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Swelling and stress—relaxation under tension for dlisopropylacrylamide (PNIPA) hydrogels

have been investigated in water and in liquid paraffin at various temperatures. Initial Young'’s
modulus is much enhanced due to the change from the swollen to collapsed state, but no difference
has been observed in the initial and osmotic Poisson ratios for the gels not only in the collapsed but
also in the swollen states. The enhancement of modulus originates from the introduction of physical
crosslinks in the collapsed state. In liquid paraffin, the gels in the collapsed phase show large degree
of stress reduction in the course of stress—relaxation due to the breakdown of the physical
crosslinks. The stress—relaxation induced by swelling is observed for both phases in water, but the
degree of stress reduction is larger in the collapsed phase than in the swollen phase. A comparison
between experimental results and theory applicable to swelling and swelling-induced stress—
relaxation is made to show that the agreement is not so good. For the stress—relaxation of the
collapsed gel in water, it is suggested that the swelling couples with the breakdown of physical
crosslinks at short times, and the trance of the coupling is observed even at long timg802©
American Institute of Physics[DOI: 10.1063/1.1507103

I. INTRODUCTION havior of polyacrylamide (PAAm) hydrogels under tension.
The stress relaxation induced by the swelling under tension,
a kind of coupling between mechanical stress and swelling
S('c')r, diffusion), was observed for the geldVhen a constant
strain is applied to the gels, the gels slowly re-swell to an
equilibrium volume, and the applied stre@s, force de-

Poly(N-isopropylacrylamide (PNIPA) hydrogels have
been used to investigate nature of the volume phase tran
tion of polymer gels: The volume phase transition of the
PNIPA gels is induced by an infinitesimal change of tempera

tre, and'r';\ swollen state emerges at temperatures lower th ases with almost the same rate as the volume change to an
the transition temperature of ca. 35°C and a collapsed phaseequilibrium value. A simple theory describing the swelling-
takes pla_ce gbove the transition temperature. Polymer nel-juced stress—relaxation has also been propd¥etlow

work chains in the swollen state are solvated by the hydrop, o opanjcal stress couples with diffusion gives information

phob|c_ hydratlorf, and thgs are very flexible, giving the on the structure, and therodynamical and mechanical proper-
gels with rubberlike behavior. In the collapsed state the gelﬁes of polymer gels. In this study, we investigate swelling

E:rcr)]ntamtsolvken:]madg, ?ﬁt the”amo%ntfftsolvent: IIS' veré/ ltow'and stress—relaxation behavior of PNIPA gels in the col-
le r:e(;/vor.thc a|:1s n Ie ch> apse hsda € arebe |§_ve ?hbﬁpsed state as well as in the swollen state. The results ob-
solvated with water molecules by nydrogen bonding. ained are compared with the thedt) summarized in Sec.

volume phase trqnsmon of P.NIPA gels originates .ffom theII. A new type of stress—relaxation occurring in the collapsed
change of solvation mechanism around the transition tem

perature. The collapsed phase may show different behavic?rhase 's modeled in terms of a rate equation.
from the swollen state due to its high polymer content, but

how the collapsed phase really behaves is still unclear be-

cause of lack of information on the structure and propertiel. THEORETICAL BACKGROUND

of the collapsed phase. The original theory of the volume The change of the Gibbs free energyR) of an isotro-

phase transition of polymer gels proposed by Tanetkal® . . . . .

is based on the Flory-type free energy. The theory can expPic, cub|c_ polymer gel, with unit volume befgre defo.rmatlon

plain the volume phase transition of charged polymer gels(,namely, n the reference stateinder an applied tensidr)

but cannot be applied to PNIPA gels because they are basia" be given by

cally neutral. A new theory has been required to describe th

volume phase transition of PNIPA gels, and to build up thegF: NskgTLIN(1= ) +x¢]

theory, structure and properties of the collapsed state must NckgT 5 )

also be clarified. +— laj+2ai=3-Inejai]-f(ey=1). (1)
In the previous papers® we have shown swelling be-

Here,N; is the number of solvent molecules, akgl, T, and
dElectronic mail: takigawa@rheogate.polym.kyoto-u.ac.jp ¢ are, respectively, the Boltzmann constant, the absolute

