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We willpresemn the volume pha® transition of cylindricd pdiisopropylacrylamid (NIPA) gels

unde large distortion along the uniaxid direction The neutrd and slightly ionized NIPA gels were

synthesizd
longitudind deformatian ratiog, (the ratio of the stretche lengh to the equilibrium lengh in the
swollen stat at 30 °C). By keepirg the longitudind lengh constant we hawe simultaneously
measurd the equilibrium diamete ard the force as functiors of temperatureThe swelling curves
of the neutrd NIPA gels including the volume pha® transition temperatug were obtainal for
severd deformatios in the range betweena;=1 and a;,=6. With increasinge,, the transition
temperatue increasd up to 1°C in the smal deformation below o~ 3.5, and it saturatd and
slightly decrease in the large «; abovea;~4. At the transition temperatue on heating the force
to keep the lengh constan increasd discontinuoust in the smallg region below a;~3.5. The
magnituc of this steplike chang in the force began to decreas in the vicinity of «;~3.5, and
hereafte exhibited negative chang abovee,~ 4. In the cas of the slightly ionized NIPA gels these
effects cane into play at an earlie stage tha is, at smallerq;, becaus of the prestretchig due to
the ionic pressure The presemn observationsespecialy for the strorg deformation above o~ 4,
were discussd by the equatio of states of strongly stretch@ hydrophobe gels on the bass of the
extendd Flory-type free energy taken into accoun the non-Gaussia effect © 1997 American

in submillimete diameter The gd was stretché along the uniaxid direction with the
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I. INTRODUCTION

Polyme gels are mack of cross-linkel networks of poly-
mers ard liquids, ard hawe solidlike ard liquidlike behavior
due to the elastt as well as osmott nature The interaction
betwea polyme and solvent which determines the struc-
turd properties and the unique functiors of gels has been
studied extensivey in a numbe of systens exhibiting the
volume phae transition*> Among the physicd ard chemical
properties of sudh systemsmechanichrespons of polymer
gels has been usualy examinel in the linear regime where
cross-lirk points are uniformly deformed®* On the other
hand in the strorg deformation mary chairs shoull be
stretché to somethilg approachig the full lengh of the
chain then one shout take into accoun suc effect as well
as the deviatiors of the cross-lirk points from uniform de-
formation It is importart to investigaé experimentall the
limit of strorg deformation since the stres is believal to be
theoreticaly sensitive to the natue of the individud chains
which has the non-Gaussia character:® Recently we estab-
lished experimentalf the statc properties of mechanically
constrained poly N-isopropylacrylamide (NIPA) gels
throuch the pha transitin behavior’ We hawe measured
the diamete ard the force of cylindricd NIPA gels of sub-
millimeter diamete?® unde mechanichdistortion alorg the
uniaxid direction in the smalleg elongatio ratio. Both the
transition temperatue ard force increasd with increasing
the fixed length alorg the uniaxid direction The elastt re-
spong in the smallg deformation were quite successfully
describé by the phenomenologidanodéd on the bask of the
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extende Flory-type free energy® One can sa tha the ex-
perimenta observatio and the consistene with the theory
shoutl resut from the fact tha the deformation was small
enoudn not to evidently distub the assumptia of the Gauss-
ian behavia of the polyme networks Ther exig several
theoretich explanatios for the non-Gaussia behaviot® 2
on the large deformatios of polyme networks while afew
experimenthstudies relatal to the pha® transitian of poly-
me gels hawe bee reporta only for smal distortion of
gels®>*"°ard no experimentawork for much large distor-
tion seens to be availabk at present The understandig of
the mechanim of the response to strorg deformatian is still
not complete.

In this paper we repot further detaik of the static prop-
erties of the neutrd NIPA gels of submillimete diameter
mechanicalf constraind unde large elongatia ratio along
the uniaxid direction The NIPA gels are well known to
exhibit the volume phag transitim in respons to
temperaturé**°ard its mechanim has been attributel to the
hydrophobct interaction We will presen the changs in the
diamete and the force of the neutra NIPA gd unde net-
work traction versis temperatue during the pha® transition
betwea the swollen and collapsel statesas well as those of
slightly ionized NIPA gels to investigae the effed of ioniza-
tion. The effea of large stretd on the swelling behavie and
the force chang during the volume pha transitian for the
neutrd and slightly ionized hydrophobt gels are discussed
in qualitative terms with reference to the non-Gaussian

theory6-17
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FIG. 1. The schematis of sampe setp ard the cel for measurig the diamete and force, and their responsgto the temperatue chang of the cylindrical
NIPA gels with submillimete diameter The cell was designé to circulaie the solvert wate in the inner rectangula capillary, out of which the temperature

controlled wate can be circulated.

