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We wil l present the volume phase transition of cylindrical polyN-isopropylacrylamide ~NIPA! gels
under large distortion along the uniaxial direction. The neutral and slightly ionized NIPA gels were
synthesized in submillimeter diameter. The gel was stretched along the uniaxial direction with the
longitudinal deformation ratio,a i ~the ratio of the stretched length to the equilibrium length in the
swollen state at 30 °C!. By keeping the longitudinal length constant, we have simultaneously
measured the equilibrium diameter and the force as functions of temperature. The swelling curves
of the neutral NIPA gels including the volume phase transition temperature were obtained for
several deformations in the range betweena i51 and a i56. With increasinga i , the transition
temperature increased up to 1 °C in the small deformation below a i;3.5, and it saturated and
slightly decreased in the largea i abovea i;4. At the transition temperature on heating, the force
to keep the length constant increased discontinuously in the smaller region below a i;3.5. The
magnitude of this steplike change in the force began to decrease in the vicinity of a i;3.5, and
hereafter exhibited negativechangeabovea i;4. In thecaseof theslightly ionized NIPA gels, these
effects came into play at an earlier stage, that is, at smallera i , because of the prestretching due to
the ionic pressure. The present observations, especially for the strong deformation abovea i;4,
were discussed by the equation of states of strongly stretched hydrophobic gels on the basis of the
extended Flory-type free energy taken into account the non-Gaussian effect. © 1997 American
Institute of Physics. @S0021-9606~97!50737-9#
I. INTRODUCTION

Polymer gels are made of cross-linked networks of poly-
mers and liquids, and have solidlike and liquidlike behavior
due to the elastic as well as osmotic nature. The interaction
between polymer and solvent, which determines the struc-
tural properties and the unique functions of gels, has been
studied extensively in a number of systems exhibiting the
volume phase transition.1,2 Among the physical and chemical
properties of such systems, mechanical response of polymer
gels has been usually examined in the linear regime, where
cross-link points are uniformly deformed.3,4 On the other
hand, in the strong deformation, many chains should be
stretched to something approaching the full length of the
chain, then one should take into account such effects as well
as the deviations of the cross-link points from uniform de-
formation. It is important to investigate experimentally the
limi t of strong deformation, since the stress is believed to be
theoretically sensitive to the nature of the individual chains
which has the non-Gaussian character.5,6 Recently, we estab-
lished experimentally the static properties of mechanically
constrained poly N-isopropylacrylamide ~NIPA! gels
through the phase transition behavior.7 We have measured
the diameter and the force of cylindrical NIPA gels of sub-
millimeter diameter8,9 under mechanical distortion along the
uniaxial direction in the smaller elongation ratio. Both the
transition temperature and force increased with increasing
the fixed length along the uniaxial direction. The elastic re-
sponse in the smaller deformation were quite successfully
described by the phenomenological model on the basis of the
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extended Flory-type free energy.3 One can say that the ex-
perimental observation and the consistence with the theory
should result from the fact that the deformation was small
enough not to evidently disturb the assumption of the Gauss-
ian behavior of the polymer networks. There exist several
theoretical explanations for the non-Gaussian behavior10–13

on the large deformations of polymer networks, while afew
experimental studies related to the phase transition of poly-
mer gels have been reported only for small distortion of
gels,3,4,7,9 and no experimental work for much larger distor-
tion seems to be available at present. The understanding of
the mechanism of the response to strong deformation is still
not complete.

In this paper, we report further details of the static prop-
erties of the neutral NIPA gels of submillimeter diameter
mechanically constrained under large elongation ratio along
the uniaxial direction. The NIPA gels are well known to
exhibit the volume phase transition in response to
temperature,14,15and its mechanism has been attributed to the
hydrophobic interaction. We wil l present the changes in the
diameter and the force of the neutral NIPA gel under net-
work traction versus temperature during the phase transition
between the swollen and collapsed states, as well as those of
slightly ionized NIPA gels to investigate the effect of ioniza-
tion. The effect of large stretch on the swelling behavior and
the force change during the volume phase transition for the
neutral and slightly ionized hydrophobic gels are discussed
in qualitative terms with references to the non-Gaussian
theory.16,17
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5180 Suzuki, Sanda, and Omori: Phase transition in gels
FIG. 1. The schematics of sample setup and the cell for measuring the diameter and force, and their responses to the temperature change of the cylindrical
NIPA gels with submillimeter diameter. The cell was designed to circulate the solvent water in the inner rectangular capillary, out of which the temperature
controlled water can be circulated.
II. EXPERIMENTS

