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Poly(N-isopropylacrylamide), P(NIPAm), is a well-known water
soluble polymer whose aqueous solutions exhibit lower critical
solution temperatures (LCSTs).1-4 P(NIPAm) exists in an expanded
conformation in water below the LCST of 32°C in a homogeneous
liquid phase. It becomes more compact above the LCST, resulting
in the formation of separate liquid and solid phases. P(NIPAm),
therefore, exhibits a high potential for practical applications3 as a
thermo-sensitive polymer. It is accepted (including from a theoreti-
cal point of view4) that this phase transition is governed by
cooperative dehydration of P(NIPAm) chains. However, there have
been only a few convincing reports1,2 on the temperature depen-
dence of the hydration number of P(NIPAm)s in aqueous solution.

Dielectric relaxation techniques are the most powerful method
to detect the existence of electric dipoles in various systems and to
determine precise relaxation frequencies of such dipoles. Dielectric
relaxation measurements in the high-frequency range, up to 20 GHz
(or 1.26 × 1011 s-1 in angular frequency,ω), allowed us to
determine relaxation times and strengths for the P(NIPAm) solute
and also for the solvent, water. These experimental results were
definitely related to the number and dynamics of hydrated water
molecules associated with the P(NIPAm), especially when compared
to the rotational relaxation timeτw of pure water molecules, which
is 8.3 ps (1.2× 1011 s-1 in ω) at 25°C.5,6

In this study, the high-frequency dielectric relaxation behavior,
real and imaginary parts (ε′ andε′′) of complex permittivity versus
ω, was investigated for aqueous P(NIPAm) solutions7 at concentra-
tions c ) 500 and 1250 mM (in monomer units) over a wideω
range, up to 1.26× 1011 s-1, at various temperatures,T, from 6 to
31 °C, just below the LCST.8 The number of hydrated water
molecules per P(NIPAm) monomer unit was precisely determined
as a function ofT. An exchange process of hydrated water
molecules associated with P(NIPAm) chains and rotational relax-
ation processes of P(NIPAm) side chains will be discussed.

To determine exactly the dielectric contribution of the P(NIPAm)s,
∆ε′ and∆ε′′, to the total spectra,ε′ andε′′, the real and imaginary
parts of complex permittivity for pure water,ε′w and ε′′w, were
subtracted as follows:∆ε′ ) ε′ - 1 - Φ(ε′w - 1) and∆ε′′ )
ε′′ - Φε′′w, whereΦ represents the fractional dielectric contribution
of pure water. Figure 1 shows typical dielectric spectra,ε′ andε′′,
ε′w andε′′w, and∆ε′ and∆ε′′ versusω, for an aqueous P(NIPAm)
solution withc ) 1250 mM at 25°C. The value ofΦ was evaluated
to be 0.59, as the obtained∆ε′ and ∆ε′′ curves were perfectly
described by the summation of Debye-type relaxation functions over
theω range examined according to standard dielectric theory (Figure
1).5,9,10 The dependences of∆ε′ and ∆ε′′ on ω for the sample
involved two major sharp and broad dielectric relaxation processes
observed at 4× 1010 and 108 s-1, as seen in Figure 1, and similar
dielectric spectra were also observed for all samples examined
below the LCST.

The relationship betweenΦ andc contains important information
related to solute volume fraction and also to the number of hydrated

water molecules per P(NIPAm) monomer unit,m. Φ was described
accurately by eq 1 using the monomer partial molar volume of
P(NIPAm),Vhp,11 and the partial molar volume of water,Vhw, at the
measured temperatures

where 10-3Vhpc gives the solute volume fraction.5,12 The value of
m is plotted as a function ofT for aqueous P(NIPAm) solutions in
Figure 2. This value was evaluated to be about 11 below 30°C,
irrespective ofMw (andMw/Mn) of P(NIPAm)s andT, and decreased
significantly at the LCST of 32°C. Consequently, the number of
water molecules dehydrated from each monomer unit at the LCST
was 11, corresponding closely to the literature1 value of about 13,
determined for P(NIPAm) gels via a differential scanning calori-
metric technique. These results suggested that the reason for the
phase transition induced by increasing temperature was the complete

Figure 1. Angular frequency,ω, dependence of real and imaginary parts
of electric permittivity,ε′ andε′′, for aqueous solution of P(NIPAm) with
Mw ) 3.1× 105 at c ) 1250 mM and 25°C. This figure also contains the
contribution of P(NIPAm),∆ε′ and ∆ε′′, and that of bulk water,ε′w and
ε′′w. Solid and broken lines represent the calculated standardε′w andε′′w
lines at 25°C from the literature.6

Figure 2. Temperature,T, dependences of the hydration number per
P(NIPAm) monomer unit,m; concentration normalized dielectric relaxation
strength of the exchange process for hydrated water molecules,εexc-1; and
that of the rotational relaxation process of isopropylamide groups,εpc-1,
for aqueous P(NIPAm) solutions.