Il. EXPERIMENTS

Gels were prepard by afree radicd copolymerizatio in
wate unde nitrogen atmosphes at 0 °C. The NIPA mono-
mer was purified by recrystallizatio from the mixture of
petroleum ethe ard toluene The reagent and their amounts
for the neutrd NIPA gels were similar to the standad onel*
7.8 g of purified NIPA (main constituentKodak), 0.133 g of
N,N’-methylene-bis-acrylamél (cross linker, Wako), and
240 ul of N,N,N’,N’-tetramethylethylenediamir@ccerala-
tor, Wako) were dissolvel in 100 g of water. After the solu-
tion was fully saturatd with nitrogen ammonium persulfate
(Waka, 40 mg) as an initiator was addel to the solution Thin
capillaries with an inner diamete of 141.5um were inserted
into the solution® which was usel to make a uniform cylin-
dricd shape The pre-gé solution was brought into the cap-
illaries with capillaly action The jellying solution was stored
at the ice temperatue overnight in order for the gelation
proces to assune completion After gelation was completed,
the cylindricd gels were put out of the capillaries and then
immersel in a large amoun of deionized distilled wate to
wadh away residud chemicas and unreactd monomes from
the polymea networks hereafte gels were placed in clean air
to be dried The neutrd NIPA gels without constrait used in
the presemn experimen exhibit the pha® transition at 33.45
(£0.05 °C on increasiyg temperature Slightly ionized
NIPA gels were prepare by exactly the same methal as the
neutrd NIPA gels except the amour of the main constituent.
In the pre-ge solution asmal amourt (1.1699 of totd NIPA
monomes were replacel by sodiun acrylae (ionizable
monomer Nacala Tesque.

The experimenthsetyp was similar to tha used in Ref.
7; one erd of the dried gd was fixed to the capillary, while
on the othe erd asmal iron tip was attachedboth by using
silicone glues The gd was insertal into the rectangula cap-
illary with an inner size of 5x 5 mm? filled with water, thus
theiron tip can be fixed to the magné (Fig. 1). In the present
setup the inner rectangula capillaly was modified in order
to circulate the solvert water, since the volume of the ionized
NIPA gelsis very sensitiwe to the ionic concentrationthere-
fore it is necessar to kegp the pH of wate constant The
rectangulaglass tube was encapsulattin a transparencell.
Temperatue controlled wate with an accurag of +£0.06 °C
was circulated in the cell. After the gd reachd equilibrium
at ead temperaturgthe diamete and the force were mea-
surel by an opticd microsco ard aload cel with a stress
gauge respectively A 20 min intervd was enoud for the
gd to read thermally swelling equilibrium excep nea the
transitian point.”~° The swelling ratio, defined as V/V,, was
calculatel as (d/dg)2(1/1,) wherV, d, and | are the swollen
volume diameter ard length of the gel, respectively and
Vg, dg, ard | are the initial respectie values as prepared.
All of the gels were stretche in the swollen stak at 30 °C.
We defire the longitudind deformatione, as the ratio of the
stretche lengh to the equilibrium lengh without stres at
30 °C, ard the correspondig transvers deformatia is «/ .
It shoutl be noted that the diamete of the neutrd NIPA gels
at 30 °C without mechanichconstrain is almog the sane as
the inner diamete of the capillary usal in the gd synthesis,
do(d/dg=1), therefoe we useda=1/15 and o, =d/dq for
the neutrd NIPA gels In the cas of the ionized NIPA gels,
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the diamete at 30 °C is large than d,, as d/dy=1.2, be-
cau® of the prestretchig due to the ionic pressuretherefore
we conside the elongatim as «;=1/12l, and «a;
=d/1.2d,. Note tha for atechnichreasm it was difficult to
use the same gd for all deformationsthe gd was changed
after a few set of deformations Neverthelessone can be-
lieve tha it will not distub the analysis since all the gels
usel in this experimenh were synthesizd from the sane so-
lution at the sane time.