0021-9606/2002/117(15)/7306/7/$19.00 7306 © 2002 American Institute of Physics

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Swelling and stress—relaxation of gels 7307

temperature, and the polymer volume fractignbeing the  constitutive equation to polymer gels. The equation of mo-
polymer—solvent interaction parameter. The quaniityis  tion for the element in the course of swelling under tension is
the number of active chains in the gel, amdand«, are the  given by°

stretch ratios parallel and normal to the applied tension, re-

spectively. From Eq(1) swelling (or osmotig¢ stresses par-
allel and normal to the tensiorll{ andIl, , respectively
can be defined By

dVes
dt

¢ Vsps- (6)

Here, { is the friction coefficient between the polymer net-

1 9AF work and solvent molecules, ang is the displace vector
= m corresponding to the osmotic straigs. From Eqgs.(4) and
(6), the time(t) evolution of volume of the element can be
k described by*°

.
P [IN(1— ¢)+ b+ x$?]

14

J
7 _ 2
NokoT 1 ¢ o Truee=D V2 Trug, (78
2o 20y~ — |~ —7, (2
1 I @, 9
. 1 IAF a—t(VXvos)=DTV2(V><vos) (7b)
L 2qqa, da; with
LI NCkBT(Z ! ) Kost (4/3)G G
- Vg [n( ¢) ¢ Xd) ] ZCYHCYL L | DL:%y DT:Z (8)
(2b)

Equation (7a) holds foru as well asu,s, as long asug
0=1/2 because Tu,=0 in this case. For the swelling of a
long rectangular gel with a square cross section in the course
of stress relaxation, the change of volume actually corre-
sponds to the change in the cross-sectional &8and S
obeys the following equatioh:

with vs=(1—¢)a”af/NS, and these stresses must be zer
at equilibrium. Suppose that bothandf are small enough,
linearized equations for E@2) give to the osmoticor, equi-
librium) Poisson ratio f.,) of 1/6 and the equilibrium stress
(0, 0.,=fla®) of 7Ge /3. Here,G is the shear modulus
given byG=N_.kgT, andg¢, is the strain parallel to the ten-

sion and is related tey, ase;=a,— 1. 128[ %% 4
To describe swelling kinetics of the gel under tension, ~ S=So|1-3—7 % 2z X~ Kl + e |

constitutive equations as well as the equation of motion are
required. These equations are applied to a small volume el-

. ) s (mo=21/12, u.=1/6).
ement in the gel specimen. Both of the total stress and strain

€)

tensors for the volume elemefgtandu, respectivelycan be  Here,
ivi into tw mponents:
divided into two components: k e D2 )
S= SOS+ Se 1 u= uOS+ ue " (3) mn— 27'|_ N aé

Here, s, and u, are, respectively, the external stress and

. ) " ; and So(zag) is the cross-sectional area of the gel in the
strain corresponding to the applied tension, apdand g _reference state, and andn are odd integers. Equatidiib)

are the osmotic stress and strain, respectively, which are iz o gel in the course of stress relaxation lead§ to
duced due to the free energy change by the applied tension.

When the gel is a linear elastic body is related tou,
a0

Sos= 2G[ Ugs— %(TI’ Uog) 1]+ Kod Tr(Ugs— Ugsg) 11, 4

wherel is the unit tensor, anl s is the osmotic bulk modu-
lus related tou,, and G as K e=2(1+ u..)G/3(1—2u.),
Ugse bEINg UGS at the long time limit. On the other hang,
andu, are related with each other'ds

J 2

ot Yos) = D1Vl (10
whereu,g is the component ofiys parallel to tension. The
global stressr is given from the combination of E¢3b) and
the solution of Eq(10) as®

odd
1

GEH 128
T 2 e

o(t)= = (11

exp(— krl‘nnt)
®)

if Poisson’s ratio as a material constdimtitial Poisson’s ra-

Se=2GUu—pl
with

tio, uo) is 1/2. The quantityp is a constant determined by a
boundary condition. The quantiti€s and xy remain con-

m?+n? Dymi(m?+n?)
I _ p—
mn— - 2
ao

2 T

stant in the course of swelling under tension and are identical

to those without swellinde.g., the measured values in)air
Because polymer gels actually hayg close to 1/2, the
value at the incompressible limit, E(p) is applicable as a

