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Salt effect on volume phase transition of a gel
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The salt effect on the phase transition fisopropylacrylamidgNIPA) gel was studied for alkali-metal
chlorides(NaCl, KCI, and CsQl 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 solutiensrelaxation 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 ratigsopropylacrylamide gel is a function
of hydration degree, which is regulated by the chemical potential of water.
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[. INTRODUCTION salts reduces the transition temperature. The effect of salt on
the volume phase transition behavior of NIPA gels is consid-
N-isopropylacrylamide ggNIPA gel) is known to exhibit  ered to reduce the amount of clathrate structure of water
a discrete volume phase transition with a change in temperaround the hydrophobic moieties of the NIPA gels. For ex-
ture and/or concentration of added salts-3]. NIPAgel isin  ample, salt increase the hydrophobic interaction; the effect
a swollen phase at lower temperature and is in a collapsedepends upon the nature of the ions. The Hofmeister series is
phase at higher temperature. The phase behavior of NIPthe order of effectiveness as precipitants of serum globulines.
gels is opposite to that of liquid-gas system. Such an anomarhe same series has been observed, in effectiveness, in de-
lous phase transition is considered to arise from the hydroereasing the solubility in wateii.e., “salting out”) of non-
phobic interaction between the polymer network and the solpolar molecules, of affecting the stability of specific confor-
vent. In the swollen phase of NIPA gels, water molecules imrmations of proteins and nucleic acids. It is most likely that
the vicinity of hydrophobic part of the gel network is con- these effects on the hydrophobic interaction arise indirectly
sidered to form clathrate structure, hydrophobic hydratiorfrom effects on the structure of water. The discrete volume
clusters, to minimize the net free energy of NIPA gel systemreduction in hydrated NIPA gel, therefore, is considered to be
In the collapsed phase of NIPA gels, whereas the orderethduced by the cooperative dehydration of gel chains due to
structure of water molecules around the gel network is brothe hydrophobic interactiop4—9]. The hydrophobic interac-
ken and the gel network aggregates. Addition of inorganicion is sensitive to the components added to the aqueous

solution.
The physicochemical nature of the volume phase transi-
* Author to whom correspondence should be addressed. tion of NIPA gels has been investigated mainly to clarify the
"Present address: Chugai Pharmaceutical Co. Ltd., Gotenbinteraction between NIPA gel network40]. In the search
Shizuoka 412-8513, Japan. for the underlying principle of the phase transition of gels,
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driven by hydrophobic interaction such as NIPA gel, it isdisrupt the hydration structures of water molecules in the
crucial to understand the roles of the solvent and cosolutes &icinity of the NIPA side chain, as a result of which the gel
molecular level. collapses. Therefore, it is important to know the dynamic
We have investigated the salt effect on the phase transstate of water molecule under the presence of salt and its
tion of NIPA gel for sodium halide$NaCl, NaBr, and Nal  correlation to macroscopic nature of the NIPA gel.
[7-9]. In order to clarify the interaction between water mol-  Low-frequency Raman scattering, which occurs in the
ecules and salt molecules, the thermodynamic activities a$pectral region below 300 cm, has proven to be an effec-
water molecules in aqueous salt solutions and(tdeeipled  tive method for investigating molecular dynamics in the lig-
OH stretching Raman spectrum of water was investigatediid state of watef14—17. Band assignment has been done
The activity of water is a measure of the interaction betweerfor two Raman bands in the low-frequency region, a O-H-O
water and salt. The OH stretching Raman spectra in watestretching mode (190 cnt) and a O-O-O bending mode
and various agueous solutions in terms of collective protofeo cm '), within a system of five water molecul¢$8—
motions can y|8|d information regarding the structure of thezo] The imaginary part of dynamic SUSCGpthIlIty is given by
water network in these systems. The good correlation wageduced Raman spectra. In the liquid state, three types of
observed between the chemical potential of water moleculegodes contribute to the dynamic susceptibility: intramolecu-
and the volume phase transition of NIPA gel. The swelling|ar vibrations, intermolecular vibrations, and collective relax-
behavior of the NIPA gel is well described as a function of ational motions. In the low-frequency region, intermolecular
chemical potential difference of water molecules in solutionyiprations and collective relaxational motions are observed.
from that at the transition. This result strongly suggests thapye to the large background in the reduced Raman spectra of
the swelling ratio of NIPA gel is a function of hydration \ater and aqueous electrolyte solution, Amo and Tominaga
degree, which is regulated by the chemical potential of wateproposed the use of the relaxation mode that takes into ac-
molecules. The collective proton motions of water moleculesount the inertia and the non-white effects in the reduced
determined by the OH stretching Raman spectra is reducedaman spectra of aqueous electrolyte solutj@is-25.
with the addition of salts and roughly linear dependences are | this paper, the salt effect on the phase transition of
observed upon further addition of salts. The correlation benjpa gel was studied for alkali-metal chlorid&aCl, KCI,
tween the chemical pOtentials and the relative intensity of th%nd CSC] in terms of dynamicai state of water molecule. In
band assigned to the in-phase collective motions at the traryrder to clarify the salt effect on water molecules micro-
sition points shows that the chemical potentials at the tranSiscopicaIIy, we have conducted the low-frequency Raman
tion points are almost constant whereas the structure of bU|§cattering of NaCl, KCI, and CsCl aqueous solutions. We
water is changed by addition of salts or change in temperayi|| discuss the correlation between the phase behaviors of
ture. These findings indicate that the volume phase transiy|pA gels in aqueous salt solutions and the dynamic state of
tions due to the different type of perturbati@mperature, water molecules in aqueous alkali-metal chloride solutions

