Colloid Polym Sci (2005) 283: 1163-1171
DOI 10.1007/s00396-005-1303-8

Hiroyuki Kogure
Sunao Nanami
Yuka Masuda
Yoshiharu Toyama
Kenji Kubota

Received: 23 October 2004
Accepted: 7 January 2005
Published online: 14 June 2005
© Springer-Verlag 2005

H. Kogure - S. Nanami - Y. Masuda
Y. Toyama - K. Kubota (X))
Department of Biological and Chemical
Engineering Faculty

of Engineering,

Gunma University, Kiryu,

Gunma 376-8515, Japan

E-mail: kkubota@bce.gunma-u.ac.jp
Tel.: +81-277-301447

ORIGINAL CONTRIBUTION

Hydration and dehydration behavior
of N-isopropylacrylamide gel particles

Abstract Thermal response of N-
isopropylacrylamide (NiPAM) gel
particles of submicron size was
investigated by means of ultrasonic
velocity and density focusing on the
hydration and dehydration behav-
ior. Hydration number, defined as
the number of water molecules
bound to one NiPAM monomer
unit, was quantitatively evaluated in
the course of the volume phase
transition. Hydration numbers at
low and high temperatures were
about 7.5 (20 °C) and 3 (40 °C),
respectively. Hydration number de-
creases markedly near the volume
phase transition temperature, and

the decrease is responsible to the
formation of hydrophobic bonding
and dehydration. The hydration
number is independent both of the
size and the composition of gel par-
ticles in the shrunken state, although
there exists a composition depen-
dence in the swollen state. It was
also found that the self-assemblies
formed by hydrophobic interaction
are more bulky compared to those in
the hydrated state.
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Hydration number - Hydrophobic
interaction - Ultrasonic velocity

Introduction

Volume phase transition is one of the most remarkable
phenomena characteristic of the polymer gels [1-3].
The interplay of swelling pressure due to mixing en-
tropy and deswelling pressure due to mixing interac-
tion results in this kind of interesting phenomenon [4,
5]. N-isopropylacrylamide (NiPAM) gel is the most
widely investigated among those gels, and an enor-
mous number of investigations have been reported so
far, especially relating to the development of func-
tionalities [4—7]. The shrinking behavior of the ele-
mentary poly-NiPAM chains constructing the gel
network, due to hydrophobic interaction, plays an
essential role in this volume phase transition process,

and the coil-to-globule transition of the elementary
NiPAM polymer chains deeply correlates with the
volume phase transition.

Coil-to-globule transition is the transition that takes
place in a single chain [8—10]. If the interaction between
adjacent chains is too strong compared to the intrachain
interaction, it is difficult to observe a single chain tran-
sition because of predominant interchain aggregation. In
organic solvents, van der Waals interaction is so weak
that a macroscopic phase separation due to interchain
transition precedes a single chain transition. On the
contrary, in aqueous solutions, hydrophobic interaction
and hydrogen bonding work additionally. It was previ-
ously found that an aqueous solution of linear poly-
NiPAM (PNiPAM) exhibits a coil-to-globule transition
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near its LCST type temperature [11-15]. Thereafter,
many studies for PNiPAM relating to coil-to-globule
transition have been reported so far [16-22]. According
to analyses based on the Birshtein—Pryamitsyn theory
[23, 24], two-body interaction in aqueous PNiPAM
solution is much larger than in the case of organic sol-
vents, for example poly(methylmethacrylate) in isoamyl
acetate [19, 25, 26]. It is expected that hydrophobically
self-assembled local domains interact effectively and re-
sult in sufficiently strong intrachain interaction.
Hydrophobic interaction is the dominant factor in the
volume phase transition of the hydrogels, as well as coil-
to-globule transition in a single chain, and the charac-
terization of hydrophobic interaction is quite important
for the detailed analyses of those transitions. In fact,
various studies on NiPAM hydrogels, for example flu-
orescence spectroscopic studies, have shown this fluo-
rescence  spectra, proving that  hydrophobic
circumstances correlate well with swelling-shrinking
behavior, and it has been revealed that the dominant
driving force of the volume phase transition is the
hydrophobic interaction [27]. Maeda et al. [22] studied
the hydration state during the coil-to-globule transition
of aqueous PNiPAM solution using FT-IR spectros-
copy, and found partial dehydration of the polymer
chain and formation of intra- and interchain hydrogen
bonding. They also argued that substantial hydrogen
bonding remains even in the globule (shrunken) state,
and the structure of water is determinant of the transi-
tion.