Gels were prepared by a free radical copolymerization in
water under nitrogen atmosphere at 0 °C. The NIPA mono-
mer was purified by recrystallization from the mixture of
petroleum ether and toluene. The reagents and their amounts
for the neutral NIPA gels were similar to the standard one;14

7.8 g of purified NIPA ~main constituent, Kodak!, 0.133 g of
N,N8-methylene-bis-acrylamide ~cross linker, Wako!, and
240ml of N,N,N8,N8-tetramethylethylenediamine~accerala-
tor, Wako! were dissolved in 100 g of water. After the solu-
tion was fully saturated with nitrogen, ammonium persulfate
~Wako, 40 mg! as an initiator was added to the solution. Thin
capillaries with an inner diameter of 141.5mm were inserted
into the solution,9 which was used to make a uniform cylin-
drical shape. The pre-gel solution was brought into the cap-
illaries with capillary action. The jellying solution was stored
at the ice temperature overnight, in order for the gelation
process to assume completion. After gelation was completed,
the cylindrical gels were put out of the capillaries, and then
immersed in a large amount of deionized, distilled water to
wash away residual chemicals and unreacted monomers from
the polymer networks, hereafter gels were placed in clean air
to be dried. The neutral NIPA gels without constraint used in
the present experiment exhibit the phase transition at 33.45
(60.05) °C on increasing temperature. Slightly ionized
NIPA gels were prepared by exactly the same method as the
neutral NIPA gels except the amount of the main constituent.
In the pre-gel solution asmall amount ~1.16%! of total NIPA
monomers were replaced by sodium acrylate ~ionizable
monomer, Nacalai Tesque!.
J. Chem. Phys., Vol. 107,
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The experimental setup was similar to that used in Ref.
7; one end of the dried gel was fixed to the capillary, while
on the other end asmall iron tip was attached, both by using
silicone glues. The gel was inserted into the rectangular cap-
illary with an inner size of 535 mm2 filled with water, thus
the iron tip can be fixed to the magnet ~Fig. 1!. In the present
setup, the inner rectangular capillary was modified in order
to circulate the solvent water, since the volume of the ionized
NIPA gels is very sensitive to the ionic concentration, there-
fore it is necessary to keep the pH of water constant. The
rectangular glass tube was encapsulated in a transparent cell.
Temperature controlled water with an accuracy of 60.05 °C
was circulated in the cell. After the gel reached equilibrium
at each temperature, the diameter and the force were mea-
sured by an optical microscope and a load cell with a stress
gauge, respectively. A 20 min interval was enough for the
gel to reach thermally swelling equilibrium except near the
transition point.7–9 The swelling ratio, defined as V/V0 , was
calculated as (d/d0)2( l / l 0) where V, d, and l are the swollen
volume, diameter, and length of the gel, respectively, and
V0 , d0 , and l 0 are the initial respective values as prepared.
Al l of the gels were stretched in the swollen state at 30 °C.
We define the longitudinal deformationa i as the ratio of the
stretched length to the equilibrium length without stress at
30 °C, and the corresponding transverse deformation is a' .
It should be noted that the diameter of the neutral NIPA gels
at 30 °C without mechanical constraint is almost the same as
the inner diameter of the capillary used in the gel synthesis,
d0(d/d051), therefore we useda i5 l / l 0 anda'5d/d0 for
the neutral NIPA gels. In the case of the ionized NIPA gels,
No. 13, 1 October 1997
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the diameter at 30 °C is larger than d0 , as d/d051.2, be-
cause of the prestretching due to the ionic pressure, therefore
we consider the elongation as a i5 l /1.2l 0 and a'

5d/1.2d0 . Note that for a technical reason it was difficult to
use the same gel for all deformations, the gel was changed
after a few sets of deformations. Nevertheless, one can be-
lieve that it wil l not disturb the analysis, since all the gels
used in this experiment were synthesized from the same so-
lution at the same time.