saly are induced by the same mechanism, hydrophobic hygogether with the thermodynamic activities of water
dration and dehydration, and therefore can be described in@glecules.

unified manner in terms of the chemical potential and the
collective proton motions of water molecules.

Recently Head-Gordoat al. studied the hydration struc-
ture near hydrophobic and hydrophilic amino acids by neu-
tron scattering and molecular dynamics simulafieh—13. A. Materials
Their results indicated that the structure of water within the NaCl, KCI, and CsC{Wako Pure Chem. Ind. Ltd., Osgka

hydra'Fion shell of _hydrophopic ami_no acid side_chains had,ere used as suppliedi-isopropylacrylamidgKohijin Co.,
following features in comparison with pure waté. Tetra-  o1v0) was recrystalized from toluene/hexane mixture three
hedral structure of water is an essential feature around thg, 25" pefore use. N N’-methylenebisacrylamide and
hydrophobic side chain of amino acid such as leuciiié. N,N,N’,N’-tetraethylmethylenediamine and ammoniumper-

This clathratelike structure is perturbed, and is distorted to b‘%ulfate(Wako Pure Chem. Ind. Ltd., Osakaere used with-
more planar than that of the tetrahedral structure observed i I

crystal ice and pure watd(iii ) The hydration structure is not blut further purification.
rigid, but is continuously formed and destroyed. The corre-
lation time of water molecules consisting of hydration shell
around the side chain of leucine is in the same order of bulk NIPA gel was prepared by radical polymerization: 7.92 g
water. Our analysis of the OH stretching Raman spectra iof N-isopropylacrylamide (700 mM), 0.133 g of
terms of collective proton motions, and the studies by HeadN,N’-methylenebisacrylamidécross linker, 8.7 mN| and
Gordon and co-workers suggest that the hydration structur22.8 mg of ammoniumpersulfatitiator) were dissolved in

is not rigid, but breaks up and reforms continuously accom100 ml of distilled deionized water. 0.24 ml of
panied with the rapid exchange of water molecules in theN,N,N’,N’-tetraethylmethylenediamine was further added
same order of correlation time as bulk water. The strongo initiate the polymerization. The pregel solution was poly-
electrostatic interaction due to the presence of ions makewserized at 10°C for 24 h in a capillary of inner diameter
water molecules in the hydrophobic hydration shell orientedl40 um (=dg). After completion of gelation, the cylindri-
around the ions. Therefore, the presence of salts tends tmal gel was removed from the capillary mold and was