Several studies on the hydration of NiPAM hy-
drogel have been reported [20, 28-30]. Suetoh and
Shibayama studied the non-uniform hydration in the
thermal response of NiPAM gel by using DSC mea-
surements, and found the unique dependence of ther-
mal properties of NiPAM gel on the history of gel
treatment [28]. Lele et al. [29] studied the bound water
content in NiPAM gel theoretically and found that the
bound water content at the shrunken state (high
temperature) is about 0.4 g/g (hydration number ~
2.5), and increases three to four times at the swollen
state. However, detailed and quantitative experiments
focusing on the hydration behavior of NiPAM gel
have not yet been reported.

Since the formation of hydrophobic bonding results
in dehydration and the increase in free water molecules,
quantitative evaluation of hydration/dehydration is
needed for the analysis of the thermal response of Ni-
PAM gel. However, such an analysis is difficult in
practice for the macroscopic gels, because of the change
in sample shape, heterogeneous internal structure, and
spatial inhomogeneity brought in the thermal response
[31, 32]. Instability due to such spatial inhomogeneity
makes the thermal response of gels complicated. Since
the spatial size of inhomogeneity should be in the order
of submicrons [33-35], gel particles less than the spatial

size of inhomogeneity are useful for such investigations,
and the effect of inhomogeneity can be lessened. More-
over, the time to attain equilibrium is proportional to
the square of the size of the gel, and it is convenient to
use smaller size gel samples [36]. In addition, submicron
size NiPAM gel particles are stable without the forma-
tion of any aggregation even at high temperature
(shrinking region) [37]. Thus, we can examine the
hydration-dehydration behavior of NiPAM gel in a
stable equilibrium state.

Water molecules bound to solute particles are less
compressible than free water molecules, and their con-
tent can be detected by ultrasonic velocity and density
measurements, because the adiabatic compressibility is
related to them. About 50 years ago, Shiio et al. [38]
studied the binding of water to sugars and polymers
using ultrasonic velocimetry. They assumed that bound
water behaves similarly to ice in compression terms
because they are hydrogen bonded, and it was found
that bound water is almost dehydrated by the addition
of alcohol (ethanol). Therefore, the compressibility of
the polymer chain itself can be estimated according to
their procedure, and it is possible to evaluate the bound
water content or hydration number quantitatively by
ultrasonic velocity combined with density measure-
ments [38-42]. Similar dehydration behavior of NiPAM
gel due to the addition of alcohol has been reported
[43, 44].

In this paper, the hydration and dehydration behav-
ior of NiPAM gel particles were characterized below and
above the volume phase transition temperature. Three
gel samples were prepared by the emulsion polymeriza-
tion method: standard one, small sized ones, and ones
with a higher content of N,N’-methylene bisacrylamide.
Variation in particle size was monitored by dynamic
light scattering (DLS). The procedure of evaluation of
the hydration number from the ultrasonic velocity and
density measurements is also described.

Materials and methods
Sample preparation

Gel Particles were prepared by the emulsion poly-
merization method above the volume phase transition
temperature [37]. NiPAM monomer was purchased
from Wako Chemicals, Japan, and was purified by
successive recrystalization using hexane. N,N-methy-
lene bisacrylamide (BIS) was recrystalized from meth-
anol. Ammonium persulfate (AP) as an initiator and
sodium dodecylbenzenesulfonate (SD) as a dispersant
were used without further purification. Pregel solution
composed of 1.875 g NiPAM and 20 mg BIS dissolved
in 30 g water was fully degassed, and dissolved oxygen
was substituted by sufficient nitrogen. A necessary
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Table 1 Composition at the preparation and hydrodynamic diameter at 20 °C

Code NiPAM (g) BIS (mg) AP (mg) SD (mg) Water (g) Diameter (nm)
NI-A 1.88 20 7.5 0.2 30 700
NI-B 1.88 20 7.5 20 30 200
NI-C 1.88 68 15 0.2 30 700