III. RESULTS AND DISCUSSION

A. Diamete r and forc e of stretche d neutra l NIPA gels
versu s temperature

The equilibrium diameter and the swelling ratio of the
neutral NIPA gels areshown in Fig. 2, where the temperature
was increased under a constrained state for each value of the
extension ratio, a i . In both swollen and collapsed states the
diameter decreases with a i @Fig. 2~a!#. On the other hand,
the swelling ratio V/V0 of the swollen phase increases with
a i , and that of the collapsed phase is almost constant or
slightly increases @Fig. 2~b!#. The transition temperature TC

increases with a i , and the magnitude of the steplike change
of DV/V0 at the transition point becomes larger. It should be
noted that the larger the deformation above a i;4, the
smaller the decrement of the diameter at 30 °C, which cor-
responds to the fact that the increment of TC becomes
smaller at largera i . The force, F, to keep the gel in agiven
a i was simultaneously measured versus temperature. The
equilibrium F, and the stresss of the neutral NIPA gels are
shown in Fig. 3. The largera i produces the larger F both in
the swollen and collapsed phases, while F is not sensitive to
the temperature change except the transition point @Fig.
3~a!#. For the smallera i ,F increases discontinuously at the
transition point. The magnitude of the steplike change, how-
ever, decreases asa i is approaching to a i;3.5, and finally
the change becomes continuous around a i;3.5. On the
other hand, with further increasinga i in the larger deforma-
tion abovea i;4, it began to decrease at the transition point,
followed by a large discontinuous decrement. In Fig. 3~b!,
the stresss ~the force per unit area of the cross section! is
plotted against temperature, which was calculated from the
force @Fig. 3~a!# and the diameter @Fig. 2~a!# of each tem-
perature. With increasing the temperature,s increases
slightly in the swollen state and discontinuously at the tran-
sition point, followed by a slight increase in the collapsed
phase. The magnitude of the steplike change in the stress Ds
at the transition temperature becomes larger with a i .

B. Effec t of the ionizatio n of the polyme r networks

The equilibrium diameter and the force of the slightly
ionized NIPA gels have been obtained as afunction of tem-
perature. The diameter decreases with a i at a fixed tempera-
ture both in the swollen and collapsed phases, which is quali-
tatively the same as the result for the neutral NIPA gels @as is
shown in Fig. 2~a!#. This evidence indicates that the Poisson
ratio is always positive for both gels. It should be noted that
the theoretical prediction of the negative Poisson ratio13
J. Chem. Phys., Vol. 107,
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could not be observed in the present experimental conditions.
This is partly because not only the neutral but also the
slightly ionized NIPA gels are not in the good solvent con-
ditions in the present temperature range above 30 °C. One
can test the theory13 for the highly ionized NIPA gels.

In order to discuss the effect of the ionization on the
swelling behavior, we present TC , and DV/V0 ~the relative
magnitude of the discontinuity in the swelling curve at the
transition temperature! as well as Ds/s0 ~the stress jump at
the transition temperature!, calculated from Figs. 2 and 3. In
Fig. 4~a!, TC on heating is plotted againsta i . As is shown in
this figure, TC of the neutral NIPA gels increases linearly
with a i in the smaller region below a i;3.5; the increment
DTC50.4 (a i21) °C. At largera i it saturated to approach-
ing a constant and exhibits a slight decrease. In the case of
the slightly ionized NIPA gels, these effects came into play
at an earlier stage, that is smaller a i , because of the pre-

FIG. 2. The equilibrium diameter versus temperature on heating of the
neutral NIPA gels in each fixed a i ~a! and the swelling ratio V/V0 that
equalsa i(d/d0)2 ~b!. The broken lines indicate the discontinuous phase
transition. The error bars are smaller than the symbols.
No. 13, 1 October 1997
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5182 Suzuki, Sanda, and Omori: Phase transition in gels
stretching due to the ionic pressure; TC increases linearly
with a i , DTC50.5 (a i21) °C, and saturated at a i;2.5.
This is attributed to the aforementioned fact that the diameter
of the slightly ionized NIPA gel at 30 °C increases about 1.2
times larger than that of the neutral NIPA gels, therefore TC

of the former increases more steeply than that of the latter.
Similar features can be observed in the changes of DV/V0

and Ds/s0 @Fig. 4~b!#: DV/V0 increases linearly with a i and
saturated at larger a i , while Ds/s0 gradually increased at
smallera i and rapidly at largera i . Al l these consistent ob-
servations of the parameter changes indicate that there is a
crossover deformation ratio, a i* ~3.5,a i* ,4 for the pure
NIPA gel!, and some complement effects should have an