Il. EXPERIMENT

B. Sample preparation
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washed with distilled water. Water was repeatedly changeduency shift and the incident laser light frequency,

until the diameter of the gel reached equilibrium. respectively. The frequenciesand »; are given in cm?, f
andf; are given in Hz, and is light velocity. TheK is the
C. Determination of phase diagram instrumental constant.

The imaginary part of the susceptibility of the damped
1. Temperature dependence harmonic oscillator is represented by
The gel was cut into a small cylinder of length 1 mm and

placed in a glass capillary. The temperature of the samples 0Py
) /)

was controlled within 0.1°C by circulating temperature- X' (w7, @)= @)
controlled water around the capillary. Equilibrium gel diam- v (wf—w2)2+(wyj)2’
eterd was measured under a microscope.

2. Salt concentration dependence where o;=2mcv; (j=1,2) and y;=2wcg; (j=1,2) are

. . . ) characteristic angular frequencies and damping constants, re-
The gels are immersed in salt solutions of different con-

. . ; ) . 7 ectively. They; andg; are characteristic frequencies and
centrations in succession at 25 °C, starting with a delomzeap Y. 1o 9i d

i : . : amping constants, respectively, given in'cm
and distilled water and going stepwise to higher concentrate In the present paper, we applied the multiple-random-

salt solutions. Reversibility and hysteresis were checked Wit'f'elegrapl’(MRT) model to analyze the relaxation component
all gels by bringing them back into deionized and distilled,ich takes into account inertia and memory effect accord-
water. ing to Amo and Tominagf21-25. In the MRT model[26],

the complex susceptibility is written in the form
D. Activities of water molecules in the salt solutions

Water act?vities in the sa[t solutionso were evaluated .from Y (w)=1—iwov[s], ()
the osmolarity of the solution at 37 °C, measured with a
vapor pressure osmomet@/PO 5500, WESCOR The re- _ . o
lation between the osmolarit) and water activitya,,, is ~ Wheres=iw. In the asymmetric case[s] is given by con-

given by tinued function,
_ e 1
ay=exp—VQ), 1 v[s]= — , ®)
NAG
_ s+ =
whereV is the partial molar volume of water. e 2(N-1)A3
S =
P 3(N-2)A2
E. Raman spectroscopy Ss+2y+ 3..—
S+ + ...
Assilica flow cell (T-45FLUV10, Nippon Silica Glass Inc. 4
was used for measurements to avoid the optical deadjustment —
associated with the replacement of the sample. Depolarized ~
) . X s+(N—=1)y+ =
Raman spectra were obtained by using a double grating spec- s+N7y

trometer(Ramanor U1000, Jovin-YvonThe exciting light
source was an argon-ion laser operating at 488 nm with T2 A2(1_ 2 ~ o .
400-mW power. The right-angle scattering geometry wasWhere Bo=Ag(1~07) and y=y—2icd,. The multiple

adopted with(VH) configuration. The depolarized Raman random-telegraph process is composed_l\bfndependent
. random-telegraph processes, each of which takes the value
spectrum was_recorded in the frequency range from—+A The v is the inverse of the characteristic time of the
50 cm! to 250 cm!. The spectral resolution was % Y
1 o random-telegraph process. A nonzero valueraheans that
0.2 cm -. All spectra were recorded at 25 °C. "
. each probability of the random-telegraph process was asym-
Temperature of the sample was controlled with accurac

within +0.02°C. The temperatures were monitored usin ¥netr|c. This model contains two specific cases: Gaussian—

. . Markovian limit (N—o<0) and narrowing limit ¢g<1). The
chromel-constantan thermocouples provided by the Chemlc%arrowin limit corresponds to a Debve-tvpe relaxatia
thermodynamics laboratory, Osaka University. g P ye-typ B

ag(=Aq/7y), o, N, and relaxation strength,, gt are used as
fitting parameters to analyze the low-frequency depolarized

lll. ANALYSIS OF RAMAN SPECTRA Raman spectra. In this modél, must be a positive integer.

