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Salt effect on volume phase transition of a gel
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The salt effect on the phase transition ofN-isopropylacrylamide~NIPA! gel was studied for alkali-metal
chlorides~NaCl, KCl, and CsCl!. Low-frequency Raman scattering experiment was conducted to know the
dynamic state of water molecule under the presence of salt and its correlation to macroscopic phase behavior
of the gel was investigated together with the thermodynamic activities of water molecule of aqueous alkali-
metal chloride solutions. The series of swelling experiment reveal that the change in the gel volume phase
transition strongly depends on the salt concentration and is related to the dehydration with respect to hydro-
phobic hydration. From the analysis of the reduced low-frequency Raman spectra in water and aqueous
alkali-metal chlorides solutions by the use of the relaxation mode that takes into account the inertia and the
non-white effects, the characteristic values of aqueous salt solutions~i.e., relaxation time and modulation
speed! indicate that the addition of alkali-metal chloride to gel fluid affects the disruption of water molecules
in the hydration shell around the NIPA gel and the formation of the hydrogen-bonded network structure of
water around themselves, as a result of which the gel collapses. The chemical potential and the dynamic nature
of water molecule at the transition points are well correlated: the chemical potentials at the transition points are
almost constant whereas the structure of bulk water is changed by addition of alkali-metal chlorides or change
in temperature. These results strongly suggest that the swelling ratio ofN-isopropylacrylamide gel is a function
of hydration degree, which is regulated by the chemical potential of water.

DOI: 10.1103/PhysRevE.65.031805 PACS number~s!: 82.70.Gg, 33.20.Fb
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I. INTRODUCTION

N-isopropylacrylamide gel~NIPA gel! is known to exhibit
a discrete volume phase transition with a change in temp
ture and/or concentration of added salts@1–3#. NIPA gel is in
a swollen phase at lower temperature and is in a collap
phase at higher temperature. The phase behavior of N
gels is opposite to that of liquid-gas system. Such an ano
lous phase transition is considered to arise from the hyd
phobic interaction between the polymer network and the
vent. In the swollen phase of NIPA gels, water molecules
the vicinity of hydrophobic part of the gel network is co
sidered to form clathrate structure, hydrophobic hydrat
clusters, to minimize the net free energy of NIPA gel syste
In the collapsed phase of NIPA gels, whereas the orde
structure of water molecules around the gel network is b
ken and the gel network aggregates. Addition of inorga
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salts reduces the transition temperature. The effect of sa
the volume phase transition behavior of NIPA gels is cons
ered to reduce the amount of clathrate structure of wa
around the hydrophobic moieties of the NIPA gels. For e
ample, salt increase the hydrophobic interaction; the ef
depends upon the nature of the ions. The Hofmeister seri
the order of effectiveness as precipitants of serum globulin
The same series has been observed, in effectiveness, in
creasing the solubility in water~i.e., ‘‘salting out’’! of non-
polar molecules, of affecting the stability of specific confo
mations of proteins and nucleic acids. It is most likely th
these effects on the hydrophobic interaction arise indire
from effects on the structure of water. The discrete volu
reduction in hydrated NIPA gel, therefore, is considered to
induced by the cooperative dehydration of gel chains due
the hydrophobic interaction@4–9#. The hydrophobic interac-
tion is sensitive to the components added to the aque
solution.

The physicochemical nature of the volume phase tra
tion of NIPA gels has been investigated mainly to clarify t
interaction between NIPA gel networks@10#. In the search
for the underlying principle of the phase transition of ge
a,
©2002 The American Physical Society05-1
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driven by hydrophobic interaction such as NIPA gel, it
crucial to understand the roles of the solvent and cosolute
molecular level.