335 - - - - ' ' I(t) Y(t) Y with I(t) being the scattered light intensity

at time 7) and the hydrodynamic diameter as a function

of temperature [45, 46]. Vertically polarized Ar ion laser

3301 operated at wavelength 488.0 nm was used as an inci-

dent beam. Correlation function g®(r) was analyzed by
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3325 distribution function as follows:
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Fig. 1 Relationship of the period of sing-around signals with the
reciprocal of sound velocity corrected for the thermal expansion of
sample path length. Sample is water. The coefficient of determina-
tion is 0.99997

amount of SD was added (Table 1). The pregel solu-
tion was put into a vial equipped with a nitrogen
bubbling tube and a magnetic stirrer and heated to
60 °C. The reaction was started by the addition of AP,
and continued for 3 h with agitation under nitrogen.
The reaction was terminated by the addition of
methanol into the reaction vial. Then, the suspension
was dialyzed thoroughly for 1 week against methanol
and distilled water to remove the residual monomers
and surfactant SD. Suspensions thus prepared were
diluted to an appropriate concentration for measure-
ment. Compositions and hydrodynamic diameters at
20 °C of the samples (code: NI-A, NI-B, and NI-C)
prepared for the present study are shown in Table 1.
Molar ratio of [NiPAM]/[BIS] is about 140 for NI-A.
NI-B has a smaller size as a result of more SD in the
preparation, and NI-C has a larger BIS content than
NI-A.

Light scattering

Dynamic light scattering measurements were carried out
using a homemade spectrometer and an ALV-5000
multiple-tau digital correlator to obtain the correlation
function of the scattered light intensity g@(r) (= (1(0)

ally diffusional motion contributes to the correlation
function, the hydrodynamic diameter D is simply ob-
tained by the Stokes—Einstein equation, D = (kgT7/
3nn)g* 1. kg, T, n, and ¢ are the Boltzman constant,
absolute temperature, solvent viscosity, and scattering
vector defined as ¢ = (4n/4)sin(0/2) with 1 and 6 being
the wavelength of the incident beam in the medium and
the scattering angle, respectively. The z-averaged
hydrodynamic diameter was obtained by use of A(z).
The concentration of gel particles was about 10 pg/cm?,
and the temperature was controlled within 5 mK.

Ultrasonic velocity

Ultrasonic velocity was measured by a sequential pulse
oscillation method developed from the sing-around
method [47, 48]. The resonant frequency of the trans-
ducer was 3 MHz. The time interval between the input
and output signal was determined by a universal counter
with the time resolution of 0.1 ns. Measurements were
carried out at sample concentrations of about 5 mg/cm”,
and the cell length was about 5 cm. The measured period
is related to the ultrasonic velocity by:

Il +a(T —25

At (2)
Here, 1, L»s, o, T, v, and At are the period of the detected
pulse sequence, cell length at 25 °C, thermal expansion
coefficient of the cell, temperature, ultrasonic velocity,
and the delay time due to the detecting circuit, respec-
tively. Temperature constancy in the course of mea-
surements was +1 mK, and the reproducibility of
velocity measurements was within 5x107> m/s.
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The calibration curve of the homemade ultrasonic
velocity measurement system is shown in Fig. 1. The
reported values of ultrasonic velocity in pure water were
used for the calibration [49]. The sing-around method
should give a linear dependence of the period of the
detected pulse signals upon the reciprocal of velocity
with the correction of thermal expansion of path length.
As shown in Fig. 1, very good linearity was obtained,
and the delay time due to the electric circuit was evalu-
ated from the fitting. The calibration constants thus
determined were used to obtain the ultrasonic velocity.

Ultrasonic velocity in water in the experimental
temperature region is about 1,500 m/s. Since the reso-
nant frequency is 3 MHz, the wavelength is about
0.5 mm, being much larger (about 1,000 times) than the
size of gel particles. Therefore, from the viewpoint of
sound propagation, the sample solutions of gel particles
can be regarded as continuous media, and the ultrasonic
velocity affected only by the state of water.

In order to represent the variation of ultrasonic
velocity in the solution compared to the solvent (water),
the limiting velocity number defined as,

was used. Here, v, vy, and C are the ultrasonic velocity in
the solution, that in the solvent, and the concentration
of the sample, respectively. As the concentration used in
the present study is sufficiently low, the difference be-
tween the experimentally determined values of (v/vg—1)/
C and [v] is negligibly small, and both can be treated
equivalently.