Ill. RESULTS AND DISCUSSION

A. Diameter and forc e of stretche d neutral NIPA gels
versu s temperature

The equilibrium diamete ard the swelling ratio of the
neutrd NIPA gels are shown in Fig. 2, where the temperature
was increasd unde a constraind stae for ead value of the
extensia ratio, ¢ . In both swollen ard collapsel states the
diamete decreassewith «; [Fig. 2(a)]. On the othe hand,
the swelling ratio V/V, of the swollen pha® increass with
«), ard tha of the collapsel pha® is almog constan or
slightly increass [Fig. 2(b)]. The transition temperatue T
increase with «;, and the magnituc of the steplike change
of AV/V, at the transition point becoms larger. It shoud be
noted that the large the deformatimmn above «~4, the
smalle the decremenof the diamete at 30 °C, which cor-
respond to the fact tha the incremen of T. becomes
smalle at largera, . The force F, to ke the gd in agiven
ay was simultaneousl measurd versts temperature The
equilibrium F, ard the stresso of the neutral NIPA gels are
shown in Fig. 3. The larger ¢ produce the large F both in
the swollen and collaps@ phaseswhile F is not sensitie to
the temperatue chang excep the transition point [Fig.
3(@]. For the smallereg ,F increass discontinuoust at the
transitian point The magnituek of the steplike change how-
ever, decreasgas ¢ is approachig to «;,~ 3.5, ard finally
the chang becoms continuos around ¢;~3.5 On the
othe hand with further increasinge in the large deforma-
tion aboveq,~4, it began to decreas at the transitian point,
followed by a large discontinuos decrementin Fig. 3(b),
the stresso (the force per unit area of the cross seclitn
plotted again$ temperaturgewhich was calculatel from the
force [Fig. 3(a)] ard the diamete [Fig. 2(a)] of eah tem-
perature With increasig the temperature,o increases
slightly in the swollen stat and discontinuoust at the tran-
sition point, followed by a slight increag in the collapsed
phase The magnituak of the steplike changp in the stres Ao
at the transition temperatue becoms large” with ¢ .

B. Effect of the ionizatio n of the polyme r networks

The equilibrium diamete and the force of the slightly
ionized NIPA gels hawe bee obtainel as afunction of tem-
perature The diamete decreasgwith «; at afixed tempera-
ture both in the swollen and collapsel phaseswhich is quali-
tatively the sanme as the resut for the neutrd NIPA gels[asis
shown in Fig. 2(a)]. This evidene indicates tha the Poisson
ratio is always positive for both gels It shoutl be noted that
the theoretich predictin of the negatie Poissm ratio™
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FIG. 2. The equilibrium diamete versis temperatug on heatirg of the
neutrd NIPA gek in ead fixed «; (a) and the swelling ratio V/V, that
equalsa,(d/dg)? (b). The broken lines indicak the discontinuos phase
transition The errar bars are smalle than the symbols.

could not be observe in the presen experimenthconditions.
This is party becaue not only the neutra but also the
slightly ionized NIPA gels are nat in the goad solven con-
ditions in the preseh temperatug range abowe 30 °C. One
can teg the theory? for the highly ionized NIPA gels.

In orde to discus the effed of the ionization on the
swelling behavior we preseh T¢, ard AV/V, (the relative
magnituek of the discontinuiy in the swelling curve at the
transition temperaturgas well as Ao/ (the stres jump at
the transitian temperaturg calculatel from Figs 2 ard 3. In
Fig. 4(a), T¢ on heatirg is plotted againste, . Asis shown in
this figure, T of the neutrd NIPA gels increass linearly
with «; in the smalle region below ¢~ 3.5, the increment
AT:=04(a;—1) °C. At largere, it saturatd to approach-
ing a constah ard exhibits a slight decreaseln the ca® of
the slightly ionized NIPA gels thes effects cane into play
at an earlig stage that is smaller ¢, becaus of the pre-
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FIG. 3. The force F to keep the NIPA gd in ead fixed «; versis tempera-
ture on heatirg (a) and the stresso that equals/7(d/2)? (b). The arrows
denot the transitian point. Symbok in (b) are the sane as thos in (a). One
errar bar on eat symbd denote the typicd deviatian of the repeatd mea-
suremers for the respectiver; . The errar bars not shown are smalle than
the symbols.