FIG. 3. The force F to keep the NIPA gel in each fixed a i versus tempera-
ture on heating ~a! and the stresss that equalsF/p(d/2)2 ~b!. The arrows
denote the transition point. Symbols in ~b! are the same as those in ~a!. One
error bar on each symbol denotes the typical deviation of the repeated mea-
surements for the respectivea i . The error bars not shown are smaller than
the symbols.
J. Chem. Phys., Vol. 107,
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important role at larger than a i* , which wil l be discussed
later.

The ionized NIPA gel used here is incorporated with
only a small amount of ionizable monomers ~sodium acry-
late!. We believe that the perturbation due to the incorpora-
tion of the monomers does not affect the network structures
of the pure NIPA gel, which results in the observation of the
prestretching effect in the present study. In the case of the

FIG. 4. The transition temperature TC of the neutral NIPA gels and ionized
NIPA gels on heating as functions of a i ~a! and the transition width of V/V0

and s/s0 ~b!, where V0 is the initial volume at gelation, and s051
3106(N m22). Lines added are to guide the eye. One error bar on each
symbol denotes the typical deviation of the repeated measurements for the
respective curve.
No. 13, 1 October 1997
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high concentration of the ionizable monomers, it is important
to take into account the effect of the incorporation with the
ionic monomers on the network structure as well as the
amount of disorders.

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

There appeared two interesting features in the swelling
curves of the strongly stretched NIPA gels. One is that TC

increases linearly with a i in the smaller region belowa i* . It
saturated to approaching a constant when the elongation was
increased abovea i* , and the other is that the force F in-
creased at the transition point in the smallera i region, while
it decreased abovea i* . It has been pointed out that the elas-
tic behavior of polymer networks deviates from Gaussian
behavior under a uniaxial deformation.16–21 Even though the
elastic properties have been well described by the mean-field
theory based on the Gaussian model in the smallera i , and
we have demonstrated the validity in the previous paper. In
the case of the strongly stretched neutral NIPA gel, we ex-
tended the calculation at the largera i region, and found that
TC increases monotonically even in the larger a i , and F
increased at the phase transition point under the larger a i .
Therefore we cannot use the model to explain the present
observation. Now we wil l examine the above features and
attempt here the qualitative explanations within the mean-
field theory. The free energy of the system consists of two
independent contributions of osmotic term ~mixing free en-
ergy!, DGmix and the elastic term ~elastic energy!, DGel

based on the Flory–Huggins theory, DG5DGmix1DGel .
We can modify the second term, DGel by taking into account
the classical model of non-Gaussian effect.16 At highera i , it
can be expressed as17

DGel

kBT
5C1

Nc

2
~a i

212a'
2 23!1C2

Nc

2
~a'

4 12a'
2 a i

223!

1C3

Nc

2
~a i

412a'
4 23!1••• . ~1!

Now, we can discuss the swelling curves of NIPA gels by
using Eq. ~1! in conjunction with the extended Flory-type
free energy.3 We assume that C2 is much smaller than C1 ,
and Ci ’ s ( i 53,4,5,...) are negligibly small. It should be
noted that the latter assumption can lead the semiempirical
model by the Mooney–Rivlin equation.18,19 The free energy
of gels under uniaxial elongation can be described as

DG

kBT
5Ns@ ln~12f!1xf#1

Nc

2 F lnS f

f0
D

231C1~a i
212a'

2 23!1C2~a'
4 12a'

2 a i
223!G

1Ncf ln f2
Fl 0

kBT
~a i21!, ~2!

