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Kinetics of one-dimensional swelling and shrinking of polymer gels
under mechanical constraint
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The swelling and shrinking kinetics of thin-plate p@Wisopropylacrylamidggels 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.2@21 American Institute of Physics.
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I. INTRODUCTION mental results are qualitatively consistent with the theory,

which is related to the fact that the swelling and shrinking of

‘gels are isotropic and the gel can freely swell and shrink
along the three-dimensional direction. So far no experimen-
tal observation has been reported on the anisotropic swelling
and shrinking of gels.

In this paper, we report for the first time the kinetics of
thin-plate NIPA gels with rectangular surfaces under me-
chanical constraint. The swelling and shrinking were re-
stricted along the two-dimensional direction along the sur-
face; the gel could only swell and shrink along the one-
dimensional thickness direction. The time evolution of the
au(r,t) ) thickness between two different swollen states at 11.5 and
— —bvauny, (1) 30°C was measured by abruptly changing the temperature.

We investigated the effects of the gel sizé®o surface

whereu is the displacement of a point on the polymer  |engths and thicknessn the swelling and shrinking kinetics.
network at timet from its average location an® = (K

+4u/3)/f is the collective diffusion constant of the polymer
network. This equation predicts that the relaxation tinef

a spherical gel is proportional to the square of the diamtter ~ The gels were prepared at the ice temperature by a free
and is inversely proportional tB: 7d?/D. For cylindrical  radical polymerization reactiérin water between two glass
and disk-like gels with symmetrical geometry, the theoryplates(slides separated by thin spacers. The pregel solution
was extended by taking the shear relaxation intowas the mixture of purified NIPAmain constituent, 7.8 g,
consideratiorf. These expressions have been used to analyz€ohjin), N,N’-methylenebisacrylamidécross-linker, 0.133
kinetic properties when the motion of the polymer networkg, Wakag, andN,N,N’,N’-tetramethylethylenediamingc-
solely governs the kinetics in response to a change in aBelerator, 24Qul, Wako), which were dissolved in pure water
environmental condition. The square-power law has been ex100 g, deionized and distilled wajeAfter being fully satu-
perimentally investigated on the thermoresponsive @6ly rated with nitrogen, the pregel solution was stored at the ice
isopropylacrylamide (NIPA) gels*® This investigation is temperature, and ammonium persulfé@e04 g, Wako was
reasonable since the thermal diffusion is much faster than thgdded to the solution to initiate the polymerization. The pair
collective diffusion of the polymer network. Although a of two glass plategslides for an optical microscope 26.0
power smaller than two and the initial deviation from the x76.0 mnf) was immediately inserted into the solution. The
single exponential function have been repoft@@most all  pregel solution was brought into the thin space by capillary
previous investigations have been discussed on the basis gétion. In order to chemically clamp the gel on the slides
this collective diffusion relative to the solvent. The experi- Bind Silane(Pharmaciawas used to rinse both slides before
they were dipped into the pregel solutidhe slides were

3Author to whom all correspondence should be addressed; electronic maifilanized by the Bind Silane, GH
suzuki@post.me.ynu.ac.jp =C(0O)C(CH3)OCH,CH,CH,Si(OCHg);  (y-methacryloxy-

It has been well established that the kinetics of gel swell
ing and shrinking is governed by the collective diffusion of
the polymer network relative to the solvénthe kinetics is
related to the elasticitybulk modulusK and shear modulus
w) as well as the frictionf between the polymer and the
solvent'~’ In accordance with the kinetic theory of the col-
lective diffusion of gels, a single exponential decay with
time has been experimentally confirmed, which is valid for
spherical, cylindrical, and disk gets® The macroscopic ki-
netics can be described by

IIl. EXPERIMENTAL METHOD
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FIG. 1. Schematic illustrations of the thin plate NIPA gels synthesized
between two slides. Both surfaces are chemically clamped on the glasses.
The samples with different thickness and width were prepared.

propyltrimethoxy-silang which added the reactive meth-
acrylate groups onto the slide surfaces so that NIPA,
CH,=CHCONHCHCHjy),, became chemically bound to the
groups during polymerization. The gelling solution was
stored at the ice temperature for at least 12 h to allow the
gelation process to be completed. The clamped gels were
subsequently immersed in a large amount of pure water to
wash away residual chemicals and unreacted monomers from
the polymer network. A sample shape is schematically
shown in Fig. 1. To obtain the effects of the surface length,
we set one of the surface lengthg at the width of the slide
(26.0 mm) except in the additional experimentmentioned
laten, while changing the other lengty, to between 4.2 and
58.9 mm by cutting the slides together with the gel using a
diamond cutter. In this case, the thickness of the gel at gela-
tion cq was almost constant, 0.2®.03 mm. To measure the
effects ofcy, on the other hand, several spacers with thick-
ness ranging between 0.14 and 2.6 mm were used in order to
obtain a differentcy. In this casea, was almost constant,
9.5£0.5 mm. The sample was set in a small thermostat bath
with water, and the temperature was regulated to within
+0.05 °C. A step-like change in water flow was made be-
tween 11.5 and 30 °C where the circulating initial water tem-
perature was abruptly increased to the final temperatures by
switching the water flow from one water bath to another.
The thickness of the gel was measured by an optical mi-
croscope, connected to a calibrated charge coupled device
apparatus.