Equation (11) is based on the assumption that, =2(1
+ u.)Ge=(7/3)Ge¢(u..=1/6) and the initial stressofy) is
given by 09=2(1+ uy)Ge=3Ge(no=1/2). It is also
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FIG. 1. Temperature dependence of equilibrium volumeof the cylindri FIG. 2. Stresgo) plotted against straine() for the PNIPA gel in water at

cal PNIPA gel. phyeh
noted that the ratio of, to r¢ is given by /m=D+/D_
=2/5 for .= 1/6. IV. RESULTS

The phase behavior of the PNIPA gel in water was pre-
liminarily investigated. Figure 1 shows the temperat(fre
PNIPA gels were prepared by radical copolymerizationdependence of the equilibrium volume of the PNIPA gel pre-
of N-isopropylacrylamide (NIPA) and N,N-methylene- pared in a thin glass tube in diameter of about 200. The
bis(acrylamide(BIS) in distilled water. Ammonium peroxo- gel had the same monomer composition and concentration as
disulfate (AP) was used as an initiator, and N, N,’,N those used for the mechanical measurements, and the volume
N’-tetramethylethylenediamind EMED) as an accelerator. in the figure(v) was calculated by using the values of diam-
The total monomer concentratiocy) was settled to be 15 eter and distance between two marked points in the axial
wt. %; 0.153 mol of NIPA, 2.5%10 3mol of BIS, 6.13 direction. The volume of the gel decreases with increaging
X 10” % mol of AP, and 24Qul of TEMED were dissolved in  and the curve on heating agrees well with that on cooling.
100 g of distilled water. The pregel solution was poured intoNo discontinuity is also observed on the curves, indicating
a metal mold to prepare rectangular gels for mechanical testthat the gel does not undergo tli@iscontinuous volume
and the gelation was performed at 4 °C for 24 h. After gelapphase transition. Due to the continuous change of volume, a
tion, the gels were removed from the mold, and were mainphase boundary between the swollen and collapsed phases
tained in water at room temperature for 3—4 days and then isannot be defined exactly for this gel, but in this paper we
water at 65 °C for 2—3 weeks to remove residual agents. Theall theT region higher than-34 °C the collapsed phase, and
cross section of the gel specimens was square in shape atfte region lower than that temperature, the swollen phase.
the area was ca. 3.5 mx8.5 mm in the collapsed phase at Figure 2 shows the stregs)—strain () curve of the
the temperature equal to or higher than 40°C and ca. ®NIPA gel in water at 40°C. The maximum straig,)
mmx6 mm in the swollen phase at 30 °C. applied to the specimen was 0.5. At low strains a linear re-
Stress—strain and stress—relaxation behavior unddation exists betweemr and ¢;, but a downward deviation
uniaxial elongation was examined by using an Orientemccurs foro at large strains. Similar behavior was observed
RTM-500 tensile tester with a liquid bath. The filling solvent commonly for the collapsed gels at the otien water as
in the bath was water or liquid paraffimonsolvent for  well as in liquid paraffin. For the gels in the swollen phase at
PNIPA), and the temperature of the solvent was controlled30 °C (both in water and liquid paraffjnonly a linear region
within £0.5°C. Liquid paraffin was used to investigate was observed owo—¢, curves because the specimens failed
stress—relaxation behavior without re-swelling by the appliedat relatively low strains. Initial Young’s modulusg) for
tension. The initial length for elongation was 0.5 to 1.0 mm,PNIPA gels estimated from the initial slope @f¢, curves
and the crosshead speed was 0.5 mm/min. The magnitude fufr €,,,,=0.1 is listed in Table I. The values & are inde-
imposed strain for stress—relaxation experiments was ca. 0.pendent ofT as well as of the type of outside solvent in the
The change of width and length between two marked pointgollapsed phase, and the values in the swollen pliase
parallel to elongation were monitored by the combination 0f30 °C) are also independent of the type of outside solvent.
a CCD camera and a TV monitor. Initial Poisson’s ratjoyn ~ Figure 3 shows a plot of-In o, against Iny; for the gel in
was determined by the slope of the best fit line to the plot ofwvater at 40 °C in the course of elongation &f,,=0.1. Al-
—In e, versus Iny,. though the data points are a little scattered, a linear relation

IIl. EXPERIMENT
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TABLE I. Initial Young’s modulus E,), initial Poisson’s ratio f,), osmotic Poison’s ratiog..), relaxation
time determined by volume change,j, degree of stress reductiong), and relaxation time determined by
stress—relaxations(;) for PNIPA gels at various temperatures.

