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Kinetics of one-dimensional swelling and shrinking of polymer gels
under mechanical constraint

Atsushi Suzukia) and Taku Hara
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Hodogaya-ku, Yokohama, 240-8501, Japan

~Received 11 September 2000; accepted 2 January 2001!

The swelling and shrinking kinetics of thin-plate poly~N-isopropylacrylamide! gels with rectangular
surfaces under mechanical constraint was investigated. The top and bottom surfaces were
chemically clamped on the glass plates, and the gel could swell and shrink only along the thickness
direction between two swollen states by the temperature jumps. The time evolution of the thickness
was well described by a single exponential except immediately after the temperature change. The
characteristic time was found to depend on the lengths of the constrained surfaces and not on the
thickness at the time of sample preparation. The swelling and shrinking kinetics of the
one-dimensional thickness direction is essentially governed by the relaxation of the polymer
network in the two-dimensional direction along the surface. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1350576#
el
of

e
l-
ith
fo

er

er

ry
nt
ly
rk
a
e

t
a
he

is
ri-

ry,
of
ink
en-
lling

of
e-

re-
ur-
e-
he
and
ure.

.

free
s
ion
,

r

ice

air
0
e

ary
es
re

ma
I. INTRODUCTION

It has been well established that the kinetics of gel sw
ing and shrinking is governed by the collective diffusion
the polymer network relative to the solvent.1 The kinetics is
related to the elasticity~bulk modulusK and shear modulus
m! as well as the frictionf between the polymer and th
solvent.1–7 In accordance with the kinetic theory of the co
lective diffusion of gels, a single exponential decay w
time has been experimentally confirmed, which is valid
spherical, cylindrical, and disk gels.1–3 The macroscopic ki-
netics can be described by

]u~r ,t !

]t
5D¹2u~r ,t !, ~1!

where u is the displacement of a pointr on the polymer
network at time t from its average location andD5(K
14m/3)/ f is the collective diffusion constant of the polym
network. This equation predicts that the relaxation timet of
a spherical gel is proportional to the square of the diametd
and is inversely proportional toD:t}d2/D. For cylindrical
and disk-like gels with symmetrical geometry, the theo
was extended by taking the shear relaxation i
consideration.7 These expressions have been used to ana
kinetic properties when the motion of the polymer netwo
solely governs the kinetics in response to a change in
environmental condition. The square-power law has been
perimentally investigated on the thermoresponsive poly~N-
isopropylacrylamide! ~NIPA! gels.2,6 This investigation is
reasonable since the thermal diffusion is much faster than
collective diffusion of the polymer network. Although
power smaller than two and the initial deviation from t
single exponential function have been reported,2,6 almost all
previous investigations have been discussed on the bas
this collective diffusion relative to the solvent. The expe
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mental results are qualitatively consistent with the theo
which is related to the fact that the swelling and shrinking
gels are isotropic and the gel can freely swell and shr
along the three-dimensional direction. So far no experim
tal observation has been reported on the anisotropic swe
and shrinking of gels.

In this paper, we report for the first time the kinetics
thin-plate NIPA gels with rectangular surfaces under m
chanical constraint. The swelling and shrinking were
stricted along the two-dimensional direction along the s
face; the gel could only swell and shrink along the on
dimensional thickness direction. The time evolution of t
thickness between two different swollen states at 11.5
30 °C was measured by abruptly changing the temperat
We investigated the effects of the gel sizes~two surface
lengths and thickness! on the swelling and shrinking kinetics