stretchirg due to the ionic pressurg T¢ increass linearly
with «;, ATc=05 (¢,—1) °C, ard saturatd at o;~2.5.
Thisis attributed to the aforementiond fact tha the diameter
of the slightly ionized NIPA gd at 30 °C increase abou 1.2
times large than that of the neutrd NIPA gels therefoe T¢
of the former increase more steepy than tha of the latter.
Similar features can be observe in the change of AV/V
and Ao/ o [Fig. 4(b)]: AV/V, increasslinearly with «; and
saturatd at larger «, while Ao/oy gradualy increasd at
smaller; ard rapidly at larger «; . All thes consistehob-
servatios of the paramete changs indicak tha ther is a
crossove deformatio ratio, a; (3.5<aj <4 for the pure
NIPA gel), and some complemen effecs shoull hawe an
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FIG. 4. The transition temperatue T of the neutrd NIPA gels ard ionized
NIPA gels on heatirg as functiors of «; (a) and the transition width of V/V,
and o/oy (b), wher V, is the initial volume at gelation and oy=1
X 10P(N m™2). Lines adde are to guide the eye One errar bar on each
symbd denote the typicd deviatian of the repeatd measuremestfor the
respectie curve.

importart role at large than a; , which will be discussed
later.

The ionized NIPA gd usa her is incorporaté with
only a smal amourn of ionizabe monomes (sodium acry-
late). We beliewe tha the perturbatio due to the incorpora-
tion of the monomes does nat affed the netwok structures
of the pure NIPA gel, which resuls in the observatio of the
prestretchig effed in the presen study In the cas of the
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high concentratia of the ionizabke monomersit isimportant
to take into accoun the effed of the incorporation with the
ionic monomes on the netwok structue as well as the
amoun of disorders.

C. Equatio n of state s of strongl y stretche d cylindrical
gels

There appeard two interesting features in the swelling
curves of the strongl stretche NIPA gels Onre is tha T
increass linearly with «; in the smalle region below a/f . It
saturatd to approachig a constah when the elongatian was
increasd above | , ard the othe is tha the force F in-
creasd at the transitian point in the smaller, region while
it decrease aboveq; . It has been pointed out that the elas-
tic behavio of polymea networls deviates from Gaussian
behavie unde a uniaxid deformation:°=?! Even thouch the
elastt properties have been well describé by the mean-field
theoy basel on the Gaussia modd in the smaller«,, and
we hawe demonstrate the validity in the previows paper In
the ca® of the strongly stretché neutrd NIPA gel, we ex-
tendel the calculatio at the larger «; region and found that
Tc increase monotonicaly even in the larger o, and F
increasd at the phag transition point unde the larger ¢ .
Therefoe we canna use the modé to explan the present
observation Now we will examire the abowe features and
attemp here the qualitative explanatios within the mean-
field theory. The free enery of the systen consiss of two
independencontributiors of osmott tetm (mixing free en-
ergy), AG,,x ard the elastc term (elasttc energy, AGg,
basel on the Flory—Huggirs theory, AG=AG,x+AGg.
We can modify the secom term, AGg, by taking into account
the classichmodé of non-Gaussiaeffect!® At highere, it
can be expressd as-’

A(;d

N N
o -G 7C (a?+2a%-3)+C, 7° (a}+2a% a?-3)

N
+cg7°(a;‘+2aj—3)+~--. (1)

Now, we can discus the swelling curves of NIPA gels by
using Eq. (1) in conjunction with the extende Flory-type
free energy® We assune tha C, is much smalle than C,,

ard C;'s (i=3,4,5,..) are negligibly small It shoul be
noted tha the latter assumptia can lead the semiempirical
modéd by the Mooney—Rivlin equation'®!® The free energy
of gels unde uniaxid elongatian can be describe as