We have investigated the salt effect on the phase tra
tion of NIPA gel for sodium halides~NaCl, NaBr, and NaI!
@7–9#. In order to clarify the interaction between water mo
ecules and salt molecules, the thermodynamic activities
water molecules in aqueous salt solutions and the~coupled!
OH stretching Raman spectrum of water was investiga
The activity of water is a measure of the interaction betwe
water and salt. The OH stretching Raman spectra in w
and various aqueous solutions in terms of collective pro
motions can yield information regarding the structure of
water network in these systems. The good correlation
observed between the chemical potential of water molec
and the volume phase transition of NIPA gel. The swelli
behavior of the NIPA gel is well described as a function
chemical potential difference of water molecules in solut
from that at the transition. This result strongly suggests t
the swelling ratio of NIPA gel is a function of hydratio
degree, which is regulated by the chemical potential of wa
molecules. The collective proton motions of water molecu
determined by the OH stretching Raman spectra is redu
with the addition of salts and roughly linear dependences
observed upon further addition of salts. The correlation
tween the chemical potentials and the relative intensity of
band assigned to the in-phase collective motions at the t
sition points shows that the chemical potentials at the tra
tion points are almost constant whereas the structure of
water is changed by addition of salts or change in temp
ture. These findings indicate that the volume phase tra
tions due to the different type of perturbation~temperature,
salt! are induced by the same mechanism, hydrophobic
dration and dehydration, and therefore can be described
unified manner in terms of the chemical potential and
collective proton motions of water molecules.

Recently Head-Gordonet al. studied the hydration struc
ture near hydrophobic and hydrophilic amino acids by n
tron scattering and molecular dynamics simulation@11–13#.
Their results indicated that the structure of water within
hydration shell of hydrophobic amino acid side chains h
following features in comparison with pure water.~i! Tetra-
hedral structure of water is an essential feature around
hydrophobic side chain of amino acid such as leucine.~ii !
This clathratelike structure is perturbed, and is distorted to
more planar than that of the tetrahedral structure observe
crystal ice and pure water.~iii ! The hydration structure is no
rigid, but is continuously formed and destroyed. The cor
lation time of water molecules consisting of hydration sh
around the side chain of leucine is in the same order of b
water. Our analysis of the OH stretching Raman spectra
terms of collective proton motions, and the studies by He
Gordon and co-workers suggest that the hydration struc
is not rigid, but breaks up and reforms continuously acco
panied with the rapid exchange of water molecules in
same order of correlation time as bulk water. The stro
electrostatic interaction due to the presence of ions ma
water molecules in the hydrophobic hydration shell orien
around the ions. Therefore, the presence of salts tend
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disrupt the hydration structures of water molecules in
vicinity of the NIPA side chain, as a result of which the g
collapses. Therefore, it is important to know the dynam
state of water molecule under the presence of salt and
correlation to macroscopic nature of the NIPA gel.

Low-frequency Raman scattering, which occurs in t
spectral region below 300 cm21, has proven to be an effec
tive method for investigating molecular dynamics in the li
uid state of water@14–17#. Band assignment has been do
for two Raman bands in the low-frequency region, a O-H
stretching mode (190 cm21) and a O-O-O bending mod
(60 cm21), within a system of five water molecules@18–
20#. The imaginary part of dynamic susceptibility is given b
reduced Raman spectra. In the liquid state, three type
modes contribute to the dynamic susceptibility: intramole
lar vibrations, intermolecular vibrations, and collective rela
ational motions. In the low-frequency region, intermolecu
vibrations and collective relaxational motions are observ
Due to the large background in the reduced Raman spect
water and aqueous electrolyte solution, Amo and Tomin
proposed the use of the relaxation mode that takes into
count the inertia and the non-white effects in the reduc
Raman spectra of aqueous electrolyte solutions@21–25#.

In this paper, the salt effect on the phase transition
NIPA gel was studied for alkali-metal chloride~NaCl, KCl,
and CsCl! in terms of dynamical state of water molecule.
order to clarify the salt effect on water molecules micr
scopically, we have conducted the low-frequency Ram
scattering of NaCl, KCl, and CsCl aqueous solutions.
will discuss the correlation between the phase behavior
NIPA gels in aqueous salt solutions and the dynamic stat
water molecules in aqueous alkali-metal chloride solutio
together with the thermodynamic activities of wat
molecules.