Ill. RESULTS AND DISCUSSION

When the external temperature was rapidly changed,
gradually approached to the equilibrium value. The time evo-
lutions of the normalized thickness'cy on swelling pro-
cesses are shown in Fig(a? for the gels with different,
values, and in Fig. ®) for the gels with different values.
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FIG. 2. Time evolution of the normalized thicknes&, in response to a
temperature jump from 30 to 11.5 °(y) for the gels with different,, (b)
for the gels with different,, and(c) the normalization ofa) using Eq.(2).
The thickness changes exponentially except at the beginning just after the
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increasingay, while it does not depend oty. As is shown C, (mm)
in Fig. 2(c), the time evolution was found to be well- 0.0 0.5 1.0 15 2.0 2.5
described by a single exponential: i (;)' L
i
c=c;+Ac(1—e W), ) Al
wherec, is the initial thicknesgat 11.5 or 30 °Q, Ac indi- 10° ° ]

cates the total thickness change ¢, —cg; cg is the final
thicknes$, and 7 represents the characteristic time of swell-
ing or shrinking. Note that the slight deviation from the ex-
ponential immediately after the temperature change can be
seen and is similar to the results on the gels without me-
chanical constraint? This could be due to extrinsic factors,
such as the excess internal stress introduced by initial sample
handling while the glass was being cut, or to intrinsic factors,
such as an imperfection in the network structtf@he net-
work structure at the mesoscopic level is constructed of
highly cross-linked microgels connected by a loose 10° &
network!! This unique structure can be introduced during 0
the gelation process, which would affect deviation at the ini- a, (mm)
tial stage.

Figure 3a) shows the effects od, andc, on the abso-
lute 7, obtained by the least-squares fitting to E8). One x10’
can see that evidently depends oa, but not onc,. (Note
that ris scaled by neitheay norcg, such as a simple square-
power law. This observation implies that the relaxation i
along the thickness directiofwithin the present thickness 15k
range is much faster than that perpendicular to the thickness E i
direction. It has been experimentally shown that the volume v i
change of gels begins at the surfaces for spheres, cylinders, 10}
and plate$;>*? which indicates that the free surface has an [
important role in determining the kinetics. In the present i
case, the relaxation in response to a temperature jump is St
expected to begin at the unclamped side surfaces and can
spread to the center portion with time. In a swelling process,
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the swelling develops from the outésurface to the inner 0L L T
(bulk) portions; the precedindoutep swollen portion is -1 <10°
compressed and the delaydmhner) portion is stretched (#+%) (mm)

along the one-dimensional thickness direction. Therefore the

observed thickness can be determined by the change in ti#G. 3. (a) Characteristic time- for the gels with differeng, on the swell-

free energy of the systemG resulting from the average ing (open circlg and the shrinkingclosed circlg processes, and for the gels

contributions of the outer and inner portions. According tow'q]zf'g?ge'_“l‘}" o the lswe'_'t';gé_c;fpe” tga”%'ﬁ (b) deplot of 7 aga(;”ztt

the Flory-Huggins theofy AG consists of two contributions (@ +bo )" _for the ges with differenty,. Three data are appended to
Yy g.g Y confirm the modelclosed squapeby changingbg .

of the osmotic term(mixing free energy AG,,, and the

elastic term(elastic energy AG,. We can estimatdG in

the present system by calculating the loss and the gain of . ,

AG,, through the following first approximation. Suppose thatKinetics can be determined by the surface lengiiandbs.

there is a discrete boundary between the preceding and tfeecording to simple two-dimensional diffusion with a square

delayed portions. If the sum of the changes in the elasti@oundary condition, the characteristic timés proportional

energies of the outer and of the inner portions is zero, on&® & function of the surface lengtlag andby:

can assume 1 1\t
x| — + — 4
S(c—cg)+ (aghy—S)(c—¢)=0, &) T a: b3 @

where S denotes the surface area of the preceded portioMNow we can discuss the effects of the surface lengths on the
This equation results in the thickness change; c, absoluter by using this relation in conjunction with the two-
=(Aclaghg) S, which indicates that the time evolution of the dimensional diffusion. In Fig. ®), 7 is replotted as a func-
thickness should be proportional & These considerations tion of the right term of Eq(4) (open and closed circlgs
suggest that the relaxatigsingle exponential decayf the  This expression supports the idea that the mechanism of the
thickness is essentially equivalent to the two-dimensionaswelling and shrinking kinetics in the present system obeys
diffusion phenomenon, therefore the swelling and shrinkinghe two-dimensional diffusion equation. In order to confirm
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the above consideratidy, was also changed to between 12.8faces chemically clamped on the glass plateas investi-
and 20.3 mm. Three examples are appended in FHigl. 3 gated by measuring the macroscopic thickness changes be-
(closed squane which successfully show the validity of the tween two swollen states by the temperature jumps. The
model to the present system. thickness exponentially approaches the equilibrium value ex-
It should be noted that the absoluteon shrinking is  cept immediately after the temperature change. We found
much smaller than that on swelling. One of the reasons fothat the characteristic time is uniquely determined by the
the smallerr in the shrinking process can be attributed to thelengths of the constrained surfaces, and not by the thickness
absolute diffusion constanD at 30 °C is larger thaD at  at gelation. The relaxation is essentially the same as the two-
11.5 °C* This is because is expected to be inversely pro- dimensional diffusion phenomenon. The present fundamen-
portional toD. However, this evidence might not be good tal findings are of crucial importance not only for under-
enough to explain the much smaller value on shrinking comstanding the nature of the volume change of gélse
pared with that on swellingapproximately one secondtis  development of new sciencéut also in establishing the
important to take into consideration the possibility of thefoundation for future practical applications of gels.
network orientation that might be introduced at the gelation.
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