II. EXPERIMENTAL METHOD

The gels were prepared at the ice temperature by a
radical polymerization reaction8 in water between two glas
plates~slides! separated by thin spacers. The pregel solut
was the mixture of purified NIPA~main constituent, 7.8 g
Kohjin!, N,N8-methylenebisacrylamide~cross-linker, 0.133
g, Wako!, and N,N,N8,N8-tetramethylethylenediamine~ac-
celerator, 240ml, Wako!, which were dissolved in pure wate
~100 g, deionized and distilled water!. After being fully satu-
rated with nitrogen, the pregel solution was stored at the
temperature, and ammonium persulfate~0.04 g, Wako! was
added to the solution to initiate the polymerization. The p
of two glass plates~slides for an optical microscope 26.
376.0 mm2! was immediately inserted into the solution. Th
pregel solution was brought into the thin space by capill
action. In order to chemically clamp the gel on the slid
Bind Silane~Pharmacia! was used to rinse both slides befo
they were dipped into the pregel solution.8 The slides were
silanized by the Bind Silane, CH2
5C~O!C~CH3!OCH2CH2CH2Si~OCH3!3 ~g-methacryloxy-
il:
2 © 2001 American Institute of Physics
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propyltrimethoxy-silane!, which added the reactive meth
acrylate groups onto the slide surfaces so that NIP
CH25CHCONHCH~CH3!2, became chemically bound to th
groups during polymerization. The gelling solution w
stored at the ice temperature for at least 12 h to allow
gelation process to be completed. The clamped gels w
subsequently immersed in a large amount of pure wate
wash away residual chemicals and unreacted monomers
the polymer network. A sample shape is schematica
shown in Fig. 1. To obtain the effects of the surface leng
we set one of the surface lengthsb0 at the width of the slide
~26.0 mm! except in the additional experiments~mentioned
later!, while changing the other lengtha0 to between 4.2 and
58.9 mm by cutting the slides together with the gel usin
diamond cutter. In this case, the thickness of the gel at g
tion c0 was almost constant, 0.9060.03 mm. To measure th
effects ofc0 , on the other hand, several spacers with thi
ness ranging between 0.14 and 2.6 mm were used in ord
obtain a differentc0 . In this case,a0 was almost constant
9.560.5 mm. The sample was set in a small thermostat b
with water, and the temperature was regulated to wit
60.05 °C. A step-like change in water flow was made b
tween 11.5 and 30 °C where the circulating initial water te
perature was abruptly increased to the final temperature
switching the water flow from one water bath to anothe9

The thickness of the gelc was measured by an optical m
croscope, connected to a calibrated charge coupled de
apparatus.

III. RESULTS AND DISCUSSION

When the external temperature was rapidly changec
gradually approached to the equilibrium value. The time e
lutions of the normalized thicknessc/c0 on swelling pro-
cesses are shown in Fig. 2~a! for the gels with differenta0

values, and in Fig. 2~b! for the gels with differentc0 values.
One can see that the swelling velocity becomes smaller w

FIG. 1. Schematic illustrations of the thin plate NIPA gels synthesi
between two slides. Both surfaces are chemically clamped on the gla
The samples with different thickness and width were prepared.
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FIG. 2. Time evolution of the normalized thicknessc/c0 in response to a
temperature jump from 30 to 11.5 °C:~a! for the gels with differenta0 , ~b!
for the gels with differentc0 , and~c! the normalization of~a! using Eq.~2!.
The thickness changes exponentially except at the beginning just afte
temperature change.

d
es.



l-

ll-
x-

e
,
p

rs

o
se
ng
in

-
n

s
es
m
e

an
n
p
c

s

th
t

to

n
a

st
on

io

e
s

na
in

re

the
-

f the
eys
m

s

o

5014 J. Chem. Phys., Vol. 114, No. 11, 15 March 2001 A. Suzuki and T. Hara
increasinga0 , while it does not depend onc0 . As is shown
in Fig. 2~c!, the time evolution was found to be wel
described by a single exponential:

c5cI1Dc~12e2~ t/t!!, ~2!

wherecI is the initial thickness~at 11.5 or 30 °C!, Dc indi-
cates the total thickness change (5cI2cF ; cF is the final
thickness!, andt represents the characteristic time of swe
ing or shrinking. Note that the slight deviation from the e
ponential immediately after the temperature change can
seen and is similar to the results on the gels without m
chanical constraint.1,2 This could be due to extrinsic factors
such as the excess internal stress introduced by initial sam
handling while the glass was being cut, or to intrinsic facto
such as an imperfection in the network structure.10 The net-
work structure at the mesoscopic level is constructed
highly cross-linked microgels connected by a loo
network.11 This unique structure can be introduced duri
the gelation process, which would affect deviation at the
tial stage.