The dynamical susceptibility is given by The simplest case in the present analysis is supposed to be
N=1. In the case of the MRT model, the fitting function is
X' (v)=K(vi—v)3[n(v)+ 1]t (v), (2)  given by

wherel (v) is the Raman spectral intensity obtained by pho-  x"(v)=Ayrtxur(A0,@0,0,N;v) +A1x"(v1,91;7)
ton counting methodn(v)=[exphcr/kT)—1] ! is a Bose- ,
Einstein factor,»(=f/c) and »j(=f;/c) are Raman fre- +Ax(v2,92; 7). (6)
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FIG. 2. Change in the transition temperature of NIPA gels due to

FIG. 1. Diameterd/d, of NIPA gel as a function of the alkali-
metal chloride concentration at 25 °C.

In Eqg. (5), the relaxation time is not a fitting parameter. To

the addition of salAT(=T,ater— Tsai) @S @ function of the salt
concentration.

calculate the relaxation time, we definét) in the time do-
main as the inverse Laplace transformuvs] given by

v(t)={coshyt/2a) +a sinh yt/2a)}Ne— N7t/2,

where

a=[1-4(Ay/y)?] 12

@)

)

duced by the change in the interaction between solvent and
network. The observed phase behavior suggests that the
clathrate structure in water around the hydrophobic moiety
of NIPA gel is broken by the addition of salts to the NIPA gel
fluid, and that the net entropy of the water must be affected
[29]. No volume change was observed in acrylamide gel in
aqueous NacCl solution up to 2 mol/l. This clearly indicates
that the hydrophobic hydration around the isopropyl group of
NIPA gel plays an essential role in determining the volume.
Swelling behaviors were caused by the increase in entropy of
the water by the addition of salts. These results indicate that

andv(0)=1. Then we obtain the relaxation time from the NaCl molecule induced the largest change in the entropy of

following equation:

1
[o(H]-5=0. ©

IV. RESULTS AND DISCUSSION
A. The effect of cations on the phase transition of NIPA gels

Figure 1 shows the salt concentration dependence of the
swelling ratiosd/d, of NIPA gels in aqueous NacCl, KCI, and
CsCl solutions at 25 °C. The gel volume gradually decreases
with increasing salt concentration, and changes discontinu-
ously at 0.68 mol/l in aqueous NaCl solution, at 0.70 mol/l in
aqueous KCI solution, and at 0.83 mol/l in aqueous CsCl
solution.

The swelling experiments suggest that the change in the
NIPA gel volume phase transition strongly depends on the
salt concentration, and the effect of the salt increases in the
following order: CsCk KClI<NaCl. When salt was added to
NIPA gel fluid, the thermal behavior of the NIPA was
changed. The transition temperatdig,; became lower than
that in water, T,yater- AS salt concentration increased, the
difference betweef e and T, became larger, and the
transition width further increased. The decrement of the tran-
sition temperature due to the addition of the salts
AT(=Tyater— Tsai) 1S shown as a function of the salt con-

water.
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FIG. 3. Reduced low-frequency Raman spectréappure water

centration in Fig. 2. Th&T depends on the type of salt and and (b) 2.0 mol/l aqueous NaCl solution at 25 °C. The fitting func-
is largest for NaCl. The change in the behavior of the volumeion contains the MRT model and two damped harmonic oscilla-

phase transition by the addition of salt molecules was intions.
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[ L ;quéous" NaICI S'Omt'ion vgo, andgep are the parameters of band 69 ‘chandv, g,

% andg,q, are the parameters of band 190 ¢mThe charac-

?‘2‘:8 mon teristic frequencies of the 60-chh and 190-cm® modes
water slightly decrease with increasing concentration. The damping
constant of the 190-cit mode increase at lower concentra-
tion and then become almost constant at higher concentra-
tion. The damping constant of the 60-cimode is almost
constant in the concentration range in this study.