II. EXPERIMENT

A. Materials

NaCl, KCl, and CsCl~Wako Pure Chem. Ind. Ltd., Osaka!
were used as supplied.N-isopropylacrylamide~Kohjin Co.,
Tokyo! was recrystalized from toluene/hexane mixture th
times before use. N,N8-methylenebisacrylamide an
N,N,N8,N8-tetraethylmethylenediamine and ammoniump
sulfate~Wako Pure Chem. Ind. Ltd., Osaka! were used with-
out further purification.

B. Sample preparation

NIPA gel was prepared by radical polymerization: 7.92
of N-isopropylacrylamide ~700 mM!, 0.133 g of
N,N8-methylenebisacrylamide~cross linker, 8.7 mM!, and
22.8 mg of ammoniumpersulfate~initiator! were dissolved in
100 ml of distilled deionized water. 0.24 ml o
N,N,N8,N8-tetraethylmethylenediamine was further add
to initiate the polymerization. The pregel solution was po
merized at 10 °C for 24 h in a capillary of inner diamet
140 mm (5d0). After completion of gelation, the cylindri-
cal gel was removed from the capillary mold and w
5-2
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SALT EFFECT ON VOLUME PHASE TRANSITION OF A GEL PHYSICAL REVIEW E65 031805
washed with distilled water. Water was repeatedly chan
until the diameter of the gel reached equilibrium.

C. Determination of phase diagram

1. Temperature dependence

The gel was cut into a small cylinder of length 1 mm a
placed in a glass capillary. The temperature of the sam
was controlled within 0.1 °C by circulating temperatur
controlled water around the capillary. Equilibrium gel diam
eterd was measured under a microscope.

2. Salt concentration dependence

The gels are immersed in salt solutions of different co
centrations in succession at 25 °C, starting with a deioni
and distilled water and going stepwise to higher concentra
salt solutions. Reversibility and hysteresis were checked w
all gels by bringing them back into deionized and distill
water.

D. Activities of water molecules in the salt solutions

Water activities in the salt solutions were evaluated fr
the osmolarity of the solution at 37 °C, measured with
vapor pressure osmometer~VPO 5500, WESCOR!. The re-
lation between the osmolarityV and water activityaw , is
given by

aw5exp~2V̄V!, ~1!

whereV̄ is the partial molar volume of water.

E. Raman spectroscopy

A silica flow cell ~T-45FLUV10, Nippon Silica Glass Inc.!
was used for measurements to avoid the optical deadjustm
associated with the replacement of the sample. Depolar
Raman spectra were obtained by using a double grating s
trometer~Ramanor U1000, Jovin-Yvon!. The exciting light
source was an argon-ion laser operating at 488 nm w
400-mW power. The right-angle scattering geometry w
adopted with~VH! configuration. The depolarized Rama
spectrum was recorded in the frequency range from
50 cm21 to 250 cm21. The spectral resolution wa
0.2 cm21. All spectra were recorded at 25 °C.

Temperature of the sample was controlled with accur
within 60.02 °C. The temperatures were monitored us
chromel-constantan thermocouples provided by the chem
thermodynamics laboratory, Osaka University.

III. ANALYSIS OF RAMAN SPECTRA

The dynamical susceptibility is given by

x9~n!5K~n i2n!23@n~n!11#21I ~n!, ~2!

whereI (n) is the Raman spectral intensity obtained by ph
ton counting method,n(n)5@exp(hcn/kT)21#21 is a Bose-
Einstein factor,n(5 f /c) and n i(5 f i /c) are Raman fre-
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quency shift and the incident laser light frequenc
respectively. The frequenciesn andn i are given in cm21, f
and f i are given in Hz, andc is light velocity. TheK is the
instrumental constant.

The imaginary part of the susceptibility of the damp
harmonic oscillator is represented by

xn9~v j ,g;v!5
v j

2g jv

~v j
22v2!21~vg j !

2
, ~3!

where v j52pcn j ( j 51,2) and g j52pcgj ( j 51,2) are
characteristic angular frequencies and damping constants
spectively. Theg j and gj are characteristic frequencies an
damping constants, respectively, given in cm21.