Φ ) (1 - 10-3Vhpc)/(1 + 10-3Vhpc/2) - 10-3mVhwc (1)
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dehydration of P(NIPAm) and consequent generation of bare
polymer chains at the LCST.

In the ∆ε′ and ∆ε′′ spectra (Figure 1), a fast relaxation mode
was found that was sharp and well-described byone setof Debye-
type relaxation functions,9 with a relaxation time ofτex ) 23 ps at
25 °C. This mode, of which relaxation time,τex, decreased with
increasingT with an activation energy,E*ex, of 25 kJ mol-1,13 was
assigned to the exchange or dehydration process of water molecules
associated with P(NIPAm) chains. In this exchange process, the
contribution of hydrated water molecules to the permittivity, in the
limit of infinitely high ω, was given asεex

∞ ) 10-3(εw
∞ - 1)mVhwc,

assuming that the hydrated water molecules had a polarizability
identical to that of bulk water molecules. Them values calculated
from εex

∞ agreed reasonably well with those determined fromΦ
using eq 1.

The concentration normalized relaxation strength of the exchange
process,εexc-1, was perfectly proportional to the value ofm, as
seen in Figure 2.14 This proportionality constituted strong evidence
in favor of our assignment of the fast relaxation mode discussed
above. Although the source dipoles belonged to water molecules
in both the exchange and the rotational relaxation process of bulk
water, the magnitude of the relaxation strength per unit concentra-
tion of the hydrated water molecules in the exchange process,
εex(mc)-1 ) 1.5 M-1, was slightly greater than that of bulk water,
10-3εwVhw, by about 0.2 M-1, below the LSCT. Such a discrepancy
has been widely noted in some aqueous hydrated systems possessing
τex sufficiently longer thanτw.12

Spectroscopic methods other than dielectric spectroscopy have
shown that each amide group of P(NIPAm) is hydrated by two (to
three) water molecules as a result of hydrogen-bond formation.3,15

Thus, the value ofm ) 11 obtained above strongly suggested that
nine (or eight) additional water molecules formed hydrogen bonds
to the water molecules directly hydrating P(NIPAm), and also to
each other, producing hydrogen-bond bridges between all the water
molecules involved in hydration (Scheme 1).

On the other hand, the above-mentioned, slow, broad relaxation
mode was well-described by the summation ofthree setsof Debye-
type functions, with relaxation times of 0.8, 5.7, and 32 ns at 25
°C, irrespective ofc andMw of the P(NIPAm)s. Each relaxation
time decreased with increasingT, with the same activation energy,
E*p, as that of the rotational relaxation time for bulk water
molecules,E*w. Because ratios of relaxation strength for each mode
were kept constant in these dielectric spectra, the shape ofω
dependence of spectra for the slow mode was independent ofMw,
Mw/Mn, c, and T. Moreover, the concentration normalized total
relaxation strength of the slow relaxation mode,εpc-1, appeared to
be independent ofT below the LCST (Figure 2). These findings
suggested the assignment of the slow relaxation to the rotational
relaxation of dipoles in the amide groups of P(NIPAm) in aqueous
medium, a viscosity-governed process also with an activation energy
identical withE*w. Because sample solutions exhibited significant
precipitation due to the phase transition, the value ofεpc-1 above
the LCST did not describe the dielectric relaxation strength of
P(NIPAm)s exactly.

Longitudinal relaxation times,T1, of 13C NMR for a D2O solution
of the P(NIPAm) withMw ) 3.1 × 105 were measured atc )

1800 mM and 25°C to estimate the average time scale for molecular
motions of P(NIPAm) monomer units, including both main chain
moieties and isopropylamide groups, in aqueous (D2O) solution
below the LCST.16 The obtainedT1 data yielded a rotational
relaxation time,τr,17 of about 30 ns for P(NIPAm) monomer units.
This result strongly supported our assignment of the slow relaxation
mode in our spectra to rotational motions of P(NIPAm) monomer
units in aqueous solution below the LCST.
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