Solvent Phase T/°C Ey/10°Pa Lo e n10ts  rg 7,110 s

Paraffin ~ Swollen 30 0.063 0.450.01 0.13 0.0.05
Collapsed 40 15 0.43%0.02 0.30 2.60.5
Collapsed 60 1.6 0.450.01 0.29 1902

Water Swollen 30 0.060 0.430.02 0.24+0.01 4.0-0.3 0.25 6.%*2.0
Collapsed 40 15 0.43x0.01 0.26+0.01 1.3-0.5 0.53 3.#0.2
Collapsed 45 16 043001 02Q+001 1.3-04 058 3.60.3
Collapsed 50 15 0.46:0.01 0.22+0.01 1.3-04 046 3.30.2
Collapsed 55 17 044001 024+001 0903 055 2.60.2
Collapsed 60 1.7 0.4%0.02 0.22+0.01 0.8:0.2 049 2603

is observed for the data points, and the slope of the best fifable I. The values ofy in the collapsed phase appear to be
line givesuy=0.430. The values ofiy at various tempera- weakly dependent oif, and are much smaller than that in
tures are summarized again in Table |. The values remaithe swollen state. The gels in liquid paraffin re-swelled nei-
almost constant, lying between 0.4 and 0.5, for all specimenther in the swollen phase nor in the collapsed phase.
examined, indicating that, is affected neither by the type Figure 6 shows thd dependence of after 10% elon-
of phase nor by the type of surrounding solvent. gation in the swollen state at 30 °C. In waf€&ig. 6(a)], the

In Fig. 4 thet dependence of, after 10% elongation for stress decreases monotonically with increasiagd reaches
the PNIPA gel in water at 30 °C is shown. This clearly dem-an equilibrium value at about>210° s, while the equilibra-
onstrates that the gel starts to swell by the application ofion of stress occurs in a much shorter time scale in liquid
tension. The volume increases very steeply at short timeparaffin [Fig. 6(b)]. The degree of stress reductiong) is
and reaches a constant value around1x10°s. The defined by using the initial stregthe stress just after elon-
equilibrium value of €, (e, ) for this gel leads gation;og) as
Moo=~ €] o/ €may=0.246, which is much smaller than the oo
corresponding value of(0.433). The similar plot for the rszu_ (12)
gel in water at 40 °C is shown in Fig. 5. Even in the col- %o
lapsed state, the gel shows the re-swelling due to the appliethe value ofr is listed in Table | together with the longest
tension, andu.. for this gel specimeri0.266 is close to the  relaxation time for the stress—relaxation,] corresponding
value in the swollen state at 30 10.246. The values ofu..  to 7 in Eq. (8). For liquid paraffinr is 0.13 while that for
at the other temperatures are tabulated in Table I, togetheyater is 0.25. The relaxation time, is much smaller for
with the above data. The values pf. are almost constant Jiquid paraffin than for water. Similar plots for the gels in the
over the wholeT range examined. The longest relaxation collapsed phase at 40 °C are shown in Fig. 7, enand 7,
time determined from the swelling curve\(), which corre-
sponds tor in Eq. (8), at variousT are also summarized in
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lna// FIG. 4. Time(t) dependence of strain perpendicular to elongatien for

the PNIPA gel at 30°C. The applied maximum strain for elongation is
FIG. 3. Aplot of —In «; against Ina; for the PNIPA gel in water at 40 °C.  0.108.
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0.6 % 30°C i
are listed in Table I. Although the absolute valuergfat ) ‘ in paraffin
40°C is quite larger than that at 30 °C both for water and
liquid paraffin, there exists a large differencerinbetween g
the two outside solvents at 40 °C. However, the time profile == 05 F J
of stress for the two specimens at 40 °C lies in the same time =
domain, differently from the gels in the swollen state at
30°C. The values of¢ and 7, for the other specimens are
summarized in Table I. As can be seen from the tahles 04 -
almost independent af both in water and in liquid paraffin,
and the values in liquid paraffin are higher than those in
water. Concerning,, the two values for the collapsed phase
in liquid paraffin are close to each other and are slightly low 0.3 : ’ ' '