[v] = lim (C—0)

Density

Density of the sample solutions was measured by the
vibrating densitometer (DMAG602, Anton Paar). Tem-
perature constancy was =5 mK, and the reproducibility
of density measurements was within 0.1 mg/cm’. Mea-
surements were performed at concentrations of less than
10 mg/cm®.

In order to represent the variation of the solution
density compared to the solvent, the limiting density
number defined as

(p/po—1)
+ (C —0) (4)

was used. Here, p and pg are the density of the solution
and of the solvent, respectively. Similarly to the case of
ultrasonic velocity, no concentration dependence of (p/
po —1)/C was observed in the present experimental
concentration.

Adiabatic compressibility  was calculated from the
ultrasonic velocity v and the density p by the relation

B=1/pV>.

[p] = lim

Evaluation of hydration number

We consider that M, g of solute particles is dissolved in
¥ cm? of solution, according to the formulation of Shiio
[38]. Concentration of the solution is given by C = M/
V. Assuming that the additivity of volume, the total
volume of solution ¥ is the sum of free (unbound) water
Vo, hydrated water V3 (which includes not only the
hydrophobic hydration, but also the hydrophilic
hydration, and the water molecules bound to the solute
particles firmly), and solute V.

Vi=Vo+ W+ i (5)

Usually it is considered that the states of water are
classified into three: free water, hydrated (bound) water,
and intermediate. A clear characterization of the inter-
mediate state is, however, difficult and methods like the
present ultrasonic measurement cannot detect the inter-
mediate one by direct means. It should be noted that the
present classification of water into two states (free and
hydrated water) is still an approximate one. In addition,
water molecules that surround solute particles but move
almost freely, are not included in the hydrated water.

We define the density of free water py, hydrated water
pn, solute pg, and the adiabatic compressibility of the
solution f, free water f3y, hydrated water S, and solute
fs, respectively. Free water is considered the same as
water itself. Then, f = (-1/V,) (dV,/0P)s is calculated
as,

By (B (B
Bo : +Ms <ﬁ0 1) +Ms <ﬁo 1>.

Using the representation of the limiting compressibility
number defined as [] = (B/fo —1)/C, Eq. 6 is rewritten
as

=) )

Principally, [f] is defined as the limiting value to C — 0.
However, in dilute solutions like in the present case, no
concentration dependence is observed, and the experi-
mentally determined value of (f/fy —1)/C can be
approximated to [f] well enough, similar to the cases of
[v] and [p]. It should be noted that [f] is equal to —(2 [v]
+ [pD.

Hydration number S is defined as the number of
water molecules bound to one NiPAM monomer unit,
and then S = py, (mg/my,) (V/ M) is written with m,, and
mg being the molecular weight of water and NiPAM
monomer unit, respectively,

_ ﬁ [ﬁ] + (l/ps)<l - Bs/ﬁO)
5= ph(mw> 0-hfb)

By introducing the partial volume of solute V” defined as

(6)

(7)

(3)
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Fig. 2 Hydrodynamic diameter of NiPAM gel particle as a
function of temperature. The symbols of circle, square, and
diamond denote the sample NI-A, NI-B, and NI-C, respectively.
The inset shows the distribution functions of the hydrodynamic
diameter of the sample NI-A at the temperature 20.0 °C and
40.0 °C. Scattering angle was 30°
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Fig. 3 Relationships of (v/vy —1)/C as a function of temperature.
The meanings of the symbols are the same as those in Fig. 2
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Therefore, the hydration number S is formulated as,

_ o (ms [B] + V(1 — B/ Bo)
= ph(mw>{[(1—ﬁh/ﬁo)—(l—f)h/ﬂo)(l—ﬁs/ﬁo)]}
(10)

©)

It is noteworthy that the hydrated water content rep-
resented as the water mass per solute mass is given by
(my/my) S.

The structure of hydrated (bound) water could be
represented as that of ice without much error because
hydration might be caused by hydrogen bonding prin-
cipally, and py, and S}, can be approximated by those of
ice. The remaining unknown variable is f; if S becomes

0 during some conditions (all the hydrated water is ex-
cluded), ff; can be estimated from Eq. 10. Then, the
hydration number S is obtainable from the experimen-
tally observed quantities.