In the present paper, we applied the multiple-rando
telegraph~MRT! model to analyze the relaxation compone
which takes into account inertia and memory effect acco
ing to Amo and Tominaga@21–25#. In the MRT model@26#,
the complex susceptibility is written in the form

x* ~v!512 ivv@s#, ~4!

wheres5 iv. In the asymmetric case,v@s# is given by con-
tinued function,

v@s#5
1

s1
ND̃0

2

s1g̃1
2~N21!D̃0

2

s12g̃1
3~N22!D̃0

2

s13g̃1•••

,

s1~N21!g̃1
ND̃0

2

s1Ng̃

~5!

where D̃0
25D0

2(12s2) and g̃5g22isD0. The multiple-
random-telegraph process is composed ofN-independent
random-telegraph processes, each of which takes the v
6D0. The g is the inverse of the characteristic time of th
random-telegraph process. A nonzero value ofs means that
each probability of the random-telegraph process was as
metric. This model contains two specific cases: Gaussi
Markovian limit (N→`) and narrowing limit (a0!1). The
narrowing limit corresponds to a Debye-type relaxation.D0 ,
a0(5D0 /g), s, N, and relaxation strengthAMRT are used as
fitting parameters to analyze the low-frequency depolari
Raman spectra. In this model,N must be a positive integer
The simplest case in the present analysis is supposed t
N51. In the case of the MRT model, the fitting function
given by

x9~n!5AMRTxMRT9 ~D0 ,a0 ,s,N;n!1A1xn9~n1 ,g1 ;n!

1A2xn9~n2 ,g2 ;n!. ~6!
5-3
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MASAHIKO ANNAKA et al. PHYSICAL REVIEW E 65 031805
In Eq. ~5!, the relaxation time is not a fitting parameter. T
calculate the relaxation time, we definev(t) in the time do-
main as the inverse Laplace transform ofv@s# given by

v~ t !5$cosh~ g̃t/2ã!1ã sinh~ g̃t/2ã!%Ne2Ng̃t/2, ~7!

where

ã5@124~D̃0 /g̃ !2#21/2, ~8!

and v(0)51. Then we obtain the relaxation time from th
following equation:

uv~ t !u2
1

2
50. ~9!

IV. RESULTS AND DISCUSSION

A. The effect of cations on the phase transition of NIPA gels

Figure 1 shows the salt concentration dependence of
swelling ratiosd/d0 of NIPA gels in aqueous NaCl, KCl, an
CsCl solutions at 25 °C. The gel volume gradually decrea
with increasing salt concentration, and changes discont
ously at 0.68 mol/l in aqueous NaCl solution, at 0.70 mol/l
aqueous KCl solution, and at 0.83 mol/l in aqueous C
solution.

The swelling experiments suggest that the change in
NIPA gel volume phase transition strongly depends on
salt concentration, and the effect of the salt increases in
following order: CsCl,KCl,NaCl. When salt was added t
NIPA gel fluid, the thermal behavior of the NIPA wa
changed. The transition temperatureTsalt became lower than
that in water,Twater . As salt concentration increased, th
difference betweenTwater and Tsalt became larger, and th
transition width further increased. The decrement of the tr
sition temperature due to the addition of the sa
DT([Twater2Tsalt) is shown as a function of the salt con
centration in Fig. 2. TheDT depends on the type of salt an
is largest for NaCl. The change in the behavior of the volu
phase transition by the addition of salt molecules was

FIG. 1. Diameterd/d0 of NIPA gel as a function of the alkali-
metal chloride concentration at 25 °C.
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duced by the change in the interaction between solvent
network. The observed phase behavior suggests that
clathrate structure in water around the hydrophobic moi
of NIPA gel is broken by the addition of salts to the NIPA g
fluid, and that the net entropy of the water must be affec
@29#. No volume change was observed in acrylamide ge
aqueous NaCl solution up to 2 mol/l. This clearly indicat
that the hydrophobic hydration around the isopropyl group
NIPA gel plays an essential role in determining the volum
Swelling behaviors were caused by the increase in entrop
the water by the addition of salts. These results indicate
NaCl molecule induced the largest change in the entropy
water.

FIG. 2. Change in the transition temperature of NIPA gels due
the addition of saltDT([Twater2Tsalt) as a function of the salt
concentration.