Figure 3~a! shows the effects ofa0 andc0 on the abso-
lute t, obtained by the least-squares fitting to Eq.~2!. One
can see thatt evidently depends ona0 but not onc0 . ~Note
thatt is scaled by neithera0 nor c0 , such as a simple square
power law!. This observation implies that the relaxatio
along the thickness direction~within the present thicknes
range! is much faster than that perpendicular to the thickn
direction. It has been experimentally shown that the volu
change of gels begins at the surfaces for spheres, cylind
and plates,6,9,12 which indicates that the free surface has
important role in determining the kinetics. In the prese
case, the relaxation in response to a temperature jum
expected to begin at the unclamped side surfaces and
spread to the center portion with time. In a swelling proce
the swelling develops from the outer~surface! to the inner
~bulk! portions; the preceding~outer! swollen portion is
compressed and the delayed~inner! portion is stretched
along the one-dimensional thickness direction. Therefore
observed thickness can be determined by the change in
free energy of the systemDG resulting from the average
contributions of the outer and inner portions. According
the Flory-Huggins theory13 DG consists of two contributions
of the osmotic term~mixing free energy! DGmix and the
elastic term~elastic energy!, DGel . We can estimateDG in
the present system by calculating the loss and the gai
DGel through the following first approximation. Suppose th
there is a discrete boundary between the preceding and
delayed portions. If the sum of the changes in the ela
energies of the outer and of the inner portions is zero,
can assume

S~c2cF!1~a0b02S!~c2cI !50, ~3!

where S denotes the surface area of the preceded port
This equation results in the thickness change,c2cI

5(Dc/a0b0)S, which indicates that the time evolution of th
thickness should be proportional toS. These consideration
suggest that the relaxation~single exponential decay! of the
thickness is essentially equivalent to the two-dimensio
diffusion phenomenon, therefore the swelling and shrink
be
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kinetics can be determined by the surface lengthsa0 andb0 .
According to simple two-dimensional diffusion with a squa
boundary condition, the characteristic timet is proportional
to a function of the surface lengthsa0 andb0 :

t}S 1

a0
2

1
1

b0
2D 21

. ~4!

Now we can discuss the effects of the surface lengths on
absolutet by using this relation in conjunction with the two
dimensional diffusion. In Fig. 3~b!, t is replotted as a func-
tion of the right term of Eq.~4! ~open and closed circles!.
This expression supports the idea that the mechanism o
swelling and shrinking kinetics in the present system ob
the two-dimensional diffusion equation. In order to confir

FIG. 3. ~a! Characteristic timet for the gels with differenta0 on the swell-
ing ~open circle! and the shrinking~closed circle! processes, and for the gel
with different c0 on the swelling~open triangle!. ~b! Replot of t against
(a0

221b0
22)21 for the gels with differenta0 . Three data are appended t

confirm the model~closed square! by changingb0 .
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the above considerationb0 was also changed to between 12
and 20.3 mm. Three examples are appended in Fig.~b!
~closed square!, which successfully show the validity of th
model to the present system.

It should be noted that the absolutet on shrinking is
much smaller than that on swelling. One of the reasons
the smallert in the shrinking process can be attributed to t
absolute diffusion constant;D at 30 °C is larger thanD at
11.5 °C.14 This is becauset is expected to be inversely pro
portional toD. However, this evidence might not be goo
enough to explain the much smaller value on shrinking co
pared with that on swelling~approximately one second!. It is
important to take into consideration the possibility of t
network orientation that might be introduced at the gelati
During the polymerization the monomers in the pregel so
tion were first under the influence of thermal fluctuation, a
after reaching the gel point the fluctuation became fro
into the gel network. Since the present polymerization is
exothermic reaction, the thermal convection in a thin sp
between two slides should have an important role in de
mining the network structure. If the thin-plate gel is orient
vertically, the kinetics should be strongly affected. This is
important subject for future investigations.

It is also worth mentioning that in the kinetics of thin
plate gels with the rectangular surfaces, the square-po
law betweent and a0 can be realized under two specifi
conditions. First, the shorter surface length must be neg
bly smaller than the longer one (a0!b0). Second, the sur
face must be a perfect square (a05b0). Estimated from Fig.
3~b!, the characteristic timet for the gels with a 0.130.1
mm2 surface is roughly 1 min, which is on the same order
the absolutet for the cylindrical gels with 0.1 mm diamete

IV. CONCLUSIONS

The swelling and shrinking kinetic of thin-plate NIP
gels under mechanical constraint~the top and bottom sur
r
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faces chemically clamped on the glass plates! was investi-
gated by measuring the macroscopic thickness changes
tween two swollen states by the temperature jumps. T
thickness exponentially approaches the equilibrium value
cept immediately after the temperature change. We fo
that the characteristic time is uniquely determined by
lengths of the constrained surfaces, and not by the thickn
at gelation. The relaxation is essentially the same as the t
dimensional diffusion phenomenon. The present fundam
tal findings are of crucial importance not only for unde
standing the nature of the volume change of gels~the
development of new science! but also in establishing the
foundation for future practical applications of gels.
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