The intensities of the relaxation mode and the two
damped oscillator modes increased with salt concentration.
i For liquid water, the correlation time observed in low-

A T B T B frequency Raman scattering has been suggested to corre-
50 0 50 100 150 200 250 spond to the duration time of creation and annihilation pro-
Raman Frequency (cm™) cess of the hydrogen bond network among water molecules
[30—32. The broad band around 190 tis attributed to
FIG. 4. Concentration dependence of the reduced Iow-frequency\je stretchinglike vibrations of hydrogen bond§ among five
Raman spectra of aqueous NaCl solutions at 25 °C. ater molecules. TheT brpad l:.)and. around 60~ troorre-
sponds to the bendinglike vibrations of hydrogen bond
among at least three water molecules. In aqueous salt solu-
tions, the dynamical structure of water molecules is distorted

Figure 3 shows the reduced low-frequency Raman spectrigecause of the formation of the hydration shell around ions.
of pure water and 2.0 mol/l agueous NaCl solution at 25 °CThis distortion may be one of the origins to increase the
and the best-fitted curves. Figure 4 shows the concentrationtensity of each mode.
dependence of spectral shape of aqueous NaCl solutions. The For NaCl, KCI, and CsCl aqueous solutions, the charac-
central mode changed with increasing concentration. teristic frequencies of the stretchinglike mode shift to the

Figures %a)—5(d) indicate the concentration dependencelower side with increasing salt concentration as shown in
of fitting parameters. The relaxation time increases with inFig. 5c). The characteristic frequencies of bendinglike
creasing concentration. The order of the relaxation time isnodes slightly decrease. The distributions of characteristic
Cs"<K*"<Na". The e, which is a measure of the modu- frequencies in both stretchinglike and bendinglike modes
lation speed of angular frequency of the MRT model, in-slightly increase with increasing salt concentration as shown
creases with NaCl concentration, while it decreases in aquén Fig. 5d). If the intermolecular interactions produce both
ous KCI and CsCI solutions. Figure¢ch and 3d) indicate  vibration modes, the behaviors of these two modes against
the concentration dependence of the parameters of the twsalt concentration should be the same. Therefore, the salt
damped harmonic oscillators coupled with the MRT model.concentration dependence of the characteristic times of both

x"(v) (arb. units)

B. Low-frequency Raman scattering
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stretchinglike and bendinglike modes appear in Fig) &re 128 T T T T T 08p T T T T T T g

considered to be reasonable. g b @) s | ()|
Na" ion is considered to be structure-making ion, while o G0 | <

K* and C$ be structure-breaking ions. Relaxation rate of & 1.00- L 13 0.7/5 o puassess oss s e o &

proton of water molecule in aqueous NaCl solution is larger g o 2’ | Oggi;?% 0D GG ¢ o)

than that of pure water, while the proton relaxation rates of ..-'o&ooo S “Con,

water molecule in agueous KCI and CsCl solutions are 0.75) #%°° ., 4 5 06f o

smaller than that in pure watg83]. The self-diffusion con- % o a0 o B e Tac

stant of water in aqueous NaCl solution is smaller than that ® E S K

in pure water, while those in aqueous KCl and CsCl solutions 050k . v . 1 v 0101, o 1] e I RN

are larger than that in pure wa{@4]. As shown in Fig. &), 0 5 101520 25 30 0 5101520253

ag varies consistently with the proton relaxation rate and the AT (°C) AT (°C)

self-diffusion constant. The refers to the correlation rate
of the heat bath originating from thermal fluctuation of watery, .. ' "\ the addition of alkali-metal chloride, and the dec-
molgculgs. Largeqo |nd|c§tes the existence of stronger cor- yoment of transition temperatusel’; and(b) between the change in
relation in fluctuating motion of water molecules. The relax-the modulation speed, with the addition of alkali-metal chloride,
ation rates of aqueous salt solutions within the concentratioaind the decrement of transition temperatie of NIPA gel in the
range studied here are slower than that of pure water. Th&queous alkali-metal chloride solutions.