Results and discussion

Figure 2 depicts the swelling curves of three samples:
NI-A, NI-B, and NI-C. The inset shows the distribution
function of the hydrodynamic diameter of NI-A at the
temperatures 20 °C and 40 °C. Hydrodynamic diame-
ters were obtained by the Stokes-Einstein equation. It
was ascertained that the present preparation of NiPAM
gel particles gives very sharp size distribution. Almost
the same shape of the distribution at high temperature as
that at low temperature suggests that no aggregation
had occurred. The sample solution was so dilute that no
concentration dependence of the diameter determined by
DLS measurements was detected. Radii of gyration were
obtained simultaneously from the angular dependence
of the scattered light intensity. The ratio of the radius of
gyration to hydrodynamic radius is a little less than 0.78
(expected value for spheres of uniform density). Such a
tendency may be related to the relatively large [NiPAM]/
[BIS] ratio in the present preparation, and suggests that
the present NiPAM gel particles are little core/shell type
ones: that is, the outer shell part has a lower chain
density and those chains expand loosely, while the inner
core has a higher chain density.

At low temperature (say, <30 °C), the diameter de-
creased monotonically with increase in temperature.
Marked decrease in diameter occurred around 32 °C.
This behavior corresponds to the volume phase transi-
tion observed in the macroscopic NiPAM gels. On the
contrary, at high temperature (>35°C) almost no
temperature dependence of the diameter was observed.
Contrary to the case of the macroscopic NiPAM gels,
the swelling curve was continuous. Continuous swelling
behavior has been observed in NiPAM gel particles
prepared at higher temperature than the phase separa-
tion temperature, similar to the present samples [14, 19,
50-53]. Although the diameters at 20 °C are almost the
same for NI-A and NI-C, the diameters at the shrunken
state are slightly different. NI-A with lower BIS content

" shrinks more than NI-C with higher BIS content. This is

because the principal NiPAM chain constructing the gel
network is longer in the case of the lower BIS content,
and is likely to shrink further [13]. The sample NI-B has
a much smaller diameter due to the larger amount of SD
used in the preparation of the gel particle.

Figure 3 illustrates the relationships of (v/vg—1)/C as
a function of temperature. Similar to the swelling curve
in Fig. 2, continuous curves were obtained for all the
samples. Marked decrease in (v/vg—1)/C was clearly
observed near the volume phase transition temperature
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Fig. 4 Relationships of (p/po —1)/C as a function of temperature.
The meanings of the symbols are the same as those in Fig. 2
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Fig. 5 Limiting compressibility number [f] as a function of
temperature. The meanings of the symbols are the same as those
in Fig. 2

(ca. 32 °C). Although the magnitudes of (v/v o—1)/C vary
with the preparations in the swollen state, they begin to
coincide with each other in the shrunken state. Espe-
cially when the composition of NiPAM and BIS is the
same (NI-A and NI-B), both curves are almost indis-
tinguishable.

Figure 4 shows the temperature dependence of (p/
po—1)/C. Continuous temperature dependence is again
obtained, and a weak decrease at about 32 °C is ob-
served in all the samples. It is worthy to note that the
magnitudes of (p/po—1)/C in the shrunken state are less
than those in the swollen state. This means that the
partial volume of the NiPAM chain in the shrunken
state is larger than that of the swollen state according to
Eq. 9, even though the elementary NiPAM chain com-
posing the gel network shrinks. Since shrinkage results
from the formation of hydrophobic self-assembling Ni-
PAM monomer units and dehydration, the dehydrated
assembly should be more bulky and have less density

than that the hydrated state. This corresponds to the
increase of partial molar volume of surfactant during the
formation of micellar assembly by hydrophobic inter-
action [54, 55]. Moreover, pressure dependence of the
coil-to-globule transition temperature for linear NiPAM
polymer solution has been studied, and it has been re-
ported that the transition temperature increases with
pressure near the atmospheric pressure [56, 57]. The
positive pressure dependence suggests the increase of
partial volume of NiPAM monomer units in the course
of transition, and is in good agreement with the present
results. On the other hand, no definite increasing ten-
dency of (p/po—1)/C was observed in the temperature
region above the volume phase transition temperature.
This suggests that those dehydrated assemblies formed
by hydrophobic interaction neither become more con-
densed with further increase in temperature, nor do they
interact with the recombination of those assemblies.