where Ns is the number of solvent molecules, NC is the
number of polymer chains,f(f0) is the volume fraction of
polymer ~the initial value as prepared!, x is the polymer–
J. Chem. Phys., Vol. 107,
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solvent interaction parameter, f is the ionized groups per
chain, F is the applied force, and kB is the Boltzmann con-
stant. Analysis of the data was performed in a first approxi-
mation by using the following relations3

f0

f
5

V

V0
5a ia'

2 , Ns5
~12f!V

ns
, x5x11x2f,

x15
DH2TDS

kBT
, ~3!

wherens is the volume occupied by one solvent molecule,
DH and DS are the enthalpy and entropy of polymer–
polymer contact, andx2 is aconstant. The equilibrium con-
dition, expressed by

S ]DG

]V D
a i

52
f2

V0f0
S ]DG

]f D
a i

50,

determines the relation between T andf;

T215
DS

DH
1

kB

DH F2
ln~12f!

f2 2
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f
1x2~122f!G

1
kB

DH

nsNc
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F S 1

2
1 f D 1

f
2

C1

a i

f0

f2

3H 11
C2

C1
S a i

21
1

a i

f0

f D J G . ~4!

First of all, the calculations on the results of the basic swell-
ing curve without elongation were carried out for various
values of the parameters by using the numerical method,3,7,9

in order to determine the materials constants in Eq. ~2!, here-
after, a i was changed by using the same constants. The
swelling curves for the neutral NIPA gels ( f 50) were cal-
culated for several values of a i as shown in Fig. 5~a!, which
explains the preliminary result of Fig. 2~a!. The swelling
curves obtained under the larger constrained length above
a i;4 were quite successfully described within the phenom-
enological model on the basis of the extended Flory-type free
energy.

Next we wil l consider the force change with tempera-
ture. The restoring force can be expressed by using the above
classical model of non-Gaussian effect;

F5
1

l 0

]DG

]Da i
5kBT

Nc

l 0
FC1S a i2

f0

f

1

a i
2D

1C2H f0

f
2S f0

f D 2 1

a i
3J G . ~5!

By combining Eqs. ~4! and ~5!, we have the relation between
T and F, which is shown in Fig. 5~b!. This figure qualita-
tively describes the experimental results shown in Fig. 2~b!:
a i* is in betweena i* 53 and 4, and F discontinuously de-
creases at the transition point for a i.a i* . However, the
jump at the transition point does not increase rapidly above
a i* , in other words, the absolute value of F in the swollen
state does not increase at the largera i . The discrepancy with
the experimental observations might be due to the underes-
No. 13, 1 October 1997
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5184 Suzuki, Sanda, and Omori: Phase transition in gels
timation of the effective number of NC . One can say that the
expression of Eq. ~5! is only a qualitative approximation but
an essential equation which indicates that the elastic term of
the non-Gaussian chains have an important role to explain
the transition behavior.

The theoretical consideration in this section is based on
the simple Flory elasticity. On the other hand, the recent
theoretical arguments22–24 have taken the fact into consider-
ation that the thermally activated nucleation is strongly sup-
pressed in the bulk gels,22 therefore the volume phase tran-
sition takes place at the stability limi t ~spinodal! of the
swollen state of the gel. It is possible to explain the discrep-
ancy between the experiments and the mean-field theory in
terms of the newly developed thermodynamic analysis.22–24

In order to test the theory, not only the mechanical but also

FIG. 5. Theoretical equilibrium diameter ~a! and force ~b! vs temperature of
the neutral NIPA gel for variousa i are constructed using the equations in
the text. The results are qualitatively consistent with the experimental ob-
servations.
J. Chem. Phys., Vol. 107,
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the scattering experiments are desirable in the same gel. This
is a subject for future investigations.

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

The effects of the uniaxial stretch on the swelling behav-
ior remind us of the swelling curve of the ionized gels with-
out mechanical constraint.15 The uniaxial elongation, though
the compression is along the diameter direction, has a similar
role as the ionization to induce the positive osmotic pressure
in the NIPA gels. The present results indicate that the defor-
mation by stretching can add an internal pressure in the gel,
which brought the gel state deeper into the unstable region
enhancing the discontinuous transition. At the transition
point, the gel can discontinuously shrink through the hydro-
phobic interaction, which produces the steplike increase in
the force. This consideration can explain the increment of the
transition temperature as well as the discontinuous increase
of the force at the transition point in the smalla i , but not for
the large a i where the elastic response becomes
non-Gaussian5,13 and some complement effects should have
an important role.