FIG. 3. Reduced low-frequency Raman spectra of~a! pure water
and~b! 2.0 mol/l aqueous NaCl solution at 25 °C. The fitting fun
tion contains the MRT model and two damped harmonic osci
tions.
5-4
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SALT EFFECT ON VOLUME PHASE TRANSITION OF A GEL PHYSICAL REVIEW E65 031805
B. Low-frequency Raman scattering

Figure 3 shows the reduced low-frequency Raman spe
of pure water and 2.0 mol/l aqueous NaCl solution at 25
and the best-fitted curves. Figure 4 shows the concentra
dependence of spectral shape of aqueous NaCl solutions
central mode changed with increasing concentration.

Figures 5~a!–5~d! indicate the concentration dependen
of fitting parameters. The relaxation time increases with
creasing concentration. The order of the relaxation time
Cs1,K1,Na1. The a0, which is a measure of the modu
lation speed of angular frequency of the MRT model,
creases with NaCl concentration, while it decreases in aq
ous KCl and CsCl solutions. Figures 5~c! and 5~d! indicate
the concentration dependence of the parameters of the
damped harmonic oscillators coupled with the MRT mod

FIG. 4. Concentration dependence of the reduced low-freque
Raman spectra of aqueous NaCl solutions at 25 °C.
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n60, andg60 are the parameters of band 60 cm21, andn190,
andg190 are the parameters of band 190 cm21. The charac-
teristic frequencies of the 60-cm21 and 190-cm21 modes
slightly decrease with increasing concentration. The damp
constant of the 190-cm21 mode increase at lower concentr
tion and then become almost constant at higher concen
tion. The damping constant of the 60-cm21 mode is almost
constant in the concentration range in this study.

The intensities of the relaxation mode and the tw
damped oscillator modes increased with salt concentrat
For liquid water, the correlation time observed in low
frequency Raman scattering has been suggested to c
spond to the duration time of creation and annihilation p
cess of the hydrogen bond network among water molec
@30–32#. The broad band around 190 cm21 is attributed to
the stretchinglike vibrations of hydrogen bonds among fi
water molecules. The broad band around 60 cm21 corre-
sponds to the bendinglike vibrations of hydrogen bo
among at least three water molecules. In aqueous salt s
tions, the dynamical structure of water molecules is distor
because of the formation of the hydration shell around io
This distortion may be one of the origins to increase
intensity of each mode.

For NaCl, KCl, and CsCl aqueous solutions, the char
teristic frequencies of the stretchinglike mode shift to t
lower side with increasing salt concentration as shown
Fig. 5~c!. The characteristic frequencies of bendingli
modes slightly decrease. The distributions of characteri
frequencies in both stretchinglike and bendinglike mod
slightly increase with increasing salt concentration as sho
in Fig. 5~d!. If the intermolecular interactions produce bo
vibration modes, the behaviors of these two modes aga
salt concentration should be the same. Therefore, the
concentration dependence of the characteristic times of b

cy
-

t

f

FIG. 5. Fitting results with one
MRT model and two damped har
monic oscillations for aqueous
alkali-metal chloride solutions a
25 °C.~a! The relaxation time cal-
culated from the MRT model as a
function of concentration.~b! The
modulation speed as a function o
concentration.~c! The characteris-
tic frequenciesn190 and n60 as a
function of concentration.~d! The
damping constantsg190 andg60 as
a function of concentration.
5-5
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MASAHIKO ANNAKA et al. PHYSICAL REVIEW E 65 031805
stretchinglike and bendinglike modes appear in Fig. 5~c! are
considered to be reasonable.