. . 0 5 10 15 20 25
compared with the values in water.
(b) t/10%

V. DISCUSSION FIG. 6. Plots of streséo) vs time (t) for PNIPA gels at 30 °C in wate(a)

and in liquid paraffin(b). The applied maximum strains for elongation are

A. Mechanical properties 0.108 for water and 0.101 for liquid paraffin.

As can be seen from TableH, in the collapsed phase is
almost constant, resulting from the fact that the volume is
almost constant in the collapsed phase above 40 °C. Itis very
interesting thak, in the collapsed phase is about 25 times|arge enhancement &, must be due to the introduction of
higher than the values in the swollen phase. The volumgsica crosslinks to the gel by the change of solvation from

ggtc:)rceases tl(:)' ca. 1/4 Of. thethvotll:rr]ne inl the swollen tsta:'te EHydrophobic hydration to hydrogen bonding accompanied by
(see, Fig. 1, meaning that the polymer concentration the collapse, and the crosslink domain appears to be com-

(c) becomes 4 times higher by the temperature elevation. Asosed of & sequence or an adareaate of hvdrogen bonds. An
is well known, E, for swollen polymer networks scales with P q 9greg yarog '

42 increase of entanglement density by the collapse, if any,
ca
P could also enhance the apparent valu&gin the collapsed
Eo~c'™. (13 state. In this case must decrease to 1/25 of the initial value

This scaling relation indicates thEt in the collapsed phase at equilibrium, but eventually the actual reduction was about
becomes higher than that at 30 °C, but the calculation basel2 (see.rs in Table ), suggesting that the enhancement of
on the above scaling law shows that the degree of enhanc&o originates from the introduction of physical crosslinks.
ment of E, is at highest 2 for the PNIPA gels, while experi- The fact thatu, depends neither on the type of phase nor on
mental results lead the enhancement of 25 times, meanirigje type of outside solvent is natural becaugéds a material
that the increase ik, in the collapsed phase dominated by constant reflecting only the materi@h this case, gel itself
the other mechanism than the change of volyorec). This  properties. The values i, for the gels are rather close to
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18 T T T T rubber elasticity is applicable to the polymer chains in the
collapsed phase. The values @f, estimated from experi-
16 PNIPA Gel . ment are slightly higher than those for PAAm déland also
co=15wt% the theoretical predictior(1/6). As stated previously, the
14 40°C - theory employed here is a linear one and is based on the
in water assumption that polymer content is low enough, and the as-
I 12 4 sumption is probably still valid for the swollen state but
X could not be applicable to the collapsed phase because the
} 10 b i polymer content in the collapsed phase amounts to 60%. At
3 least for the PNIPA gels in the collapsed state, the enhanced
i ] Mo (or, reduced the swelling ratianight originate from the
8 oo high polymer content. The values &§ in the collapsed state
00000000000 showed a weall dependence, but we think that thelepen-
6r i dence is only apparent because the standard deviatior, for
is rather larggTable |), which originates from the difficulty
4 ! ! : ! in measurement; the values in the collapsed state must re-
0 5 10 15 20 25 . .
main constant. The values Bf_ in the collapsed phase cal-
(a) t/10% culated fromr, and S, are almost comparable with that in
the swollen phase, indicating that the enhancemeiyofor
18 T T T T equivalentlyG, by the increase of is canceled out by the
16. PNIPA ?el increase of in the collapsed phadé&q. (8)].
::;,::SWM' C. Stress—relaxation in liquid paraffin
14 in paraffin ] The stress—relaxation in liquid paraffin at 30 fi@ the
swollen statg showed a small value ofg (0.13 and the
g 12 ®0ccssssscese T value of 7, was also very small. Of course, the swelling by
= tension does not contribute to this stress—relaxation process
o 10f . because the gel does not re-swell in liquid paraffin, suggest-
ing that the mechanism of this stress—relaxation is identical
st 4 to that for real elastomers, such as entanglement relaxation of
dangling chains. In the collapsed phase, the stress—relaxation
6 F N in liquid paraffin shows quite different behaviar; becomes
larger comparable to the values in water andbecomes
4 , . . . much large amounting to 0.3. In the collapsed phase, the
0 5 10 15 20 25 contribution from such as entanglement relaxation to whole
®) ¢/ 10% relaxation is negligible, and accordingly another mechanism