Debye-type relaxation in water by the dielectric relaxation

measurement has been reported and the obtained relaxatitton causes an affinity reduction of the chain segment to the
times are 8.32 and 1.02 p35]. The relaxation time of water solvent and induces the chain collafpée-8]. The fraction of
molecules obtained in present paper is shorter than the dihe chain segment in the hydrated state increase with the
electric relaxation time. Therefore, we consider that the reincrease in the chemical potential of water molecule in the
laxation process observed by low-frequency Raman scattepulk and so does the gel volume. The water molecules dis-
ing in aqueous solutions does not correspond to th&ociate from the chains to the bulk when the chemical poten-
collective rotational motion of water molecules. Amo andtial (free energy of water is lower than that of the polymer
Tominaga interpreted that the relaxation time of MRT mode[@SSociated water molecule. The presence of salts tends to
as the averaging lifetime of the vibrating uf@2,24,23. Salt reduge the chemical potential of water, which cause the_ de-
concentration dependencesaf indicate that the relaxation SOrPtion of water molecules from the gel network chains,

mode observed in low-frequency Raman scattering shouIB.rc.)bably the proximity of isopro_pyl group. The phqs_e tr_an-
contain the information of the reorientational motion in the 3" of NIPA gel is, therefore, induced by a transitionlike

h . decrease in the fraction of the hydrated segment with de-
ydration shell. : ; : .
Parametew,, the correlation strength of the heat bath js Toase 1n the Chemlcal pof[entlal of water molecule in the
i o e _<7h Ppulk as salt concentration rises.

considered tq be an indicator of structure-breaking an Chemical potential of water decreases with increasing
structure-making nature of each salt. temperature due to the entropy contribution. At a given tem-
perature, the chemical potential of water in the salt solution

C. Correlation between the phase behaviors of NIPA gels and  decreases with increasing the salt concentration due to the
the characteristics of water molecules in aqueous alkali- free energy mixing. Therefore, increase in salt concentration

metal chloride solutions and increase in temperature has the same effect of decreasing

As shown in Fig. 2, the shift in transition temperatur& the chgmical .potential .Of water. Th.e. chemjca} potential of
of NIPA gel is sensitive to the effect of additivedT is  Water in solution containing an additivepeciesi) at con-
considered to be a measure of the salt effect on the entroggentration ofC;, u, o(T,Ci), is given by[12,27
of bulk water. It is important to know the correlation between 0
AT and the change in the dynamic nature of the water by #r0(TC) = up,o(T) +RTINa,(Cy), (10
addition of salts. Figures(é) and Gb), respectively, indicate
the relaxation time and the modulation speed of water molyhere Mazo(T) and a,(C;) are the chemical potential of

e;;_ulest n aquetou;_f_altfsl\(l)llgzonsl in terms of the shit in trani:)ure water at temperatuiie and the activity of water in the
sition temperatur 0 get. ({)resence of an additive; . Therefore, the decrement of the

The chain segment of the NIPA gel is considered to tak ; ; s ;
- emical potential of water caused by the addition of alkali-
two states, the hydrated and dehydrated state. The affinity Petal chloride, AMHZO(:MaZO_MHZO)x is given by

segment in hydrated state to water molecules is larger than . !
that in the dehydrated state. A large affinity leads to a large” RTIna, in terms of activitya,, .