Adiabatic compressibility f is related to the ultra-
sonic velocity v and the density pby the equation f = 1/
pV?. Resultant [f] calculated from (v/vo—1)/C and (p/
po—1)/C are shown in Fig. 5. Here, the magnitudes of (p/
po —1)/C were interpolated from the experimental results
in Fig. 4, because (p/po —1)/C is less than those of (v/v
—1)/C and affects [f] less. [f] is negative in the experi-
mental temperature range, and increases with tempera-
ture. Marked increase in [ff] occurs near the transition
temperature. Although a variation in [] due to [Ni-
PAM]/[BIS] composition is observed at low tempera-
ture, all the curves become superposed in the shrunken
state.

In order to evaluate the hydration number using
Eq. 10, it is necessary to determine f5,. Equation 10 can
be rewritten as

05 G w) -G
A+ Po ) Bo \Po 2 Ms Py
(=5 (=5 (-5)
Bo Po Bo

Therefore, if S can be ignored in some conditions f
can be estimated. According to Shiio et al. [38], on the
hydration behavior of saccharides and polyvinylalcohols
in the mixed solvent of ethanol and water, it was found
that the bound water is almost excluded at some ethanol
compositions. In accordance with those facts, it has been
found that NiPAM gel collapses to a minimum size in
the mixed solvent of ethanol and water (co-non-solvency
effect) [43, 44]. In that minimum state, all water should
be dehydrated and the NiPAM chain shrunken.

Figure 6 shows the results of NI-A in the mixed
solvent of ethanol and water at 25 °C. [f] in panel (a)
exhibits a maximum at the ethanol composition of ca.
30 v/v%. [B] — [p] + 1/po, and also shows a maximum

behavior as shown in panel (b). The ethanol concen-
tration for the maximum is in good agreement with the

(11)
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Fig. 7 Temperature dependence of the hydration number S. The
meanings of the symbols are the same as those in Fig. 2

results of Zhu et al. [43] and Saunders et al. [44]. A
decrease in the magnitude of [f] — [p] + 1/po with the
ethanol composition above the concentration of maxi-

mum should be attributed to the solvation of ethanol to
NiPAM chain. Thus, f; of NiPAM chain was evaluated
as 4 (+£0.4)x107'° Pa~! using Eq. 11. This magnitude is
comparable with that of water (4.5x107'° Pa™"), and is
fairly larger than the reported value of 0.78x107'° Pa™!
for the dry gel of NAPA/PAA (copolymer gel of sodium
polyacrylate and polyacrylic acid, molar ratio=3/1) by
Koda et al. [40]. In our case, the NiPAM chain is in the
liquid state and the larger value is reasonable. It should
be noted that unrealistic negative values are obtained for
the hydration number if the NiPAM chain is assumed to
be incompressible (f;= 0).

By using the value of f; thus determined and
assuming the values of ice for p, and fy, the hydration
number S was evaluated as a function of temperature
and is depicted in Fig. 7. Temperature dependence of f
was ignored in the calculation. The experimental
uncertainty of S is about 0.8. Hydration number de-
creases with the increase in temperature, and marked
decrease is observed near the volume phase transition
temperature of NiPAM gel (~32 °C). Hydration num-
bers for the sample NI-A at low (20 °C) and high
(40 °C) temperatures are about 7.5 (1.2 g/g) and 3
(0.48 g/g), respectively. The numerical values in the
parentheses denote weight of hydrated water bound to
1 g of NiPAM. Gradual decrease in the hydration
number at higher temperatures (~40 °C) might be due
to the decrease of the hydrophilic hydration surrounding
the amide bond region, since the NiPAM chain has a
hydrophobic part of an isopropyl group and a hydro-
philic part of an amide bonding. Amide bondings
adjacent to isopropyl groups may work as a hydrophilic
shell to protect the hydrophobic assembly formed by
isopropyl groups, similar to the micellar formation of
amphiphilic molecules. Therefore, the hydration number
at high temperatures should be related mainly to the
hydrophilic hydrated water. It has been known that
amino and carboxyl groups contribute to the hydration
behavior in an inverse manner respectively, and the
hydration of glycine, a molecule with both groups, is
sufficiently weak [58]. The present hydration number of
ca. 3 at high temperature is a reasonable result. There-
fore, the difference in hydration numbers between low
and high temperature regions could be assigned domi-
nantly as the number of water molecules liberated by
forming the hydrophobic self-assemblies. By extrapo-
lating to the transition region (~32 °C) both from the
low and high temperature regions, the magnitude was
estimated as ca. 2.5. That is, as a whole, 2.5 water
molecules per one NiPAM monomer unit are liberated
as free and unbound water molecules during the
hydrophobic self-assembly formation. This is, of course,
the averaged value; all the NiPAM monomer units do
not always take part in such hydrophobic self-assembly,
and there may still remain a few NiPAM units dispersed
without assembly even at high temperatures. Lele et al.
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[29] predicted the bound water content in the NiPAM
gel based on the extended lattice-fluid hydrogen-bond
theory. They concluded that the bound water content
above the volume phase transition point is about 0.4 g/g
(hydration number ~ 2.5), whereas it is about 1.6 g/g
(hydration number ~10) at low temperature. In the
present results, hydration numbers at high (40 °C) and
low (20 °C) temperatures are about 3 (0.48 g/g) and 7.5
(1.2 g/g), respectively; fairly good agreement is obtained.