Na1 ion is considered to be structure-making ion, wh
K1 and Cs1 be structure-breaking ions. Relaxation rate
proton of water molecule in aqueous NaCl solution is lar
than that of pure water, while the proton relaxation rates
water molecule in aqueous KCl and CsCl solutions
smaller than that in pure water@33#. The self-diffusion con-
stant of water in aqueous NaCl solution is smaller than t
in pure water, while those in aqueous KCl and CsCl solutio
are larger than that in pure water@34#. As shown in Fig. 5~b!,
a0 varies consistently with the proton relaxation rate and
self-diffusion constant. Thea0 refers to the correlation rat
of the heat bath originating from thermal fluctuation of wa
molecules. Largera0 indicates the existence of stronger co
relation in fluctuating motion of water molecules. The rela
ation rates of aqueous salt solutions within the concentra
range studied here are slower than that of pure water.
Debye-type relaxation in water by the dielectric relaxati
measurement has been reported and the obtained relax
times are 8.32 and 1.02 ps@35#. The relaxation time of wate
molecules obtained in present paper is shorter than the
electric relaxation time. Therefore, we consider that the
laxation process observed by low-frequency Raman sca
ing in aqueous solutions does not correspond to
collective rotational motion of water molecules. Amo a
Tominaga interpreted that the relaxation time of MRT mo
as the averaging lifetime of the vibrating unit@22,24,25#. Salt
concentration dependences ofa0 indicate that the relaxation
mode observed in low-frequency Raman scattering sho
contain the information of the reorientational motion in t
hydration shell.

Parametera0, the correlation strength of the heat bath,
considered to be an indicator of structure-breaking a
structure-making nature of each salt.

C. Correlation between the phase behaviors of NIPA gels and
the characteristics of water molecules in aqueous alkali-

metal chloride solutions

As shown in Fig. 2, the shift in transition temperatureDT
of NIPA gel is sensitive to the effect of additives.DT is
considered to be a measure of the salt effect on the ent
of bulk water. It is important to know the correlation betwe
DT and the change in the dynamic nature of the water
addition of salts. Figures 6~a! and 6~b!, respectively, indicate
the relaxation time and the modulation speed of water m
ecules in aqueous salt solutions in terms of the shift in tr
sition temperatureDT of NIPA gel.

The chain segment of the NIPA gel is considered to ta
two states, the hydrated and dehydrated state. The affini
segment in hydrated state to water molecules is larger
that in the dehydrated state. A large affinity leads to a la
excluded volume of the segment and vice versa. A large
cluded volume favors a large average end-to-end distanc
an effective chain between the cross links, and therefo
large gel volume. The gel volume increases with an incre
in number of the chains in the hydrated state. The dehy
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tion causes an affinity reduction of the chain segment to
solvent and induces the chain collapse@6–8#. The fraction of
the chain segment in the hydrated state increase with
increase in the chemical potential of water molecule in
bulk and so does the gel volume. The water molecules
sociate from the chains to the bulk when the chemical pot
tial ~free energy! of water is lower than that of the polyme
associated water molecule. The presence of salts tend
reduce the chemical potential of water, which cause the
sorption of water molecules from the gel network chain
probably the proximity of isopropyl group. The phase tra
sition of NIPA gel is, therefore, induced by a transitionlik
decrease in the fraction of the hydrated segment with
crease in the chemical potential of water molecule in
bulk as salt concentration rises.

Chemical potential of water decreases with increas
temperature due to the entropy contribution. At a given te
perature, the chemical potential of water in the salt solut
decreases with increasing the salt concentration due to
free energy mixing. Therefore, increase in salt concentra
and increase in temperature has the same effect of decre
the chemical potential of water. The chemical potential
water in solution containing an additive~speciesi ) at con-
centration ofCi , mH2O(T,Ci), is given by@12,27#

mH2O~T,Ci !5mH2O
0 ~T!1RT ln aw~Ci !, ~10!

where mH2O
0 (T) and aw(Ci) are the chemical potential o

pure water at temperatureT, and the activity of water in the
presence of an additiveCi . Therefore, the decrement of th
chemical potential of water caused by the addition of alka
metal chloride, DmH2O(5mH2O

0 2mH2O), is given by

2RT ln aw in terms of activityaw .
Figure 7 shows the relation betweenDmH2O andDT, the

decrement of the transition temperature of NIPA gels due
the alkali-metal chloride. The activities of water in aqueo
alkali-metal chloride solutions are assumed to be indep
dent of temperature range of 10–35 °C. This assumption

FIG. 6. Relationship~a! between the change in the relaxatio
time tMRT with the addition of alkali-metal chloride, and the de
rement of transition temperatureDT; and~b! between the change in
the modulation speeda0 with the addition of alkali-metal chloride
and the decrement of transition temperatureDT of NIPA gel in the
aqueous alkali-metal chloride solutions.
5-6
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shown to be valid since the activity at 37 °C obtained in
present paper agreed with the values in the literature@28#
within the experimental error~3%!. As shown in Fig. 6, good
linear relations are found betweenDmH2O and DT for all
alkali-metal chlorides studied here.