{3

—3+Cy(a?+ 2af—3)+cz(ai+2afa|2—3)}

AG N,
kB—T—Ns[|n(1—¢)+X¢]+ >

+Nf In qs—kB—T (ay—1), 2

where Ny is the numbe of solvert molecules N¢ is the
numbe of polyme chains,¢(¢,) is the volume fraction of
polyme (the initial value as prepared, y is the polymer—
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solvert interaction parameter f is the ionized groups per
chain F is the applied force, ard kg is the Boltzmam con-
stant Analysis of the dat was performel in a first approxi-
mation by using the following relations

do V (1-¢)Vv

¢:V_o:auaf, Ns:V—s' X=Xx1t X290,
AH—-TAS

Xlsz—T, @)

where vy is the volume occupiel by one solvert molecule,
AH and AS are the enthalyy and entropy of polymea-—
polyme contact and x, is aconstant The equilibrium con-
dition, expressd by

JAG|  ¢° (aAG
(W © Voo | d¢

— Y
« a
Il Il

determins the relation betwea T and ¢;

L, AS kg [ In(1-¢) 1
T 1:m+ﬁ —T—E+X2(1_2¢)}
kB VSNC 1 1 Cl ¢0
+mVo¢o[<§+ )Z_ZZZ
C2 2 1 ¢O
g for 2 Bl @

First of all, the calculatiors on the resuls of the bast swell-
ing curve without elongation were carried out for various
values of the parametes by using the numericd method®’:°
in orde to determire the materias constang in Eq. (2), here-
after, o, was change by using the sane constants The
swelling curves for the neutrd NIPA gels (f=0) were cal-
culated for severavalues of o, as shown in Fig. 5(a), which
explairs the preliminay resut of Fig. 2(a). The swelling
curves obtainel unde the large constraind lengh above
a~ 4 were quite successfujt describé within the phenom-
enologich modéd on the bass of the extendé Flory-type free
energy.

Next we will conside the force chang with tempera-
ture. The restorirg force can be expresse by using the above
classica modé of non-Gaussia effect;

3 1 JAG B N, do 1
bo (Bo|® 1

By combinirg Egs (4) ard (5), we hawe the relation between
T and F, which is shown in Fig. 5(b). This figure qualita-
tively describs the experimentaresuls shown in Fig. 2(b):

a) isin betweena =3 and 4, and F discontinuoust de-
creass a the transition point for «>a;" . However the
jump at the transition point does nat increag rapidly above
;" , in othe words the absolue value of F in the swollen
stat does nat increag at the largere; . The discrepang with

the experimenthobservatios might be due to the underes-
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FIG. 5. Theoretichequilibrium diamete (a) and force (b) vs temperatue of
the neutrd NIPA gd for various g, are constructe usirg the equatiors in
the text The resuls are qualitativey consisteh with the experimenthob-
servations.

timation of the effective numbe of N . One can say tha the
expressia of Eq. (5) is only a qualitative approximatio but
an essentibequation which indicates that the elastt tem of
the non-Gaussia chairs hawe an importart role to explain
the transition behavior.

The theoretich consideratia in this sectio is basel on
the simple Flory elasticity On the othe hand the recent
theoretich argument&2* haw taken the fact into consider-
ation tha the thermall activatel nucleatia is strongly sup-
pressd in the bulk gels?? therefoe the volume phag tran-
sition takes place at the stability limit (spinodal of the
swollen stae of the gel. It is possibé to explan the discrep-
ang/ betwea the experimersg ard the mean-fietl theowy in
terms of the newly develope thermodynami analysis?>2*
In orde to ted the theory, nat only the mechanichbut also

Suzuki, Sanda, and Omori: Phase transition in gels

the scatterilg experimers are desirabé in the sane gel. This
is a subjed for future investigations.

D. Character s of the strongl y stretche d non-Gaussian
chains

The effect of the uniaxid stretd on the swelling behav-
ior remind us of the swelling curve of the ionized gels with-
out mechanichconstraint® The uniaxid elongation though
the compressin is alorg the diamete direction has a similar
role as the ionization to induce the positive osmott pressure
in the NIPA gels The presenresuls indicat tha the defor-
mation by stretchirg can add an internd pressue in the gel,
which brough the gd stat deepe into the unstabé region
enhancig the discontinuog transition At the transition
point, the gd can discontinuoust shrirk through the hydro-
phobic interaction which produce the steplike increa® in
the force This consideratia can explan the incremen of the
transition temperatue as well as the discontinuos increase
of the force at the transitian poirt in the small «;, but not for
the large «, where the elastic response becomes
non-Gaussiah™> and sorre complemen effecs shoutl have
an importart role.