Evidence for the existence of the crossover elongation
ratio a i* can be attributed to the strong uniaxial deformation
where chains should be stretched from their equilibrium end-
to-end distance to something approaching their full length. In
the case of the weak stretching at a swollen state, the elon-
gation of the chain decreases the disorientational entropy of
the chains and thus, in turn, increases the free energy which
produces a restoring force;20,21 the entropy of the chains de-
creases, while that of the water molecules increases, and the
total entropy increases at the transition point. On the other
hand, under the strong stretching, the decrement of the en-
tropy wil l saturate to the full extended value, and the entropy
does not decrease anymore, which can explain the saturation
of the transition temperature. However, this is not enough to
explain the observations abovea i* : a slight decrease of the
transition temperature and the negative change in the force at
the transition point. It is important to take into consideration
at least two unique elastic properties in this hydrophobic
system at large deformation. One is the volume change by
stretching and the other is the deviation of the cross-link
positions from affine deformation.

The gel volume can be determined by the osmotic pres-
sure due to the excluded volume, which depends on the poly-
mer concentration. Therefore if the uniaxial stress is applied,
the volume could be changed. As is shown in Fig. 2~b!, the
volume of the swollen phase increases with a i , while the
increment of the collapsed phase is very small. This is be-
cause the repulsive interaction between polymer networks of
the swollen state is much stronger than that of the collapsed
state, therefore the balance between the interactive and re-
pulsive forces in the swollen state could be changed by the
strong external force. In other words, the network is hydro-
philic in the swollen state, which is easily affected by the
deformation, while in the collapsed state it is hydrophobic,
which is stable under the deformation. Moreover, we can
No. 13, 1 October 1997
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consider the deviation from affine deformation in terms of
the molecular interaction. When a i is approaching to a i* ,
the deformation become highly anisotropic, which results in
bringing the chains closer together and thus enhancing the
transverse intrachain interaction. The strong stretching re-
duces the probability of the longitudinal interchain interac-
tion. In particular, the transverse hydrophobic interaction on
neighboring chains can be enhanced at the transition point.
These properties could explain the origin of the complement
effects observed dominantly abovea i* , and it is desirable to
have microscopic information from another technique such
as scattering experiments under the large deformation.

Finally, it should be noted that the absolute value of the
transition temperature as well as the swelling ratio are very
reproducible in the same gel. The respective value is the
same within the present experimental accuracy even in going
from the largest deformation back to the linear range. Such
reversibility does not occur when the saturation is due to
strain-induced plastic deformation. We believe that the large
elongation in the present study might change permanently
the chain structure in the molecular level. However, it does
not change the network structure in the intermediate size
level, such as microdomain structure, which could determine
the macroscopic elastic properties of polymer gels.

IV. CONCLUSION

We could strongly stretch the cylindrical N-isopropyl-
acrylamide gels of submillimeter diameter along the uniaxial
direction at 30 °C ~a swollen state!, the ratio of the stretched
length to the equilibrium length at rest,a i is 1<a i<6. Un-
der variousa i we have measured both the diameter and the
force to keep the longitudinal length constant as functions of
temperature. The transition temperature as well as the change
in the force at the transition point for 4<a i<6 are quite
different from those for 1<a i<3.5. It was suggested that
there is a crossover deformation ratio a i* between the
smaller and the larger deformations. Below a i* the decrease
in the disorientational entropy has an important role, while
above a i* the intermolecular interactions due to the non-
J. Chem. Phys., Vol. 107,
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Gaussian chains areessential. Theseobservations werequali-
tatively described by the phenomenological model taken into
account the non-Gaussian effect. In spite of the difference
between the model network structure and the actual one, the
swelling properties have been described by the mean-field
theory based on the simple Flory elasticity. The present ob-
servation represents the effect of limited extensibility of
chains on the elastic properties of hydrophobic polymer gels,
therefore it is obviously of great importance with respect to
the evaluation of non-Gaussian theories of the elasticity of
polymer gels.
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