The a0 value is considered to measure the entropy of
water molecules: smalla0 value indicate the ordered struc
ture of water molecule, which corresponds to the high f
energy of bulk water. Whena0 is smaller, the free energy o
bulk water is higher, and hydrated water molecules to NI
gel network are stable and prefer to bind to the polym
chain. The smaller thea0 value, the more the water mo
ecules binds to the polymer chain. Whilea0 value is larger,
the hydrated water molecules to NIPA gel network beco
unstable and prefers to dissociate from the polymer chai

Figures 8~a! and 8~b!, respectively, show the correlatio
between the chemical potential and the relaxation ti
tMRT , and that between the chemical potential of water m
ecule and the modulation speeda0 at the transition points
These indicate that the chemical potentials at the transi
points are almost constant, whereas the dynamic structu
bulk water is changed by addition of alkali-metal chlorid
or by changing temperature. This indicates that the free
ergy of the bound water molecules in the NIPA gel at t
transition is invariant with respect to dynamic parameters
water.

The observed correlation between the swelling beha
of NIPA gel and the experimentally determined paramet
of water in the gel suggests that the volume phase transit
due to the different type of perturbation~temperature, salt!
are induced by the same mechanism, hydrophobic hydra
and dehydration, and therefore can be described in a un
manner in terms of the chemical potential of water.

V. CONCLUDING REMARKS

The salt effect on the phase transition of NIPA g
was studied for alkali-metal chlorides~NaCl, KCl, and

FIG. 7. Relationship betweenDmH2O , the decrement of the
chemical potential of water molecules with the addition of alka
metal chloride, and the decrement of transition temperatureDT of
NIPA gel in the aqueous alkali-metal chloride solutions.
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CsCl!. The series of swelling experiment reveal that t
change in the NIPA gel volume phase transition strongly
pends on the salt concentration and is related to the dehy
tion with respect to hydrophobic hydration. From the ana
sis of the low-frequency Raman spectra in water and vari
aqueous solutions, the presence of salts tends to dis
the hydration structures of water molecules in the vicinity
the NIPA side chain, as a result of which the gel collaps
The swelling behavior of NIPA gels and the characteris
values of aqueous salt solutions~i.e., relaxation timetMRT

and modulation speeda0) obtained from Raman spectra in
dicate that the addition of alkali-metal chloride to gel flu
affects the disruption of water molecules in the hydrati
shell around the NIPA gel and on the formation of t
hydrogen-bonded network structure of water around the
selves.

The swelling behavior of the NIPA gel is well describe
as a function of chemical potential difference of water
solution from that at the transition. The correlation betwe
the chemical potentials and the dynamic nature of water m
ecules~i.e., relaxation timetMRT and modulation speeda0)
at the transition points indicates that the chemical potent
at the transition points are almost constant whereas the s
ture of bulk water is changed by addition of alkali-met
chlorides or change in temperature. These results stro
suggest that the swelling ratio of NIPA gel is a function
hydration degree, which is regulated by the chemical pot
tial of water.
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FIG. 8. Correlation~a! between the chemical potential of wate
molecules and the relaxation timetMRT at the transition points, and
~b! between the chemical potential of water molecules and
modulation speeda0 at the transition points. The chemical potenti
at 0 °C is taken as 0. The dotted line denotes the chemical pote
of pure water at the transition temperature of NIPA gel in wa
(534 °C).
5-7



n

a-
ys

n

.M

ad

n-

er,

MASAHIKO ANNAKA et al. PHYSICAL REVIEW E 65 031805
@1# Y. Hirokawa and T. Tanaka, J. Chem. Phys.81, 6379~1984!.
@2# S. Hirotsu, Y. Hirokawa, and T. Tanaka, J. Chem. Phys.87,