Evidene for the existene of the crossove elongation
ratio aj can be attributel to the strorg uniaxid deformation
where chairs shoutl be stretche from their equilibrium end-
to-erd distan@ to somethirg approachig their full length In
the cas of the we& stretchirg at a swollen state the elon-
gation of the chain decreasethe disorientationbhentrogy of
the chairs and thus in turn, increass the free energy which
produce a restorirg force2%?! the entropy of the chairs de-
creaseswhile that of the wate molecule increasesand the
totd entrofy increass at the transition point On the other
hand unde the strorg stretching the decremen of the en-
tropy will saturag to the full extende valug ard the entropy
does not decreas anymore which can explain the saturation
of the transition temperatureHowever this is not enoudn to
explan the observatios abovec] : aslight decreas of the
transition temperatug and the negative changg in the force at
the transitian point. It is importart to take into consideration
at leag two unique elastt properties in this hydrophobic
systen at large deformation One is the volume chang by
stretchig ard the othe is the deviatimn of the cross-link
positiors from affine deformation.

The gd volume can be determineé by the osmott pres-
sure due to the excludel volume which depend on the poly-
mer concentrationTherefoe if the uniaxid stres is applied,
the volume could be changedAs is shown in Fig. 2(b), the
volume of the swollen pha® increass with «;, while the
incremen of the collapsel pha® is very small This is be-
cau® the repulsiw interaction betwea polymea networls of
the swollen stak is much stronge than that of the collapsed
state therefoe the balane betwee the interactive and re-
pulsive forces in the swollen stat could be change by the
strorg externé force In othe words the netwok is hydro-
philic in the swollen state which is easily affectal by the
deformation while in the collapse stak it is hydrophobic,
which is stabke unde the deformation Moreover we can
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conside the deviatim from affine deformatia in terms of
the molecula interaction When «; is approachig to ;' ,
the deformatian becone highly anisotropi¢ which resuls in
bringing the chairs close togethe and thus enhancig the
transvers intrachan interaction The strorg stretchimg re-
duces the probability of the longitudind interchan interac-
tion. In particulat the transvers hydrophobt interaction on
neighborig chairs can be enhancd at the transitin point.
Thes properties could explan the origin of the complement
effects observel dominanty abovee| , ard it is desirabé to
havwe microscopc information from anothe techniqe such
as scatterilg experimersg unde the large deformation.

Finally, it shout be noted that the absolué value of the
transitian temperatue as well as the swelling ratio are very
reproducibé in the same gel. The respectie value is the
sane within the preseh experimenthaccurag even in going
from the larges deformati bad to the linear range Such
reversibiliy does not occu when the saturatio is due to
strain-inducd plastc deformation We beliewe that the large
elongatio in the presen study might chang permanently
the chan structue in the molecula level. However it does
not chang the netwok structue in the intermediag¢ size
level, such as microdoman structure which could determine
the macroscopi elastt properties of polyme gels.

IV. CONCLUSION

We could strongly stretd the cylindricd N-isopropyl-
acrylamick gels of submillimete diamete along the uniaxial
direction at 30 °C (a swollen state, the ratio of the stretched
length to the equilibrium length at rest, ¢ is 1<<a;<6. Un-
der various; we hawe measurd both the diamete and the
force to keep the longitudind lengh constamh as functiors of
temperatureThe transition temperatue as well as the change
in the force at the transition point for 4< ;<6 are quite
differert from thos for 1<q=<3.5 It was suggesté that
there is a crossove deformation ratio o] betwea the
smalle ard the large” deformationsBelow «; the decrease
in the disorientationhentropy has an importart role, while
above o] the intermolecula interactiors due to the non-

5185

Gaussia chairs are essential Thes observatios were quali-
tatively describe by the phenomenologidanodé taken into
accoun the non-Gaussia effect In spite of the difference
betwea the modéd netwok structue ard the actud one the
swelling properties hawe been describe by the mean-field
theoly basel on the simple Flory elasticity. The presem ob-
servatio represerd the effed of limited extensibiliy of
chairs on the elastt properties of hydrophobc polyme gels,
therefoe it is obviousy of grea importane with respet to
the evaluation of non-Gaussia theories of the elasticiy of
polyme gels.
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