Although the overall characteristics in the tempera-
ture dependence are the same for all the three samples,
especially for the transition region, a slight difference in
magnitudes (lower value for NI-C) is recognized in the
low temperature region. This is explainable as follows:
the sample of NI-C has a higher BIS content, the
average elementary chain length connecting junction
points is shorter, and the regions where the junction
points gather densely are numerous and/or large
(inhomogeneity), and such regions should be less hy-
drated. On the contrary, at high temperature (> 35 °C),
all the curves of the hydration number begin to coin-
cide with each other. This coincidence should be
responsible for the preparation method of the present
gel particles: that is, all gel particles were prepared in
the shrunken state at high temperature (60 °C), and the
condition of hydration (or, dehydration) should be the
same at that condition. If NiPAM gel particles poly-
merized at a lower temperature than the volume phase
transition temperature are available, the direct com-
parison with the bulk NiPAM gels (polymerized usually
at low temperature) is possible and it is very valuable to
examine the hydration and dehydration behavior. Such
gel particles with sufficiently sharp size distribution are
indeed desirable, but unfortunately have not yet been
prepared up to the present stage. In addition to this, it
is interesting to examine the hydration behavior of
NiPAM gel copolymerized with acrylic acid relating to
the effect of pH and addition of salt. Such an analysis
might give useful information to the weakly charged
NiPAM gel.

In addition, the theta temperature of (linear) PNi-
PAM in water has been reported to be 30.6 °C (a little
below the volume phase transition temperature of Ni-
PAM gel) [59]. Change in the decreasing behavior of

hydration number (change in the slope) begins even at
about 29 °C, the temperature below the volume phase
transition temperature. This fact suggests that the
hydrophobic regions (isopropyl group) of NiPAM
chains begin clustering locally even in that temperature
region. This might be the reason why very large two-
body interactions take place in aqueous linear PNiPAM
solutions, and a very sharp coil-to-globule transition is
observed.

Conclusion

Hydration behavior of NiPAM gel particles of submi-
cron size was investigated by means of ultrasonic
velocity and density measurements focusing on the
hydration properties in response to temperature. Con-
tinuous temperature dependence of swelling curves and
hydration behaviors were obtained with good repro-
ducibility. Hydration number was quantitatively evalu-
ated in the course of volume phase transition, on the
assumption that the NiPAM chain should be desolvated
in ethanol-water mixture with proper ethanol composi-
tion. Hydration number decreases markedly in the
temperature region of the volume phase transition, and
the decrease results from the formation of hydrophobic
self-assembly and dehydration. Hydration numbers (for
the sample NI-A) are about 7.5 (1.2 g/g) and 3 (0.48 g/g)
at low (20 °C) and high (40 °C) temperatures, respec-
tively. Self-assembly formation results in the decrease of
the hydration number by about 2.5. Hydration number
is independent of the size and composition of gel parti-
cles in the shrunken state, but a slight dependency was
observed in the swollen state. It was also found that the
hydrophobically dehydrated assemblies formed in the
NiPAM gel particles are more bulky than that in the
hydrophobically hydrated state at the low temperature,
where the individual NiPAM monomer units disperse
separately.
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