becomes dominant. This must be due to the breakdown of
FIG. 7. Plots of streséo) vs time (t) for PNIPA gels at 40 °C in wate(@) crosslinks by the applled tension. As stated before, phySical
and in liquid paraffin(b). The applied maximum strains for elongation are crosslinks are introduced in the collapsed phase. The applied
0.106 for water and 0.113 for liquid paraffin. tension, of course, cannot scissor the chemical crosslinks in-
troduced in the sample preparation stage, but can break down
the physical crosslinks. Actually, the downward deviation of
theo—¢; curve in Fig. 1 suggests that the physical crosslinks
are broken down by the applied tension. The stress—
relaxation due to the breakdown of physical crosslinks, as
) . observed for the gel in the collapsed phase in liquid paraffin,
B. Swelling properties can be explained by a simple rate equation, if we assume that
The values ofu., in the collapsed state was identical to the annihilation rate is proportional to an extra stresd)
that in the swollen state and remained constant indepen=o... Letn; andn, be the number densities of activiee.,
dently of T, suggesting that as long as structural changdorce supporting chemical and physical crosslinks, respec-
(such as breakage of crosslinkies not occur the collapsed tively. The time dependence of, is determined by the fol-
phase obeys the same thermodynamics, for example, tHewing equation:
Flory-type free energy expression composed of the mixing (t)
and rubber elasticity terms is also applicable to the collapsed dpt =—Kg[ Np(t) —Nnp()], 14
phase, as the swollen phase, although the breakdown of
physical crosslinks by the application of tension actually oc-whereky is a rate constant for crosslink annihilatian,(>)
curs in the collapsed phase to some extent, as will be disseing the final value oh,, Eq. (14) gives the relaxation
cussed later. The network chains in the collapsed phase aneodulus G(t), applicable to the long time region, of the
flexible as in the case of swollen phase because the theory &rm

1/2, the value of the incompressible limit, and agree well
with those reported for PAAmM géfsand polyvinyl alcoho)
gels!*
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G(1) under tension. The fact th&t,=ky, which is the result in
I<B_T~[n°+ Np()]+[Np(0) —np() Jexp( —Kqt). the long-time region, may be the trace of the coupling in the
(15) short-time domain. To clarify this point, more extensive and

precise experiments will be needed.
Here,n,(0) is the initial value oh,. The rate constark; is
equal to 1#, for liquid paraffin. Once a physical crosslink is v|. CONCLUSIONS
broken in the course of stress—relaxation, the broken frag- ) .
ments will again form a new crosslink. This means the total Itwas clearly shown .f“”T‘ experlmeljt that PNI.PA gels in
number of physical crosslinks remains constant indepenWater swell by the application of tension evenin _the COIT
dently oft, but the new crosslink never participates in stress,jalosed state, where the polymer content is very high. This
the number of active crosslinks decreases monotonicall _USt suggest that the coll_aps_ed phase has a network structure
with increasingt. ith flexible polymer chains just as a swollen phase. It was
identified that whole stress—relaxation of PNIPA gels is com-

D. Stress—relaxation in water posed of three contributions: relaxation observed commonly

In the swollen state at 30°C, the gel in water showed®©r elastomers, breakdown of physical crosslinks, and
larger values of  and 7, compared with the specimen in swelling-induced relaxation. An expression for the relaxation
liquid paraffin, indicating that the stress—relaxation in watermedulus originating from the breakdown of physical
is strongly controlled by the swelling under tension. The ra-Crosslinks, applicable to the long-time behavior of stress—
tio 7, /7, at 30°C is 0.66 while the theory in Sec. Il gives relaxation of the PNIPA gels in the collapsed state in liquid
the value of 0.40. Although it is unclear at present why theParaffin, was presented. The expression was also extended to
difference occurs between the experimental and theoretic@PPlY t0 the long-time stress—relaxation behavior of the col-
values, PAAm gels have also shown larger values of the ratitPSed gels in water, where the relaxation due to breakdown
close to unity’ The difference i ¢ between the gels in water of physical crosslinks as well as swelling under tension is
and liquid paraffin(0.12, which corresponds to the stress dominant. The results on the stress—relaxation of the PNIPA