1392 ~1987!.
@3# S. Hirotsu, J. Phys. Soc. Jpn.56, 233 ~1987!.
@4# H. Inomata, S. Goto, K. Ohtake, and S. Saito, Langmuir8, 687

~1992!.
@5# A. Suzuki, Adv. Polym. Sci.110, 226 ~1993!.
@6# H. Kawasaki, S. Sasaki, H. Maeda, S. Mihara, M. Tokita, a

T. Komai, J. Phys. Chem.100, 16 282~1996!.
@7# S. Sasaki and H. Maeda, Phys. Rev. E54, 2761~1996!.
@8# S. Sasaki, H. Kawasaki, and H. Maeda, Macromolecules30,

1847 ~1997!.
@9# M. Annaka, K. Motokawa, S. Sasaki, T. Nakahira, H. K

wasaki, H. Maeda, Y. Amo, and Y. Tominaga, J. Chem. Ph
113, 5980~2000!.

@10# M. Shibayama and T. Tanaka, Adv. Polym. Sci.109, 1 ~1993!,
and references cited therein.

@11# A. Pertsemlidis, A.M. Saxena, A.K. Soper, T. Head-Gordo
and R.M. Glaeser, Proc. Natl. Acad. Sci. U.S.A.93, 10 769
~1996!.

@12# T. Head-Gordon, J.M. Sorenson, A. Pertsemlidis, and R
Glaeser, Biophys. J.73, 2106~1997!.

@13# A. Pertsemlidis, A.K. Soper, J.M. Sorenson, and T. He
Gordon, Proc. Natl. Acad. Sci. U.S.A.96, 481 ~1999!.

@14# M.H. Brooker and M. Perrot, J. Chem. Phys.74, 2795~1981!.
@15# O.F. Nielsen and D.H. Christensen, J. Chem. Phys.82, 1183

~1985!.
@16# O.F. Nielsen, J. Raman Spectrosc.20, 221 ~1989!.
03180
d

.

,

.

-

@17# M.A. Ricci, G. Signorelli, and V. Mazzacurati, J. Phys.: Co
dens. Matter2, SA183~1990!.

@18# G.W. Walrafen, J. Phys. Chem.94, 2237~1990!.
@19# G.W. Walrafen, J. Chem. Phys.36, 1035~1962!.
@20# G.W. Walrafen, J. Chem. Phys.40, 3249~1964!.
@21# Y. Amo and Y. Tominaga, J. Chem. Phys.109, 3994~1998!.
@22# Y. Amo and Y. Tominaga, Phys. Rev. E58, 7553~1998!.
@23# Y. Amo and Y. Tominaga, Phys. Rev. E60, 1708~1999!.
@24# Y. Amo and Y. Tominaga, Physica A275, 33 ~2000!.
@25# Y. Amo and Y. Tominaga, Physica A276, 401 ~2000!.
@26# F. Shibata, C. Uchiyama, and K. Maruyama, Physica A161, 42

~1989!.
@27# S. Sasaki, H. Kawasaki, and H. Maeda, Macromolecules30,

1847 ~1997!.
@28# C. W. West,CRC Handbook of Chemistry and Physics, 58th

ed. ~CRC, Boca Raton, 1978!, p. D219.
@29# W. Kauzmann,The Structure and Properties of Water~Claren-

don, Oxford, 1969!.
@30# K. Mizoguchi, Y. Hori, and Y. Tominaga, J. Chem. Phys.97,

1961 ~1992!.
@31# I. Ohmine, J. Phys. Chem.99, 6969~1995!.
@32# S. Saito and I. Ohmine, J. Chem. Phys.102, 3566~1995!.
@33# H. G. Hertz, in Water A Comprehensive Treatise, edited by

Franks~Plenum, New York, 1973!, Vol. 3, p. 301.
@34# K.A. Vailev and M. Emeliyanov, Zh. Strukt. Khim.5, 674

~1964!.
@35# J. Barthel, K. Bachhuber, R. Buchner, and H. Hetzenau

Chem. Phys. Lett.165, 369 ~1990!.
5-8


