Onuki relation, the value ofvas

FIG. 4. Diffusion constan{D) for GEL2 is plotted against the final tem- determined from the slope to be 0:80.03. This value is

perature T) for (a) T;<35.0°C and(b) T{>35.0 °C. The data are classi- . .
fied into several categories depending on the value of swelling stsgjn ( smaller than the value either for the 3D Ising model

Open and filled symbols represent data on swelling and deswelling, respeév~0.63 or for the mean field valugr=0.5,% but is, if

tively.

-6 T T T

Sy 8
b

3
-8 ;:

log (D/cm?s1)
bad ¥

9} ®e

.10 1 1 1

FIG. 5. They, dependence db for GEL2 for the deswelling process where

the phase separation occurs.

anything, closer to the mean-field value. On the other hand,
v=0.73+0.05 for the PNIPA gel based on the Tanaka rela-
tion. In this case, the value is closer to the value for the 3D
Ising than the mean field prediction. It has been reported that
the universality class for the volume phase transition of the
critical PNIPA gel belongs to the 3D Ising modélActually,
according to the Tanaka relation the universality class of the
transition can be considered to belong to the 3D Ising model.
When the Onuki relation is valid, however, the universality
class may be identical to that of the mean filed or classical
theory. We think that the critical behavior for the polymer gel
should obey the classical theory, because the existence of the
polymer network in the gel must suppress the concentration
fluctuation as Onuki has stated in Ref. 18; hence, the Onuki
relation may be more appropriate for the description of the
critical behavior ofD. The exponentv could not be deter-
mined forT{>T,, because the data points are scattered due
to the difficulty in measuring small changednThe value of
the slope for the best fit line to the scattered data points for
T;>T,, however, appears to agree with that 1< T4, .
Figures 7 and 8 show thE-dependence db for GEL1
and GEL3, respectively. Table | contains the detailed data for
the gels. The diffusion constabt plotted in these figures are
limited for the relatively small volume change processes.
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FIG. 7. The diffusion constarid for GEL1 is plotted against;. Openand ¢, GEL1. The data plotted are limited to those with 20.6<G

filled symbols represent data on swelling and deswelling, respectively. <50.0°C. The solid line is the best fit to the data ToeT,
. . .

The data obtained from the deswelling processes Tior GEL3 is, respectively, plotted against Here, T,=T, was
>T, was also eliminated, because the effects of homogeniassumed. The data plotted are limited to those in 20.0°C
zation after phase separation exist on the deswelling kinetics< T;<<50.0 °C. The value of obtained from the slope of the
The values oD for both GEL1 and GEL3 decrease rapidly best fit line to the data points is 0.34.03 both for GEL1

as T approaches 35.0°C, just as observed for GEL2. Theand GEL3 when the Onuki relation is used. This value is
T¢-dependence curves @ for the three gels seem to be almost identical to that for GEL2, resulting from very small
identical to one another both in shape and magnitude. Thearalues ofD at T, for GEL1 and GELS3, although the theory
retically speaking, the values @ for GEL1 and GEL3 do of the critical phenomena predicts=0 for the gels.

not converge to zero even at the transition temperafiyre

(=35.0°C), because the gels are off-critical. GEL1 showgy. CONCLUSION

no phase transition, so that the characteristic tinfier vol-
ume change does not diverge evenTat giving a finite
value of D even at the transition temperature. In the case o
GEL3 showing the first-order phase transitiergiverges at
the spinodal temperatureT§), which is slightly different
from the transition temperature, amconverges to zero at
Ts. This means that th&; -dependence curve &f for GEL3
must have a cusp at,, andD for GEL3 must also have a
nonzero value aff.. In Figs. 9 and 10D for GEL1 and

Swelling and deswelling kinetics was investigated for
fhe three types of the cylindrical PNIPA gels by thgump
method. In the deswelling processes gt>35.0°C, the
phase separation was observed in the gels. The homogeniza-
tion after the phase separation slowed down the deswelling
process, resulting in the small value Bf The value ofD
obtained without the phase separation decreased rapidly as
approached the transition temperatliye For the critical gel
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FIG. 10. The diffusion constari? is double-logarithmically plotted against

FIG. 8. The diffusion constard for GEL3 is plotted against;. Open and € for GEL3. The data plotted are limited to those with 20.0<TG
filled symbols represent data on swelling and deswelling, respectively.  <50.0 °C. The solid line is the best fit to the data To T, .
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