reduction originating from pure swelling, is slightly smaller 9€!S in the collapsed phase in water suggested that swelling

than the theoretical value of, (0.22. couples with the breakdown of physical crosslinks in the
In the collapsed phase, the gel in water showed an ershort-time region, and the coupling affects the long-time be-

hanced stress reduction, larger valuerof compared with havior of the swelling and swelling-induced stress relaxation.

the gel in liquid paraffin, indicating the existence of the A comparable theory with experimental results on the swell-

swelling-induced stress—relaxation even in the collapsedd and swelling-induced stress—relaxation was briefly intro-

state. The stress—relaxation in the collapsed phase must haJiced., and the comparison with experiment was made. The

three origins: relaxation observed commonly for elastomerd1€0ry was not able to explain the experimental results on the

such as entanglement relaxation, breakdown of physicaiVelling and swelling-induced stress—relaxation of the

crosslinks, and swelling by the application of tension. ThePNIPA gels in the quantitative level. A more refined model

values ofr and 7, in the collapsed phase are scatteregWill be required to understand the entire picture of the swell-

g . .

(Table ), but both quantities appear to remain almost coniNd and stress—relaxation of collapsed PNIPA gels.

stant over thd range examined, suggesting that the percent-

age contribution from each origin to whole relaxation is un- 2(1'9';11;0""’“"""" T. Tanaka, and E. S. Matsuo, J. Chem. Pijs. 6379

Chang?d _Over theTl region of 40-60°C. The _Iong-tlme_ 2S. Horotsu, Y. Hirokawa, and T. Tanaka, J. Chem. PBys1392(1987).

behavior is controlled by the latter two contributions. In this 3s. Hirotsu, J. Chem. Phy88, 427 (1988.

case, the long-time behavior in stress—relaxation may be de;fH- Inomata, S. Goto, and S. Saito, Macromolect8s4887(1990.

: : : : M. Tokita and T. Tanaka, J. Chem. Phg&, 4613(1991).
scribed by the combination of Eq15) and an asymptotic 5M. Shibayama and T, Tanaka, Adv. Polym. SK09, 1 (1993,

form of Eq. (11); namely, by the following equation: 7S, Saito, M. Konno, and H. Inomata, Adv. Polym. SH)9, 207 (1993.
8T. Tanaka, L. O. Hocker, and G. B. Benedek, J. Chem. P§9s5151
KgTe , (1973.
o= 3 + ?exq B kllt) {[nc+ np(oo)] °T. Takigawa, K. Urayama, Y. Morino, and T. Masuda, Polym(Takyo)
1025, 929(1993.
_ _ T. Takigawa, K. Urayama, and T. Masuda, Polym. Gels Netw@ks9
+[Np(0) — np() Jex —kyt)} (16 T

_ _ o ) ne .
The experimental results fOer in Table I.mdlcate thakl.l 123. glr?\’ts 'llj'rilnoda)rb,\ﬂ?en;m/;és r(;)f/SR.usb(i)ce'r‘]Eﬁ’I'z'siLi2i0t28r5(]j-gesd(‘:?(.Oxford Uni-
=kgy. In the early stage of stress—relaxation of the gels in the gty press, London, 1958

collapsed state in water, both breakdown of physical3T. Takigawa, Y. Morino, K. Urayama, and T. Masuda, Polym. Gels Net-
crosslinks and swelling occur simultaneously inside the gelsl,4works 4,1(1996.

and the breakdown must accelerate swelling; namely, swell- ﬁgg:;ayama' T. Takigawa, and T. Masuda, Macromolecués 3092
ing couples with the breakdown of physical crosslinks. Thes Takligawa, Y. Morino, K. Urayama, and T. Masuda, Polym(Takyo)

coupled swelling thus changes the rate of stress—relaxation2s, 1012(1996.

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