excluded volume of the segment and vice versa. A large ex- Figure 7 shows the relation betweanu, o andAT, the
cluded volume favors a large average end-to-end distance ofecrement of the transition temperature of NIPA gels due to
an effective chain between the cross links, and therefore the alkali-metal chloride. The activities of water in aqueous
large gel volume. The gel volume increases with an increaselkali-metal chloride solutions are assumed to be indepen-
in number of the chains in the hydrated state. The dehydradent of temperature range of 10—35 °C. This assumption was

FIG. 6. Relationship@) between the change in the relaxation
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FIG. 8. Correlation(a) between the chemical potential of water
molecules and the relaxation timgz 1 at the transition points, and
(b) between the chemical potential of water molecules and the
modulation speed at the transition points. The chemical potential
at 0 °C is taken as 0. The dotted line denotes the chemical potential
of pure water at the transition temperature of NIPA gel in water
(=34°C).

FIG. 7. Relationship betweeA,quo, the decrement of the
chemical potential of water molecules with the addition of alkali-
metal chloride, and the decrement of transition temperakireof
NIPA gel in the aqueous alkali-metal chloride solutions.

shown to be valid since the activity at 37 °C obtained in the
present paper agreed with the values in the literaf@6
within the experimental erra3%). As shown in Fig. 6, good CsC). The series of swelling experiment reveal that the
linear relations are found betWeGmMHzo and AT for all change in the NIPA gel volume phase transition strongly de-
alkali-metal chlorides studied here. pends on the salt concentration and is related to the dehydra-
The a, value is considered to measure the entropy of thdion With respect to hydrophobic hydration. From the analy-
water molecules: smalk, value indicate the ordered struc- Sis Of the low-frequency Raman spectra in water and various
ture of water molecule, which corresponds to the high freeddueous solutions, the presence of salts tends to disrupt
energy of bulk water. When, is smaller, the free energy of the hydration structures of water molecules in the vicinity of
bulk water is higher, and hydrated water molecules to NIPAthe NIPA side chain, as a result of which the gel collapses.
gel network are stable and prefer to bind to the polymerThe swelling behavior of NIPA gels and the characteristic
chain. The smaller they, value, the more the water mol- values of aqueous salt solutiofise., relaxation timeryrt
ecules binds to the polymer chain. Whilg value is larger, and modulation speed,) obtained from Raman spectra in-
the hydrated water molecules to NIPA gel network becomalicate that the addition of alkali-metal chloride to gel fluid
unstable and prefers to dissociate from the polymer chain. affects the disruption of water molecules in the hydration
Figures 8a) and 8b), respectively, show the correlation shell around the NIPA gel and on the formation of the
between the chemical potential and the relaxation timehydrogen-bonded network structure of water around them-
™mrT. and that between the chemical potential of water molsglyes.

ecule and the modulation speed at the transition points.  The swelling behavior of the NIPA gel is well described
These indicate that the chemical potentials at the transitiogs a function of chemical potential difference of water in
points are almost constant, whereas the dynamic structure @h|ytion from that at the transition. The correlation between

bulk water is changed by addition of alkali-metal chlorides g chemical potentials and the dynamic nature of water mol-
or by changing temperature. This indicates that the free enécules(i.e. relaxation timery rr and modulation speed)
ergy of the bound water molecules in the NIPA gel at the '

transition is invariant with respect to dvnamic barameters ofat the transition points indicates that the chemical potentials
water P y P at the transition points are almost constant whereas the struc-

The observed correlation between the swelling behavio}’ure of bulk water is changed by addition of alkali-metal

of NIPA gel and the experimentally determined parameteré:hlorides or change "? temperature. These_ results _strongly
of water in the gel suggests that the volume phase transition/99€st that the swelling ratio of NIPA gel is a function of
due to the different type of perturbatigtemperature, salt hydranon degree, which is regulated by the chemical poten-
are induced by the same mechanism, hydrophobic hydratiofi@l of water.
and dehydration, and therefore can be described in a unified
manner in terms of the chemical potential of water.
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