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ABSTRACT: The hydration of natural or synthetic macromole-

cules is of fundamental importance in our understanding of

their structure and stability. Quantification of hydration water

can promote the understanding to many complex biological

mechanisms such as protein folding, as well as the dynamics

and conformation of polymers. An approach to quantification

of solvent water was developed by dielectric spectroscopy.

Dielectric behaviors of PNIPAM microgels with different cross-

link density distribution were measured in the range of 0.5–

40 GHz and 15–50. An obvious relaxation process caused by

free and bound water was found. Dielectric parameters of free

and bound water show that the crosslink density distribution

does not affect the volume phase transition temperature of

microgels, but significantly influence the orientation dynamics

of the solvent water. We found that the three kinds of microgel

can be distinguished by the dielectric parameters of the bound

water. In addition, the number of water in and outside micro-

gel during the volume phase transition process was quantita-

tively calculated for the first time. This study provides the

possibility for the quantification of water in complex biological

process. VC 2017 Wiley Periodicals, Inc. J. Polym. Sci., Part B:

Polym. Phys. 2017, 55, 1859–1864
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INTRODUCTION Water is the most important and active mol-
ecule in all biomacromolecules,1 and it is thought to affect
the function, structure, stability, and dynamics of other bio-
logical macromolecules.1–3 Therefore, the quantification of
water will undoubtedly promote the understanding of many
complex biological mechanisms, such as protein folding.4

Due to the complex structure of biomacromolecules, some
alternatives are often used as model molecules to study
some biological processes. Poly(N-isopropylacrylamide) (PNI-
PAM), which is a typical thermosensitive polymer with the
lower critical solution temperature (LCST) of 32 8C [for PNI-
PAM gel, it is called volume phase transition temperature
(VPTT)], is often used as a model molecule because of its
similar structure with amino acid which is the basic unit of
some biomacromolecules such as protein and enzyme.5,6 In
microgel aqueous solution, there are two forms of water,
that is, the bound and free water. In some electrolyte and
ionic liquid systems,7–13 the bound water is also classified to
rotationally bound water and irrotationally bound water. The
main origin of irrotationally bound water is the strong ion–
dipole interaction between the ions and solvent, which fix
the orientation of the surrounding solvent dipoles.14 Because
the bound water is related to the polymer hydration, the
quantification of bound water during the phase transition of

microgel, on the one hand, is expected to help us to under-
stand the dynamics and conformation of thermosensitive
polymers; on the other hand, it provides an approach to the
quantification of hydration water in other biological process,
which will undoubtedly speed up the process of exploring
the mystery of life phenomena.

In fact, there has been precedent for the quantitative studies
of water molecules during the phase transition of PNIPAM.
Shikata and coworkers15–17 determined from dielectric spec-
troscopy that hydration number of water bound on per
monomer below the LCST is 11 and when the temperature
is increased to LCST, all the 11 water molecules dehydrated
from the monomer unit. This result is close to the value of
13 obtained from differential scanning calorimetry by Shi-
bayama et al.18,19 Kogure et al.20 quantitatively evaluated the
hydration number bound to one NiPAM monomer in PNIPAM
gel by ultrasonic velocity and found that the hydration
number at low and high temperatures were about 7.5
(20 8C) and 3 (40 8C), respectively. By quasielastic neutron
scattering method, Philipp et al.21 revealed that the PNIPAM
chain is partially dehydrated and the hydration number
decreases from 8 to 2 during the phase transition. As can be
seen from the above researches, most of these studies con-
centrate on the dehydration dynamics of the linear PNIPAM
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chain, and rarely involves the microgel. This is because that
the PNIPAM chain has clear molecular weight and simple
structure, and thus, it is easy to determine the hydration
number during the “coil-to-globule” transition. However, due
to the complex structure and the difficulty in determining
the molecular weight of microgel, it is hard to quantitatively
calculate the number of water bound in microgel at the
molecular level. What merely known to all is that the water
content in the network is up to more than 70%, even in a
highly collapsed PNIPAM microgel.22–24

To fill the vacancy in the study on the quantification of sol-
vent water in microgel, three kinds of microgels with differ-
ent crosslink density distribution, dense core and loose shell
(DC), loose core and dense shell (LC), and homogenous
(HOMO) as shown in Figure 1 were studied by dielectric
spectroscopy from 0.5 to 40 GHz as a function of tempera-
ture. In particular, we expect to calculate the hydration num-
ber of water quantitatively below and above the VPTT and to
provide an approach for the quantification of water in other
complex biological processes. Besides, our previous study25

on the same system suggested that the radio frequency
dielectric spectroscopy is powerless to distinguish the three
kinds of microgel; therefore, another purpose of this work is
to distinguish the three microgels from the perspective of
solvent water by microwave dielectric spectroscopy.

EXPERIMENTAL

Material
N-Isopropylacrylamide (NIPAM, Fluka) was recrystallized
using a 1:1 toluene/n-hexane mixture twice. N,N-Methylene-
bisacrylamide (MBA, Fluka) was recrystallized by using
methanol, and potassium persulfate (KPS, Merck) was used
as received. Deionized water was used in all the experiment.

Preparation of PNIPAM Microgels with Different
Crosslinking Density Distribution
Three types of nanometer-sized microgels with different spatial
distributions of cross-linker were synthesized by combining
semibatch and temperature-programmed surfactant-free precip-
itation polymerization. The structure of the temperature-

responsive PNIPAM microgels are shown in Figure 1: microgels
with dense-core [DC; Fig. 1(a)], microgels with loose-core [LC;
Fig. 1(b)], and homogeneous microgels [HOMO; Fig. 1(c)].25

The detailed preparation procedure can refer to the litera-
tures.26 Because the cross-linker content used to synthesize
three types of microgels is same, the only difference of these
microgel particles is the spatial distributions of cross-linker.

Dielectric Measurements
Dielectric measurements were performed in the frequency
range from 0.5 to 40 GHz as a function of temperature by
Agilent E8363C PNA series network analyzer (Agilent Tech-
nologies). An Agilent 85070E open-ended coaxial probe was
used for the dielectric measurements. The microgel solution
is measured simply by immersing the probe into the solu-
tion. The error of the analyzer is calibrated before measuring
the permittivity of the sample by measuring three standards:
deionized water, air, and a short circuit. The dielectric constants
e and loss e00 were automatically calculated as functions of fre-
quency by the built-in software of this measuring system. The
temperature is controlled by a thermostat (DC-0506) with a
temperature stability of 0.05 K. The concentration of microgel
solution used for dielectric measurement is 5 mg/mL.

RESULTS AND DISCUSSION

Dielectric Spectra of Three Kinds of Microgels
All the dielectric spectroscopy of the three kinds of microgels
was obtained according to the method described in Dielectric
Measurements section. Figure 2 compares the dielectric con-
stant (a) and loss (b) of the microgel systems at room tem-
perature with the pure water (the dielectric spectroscopy at
other temperatures is not listed here). An obvious relaxation
process was observed at GHz range. Besides, it can be clearly
seen from the inset that both the values of dielectric con-
stant and loss of microgel systems are lower than that of
pure water (the hollow pentagram), which is a result of the
decreased volume fraction of water in the system.

In general, the rotation of pure water will induce a typical
Debye relaxation in an external electric field, and the charac-
teristic relaxation time at room temperature is 8.3 ps
(19 GHz).27 Besides, the relaxation of PNIPAM, including the
rotational reorientation of side group, usually occurs at fre-
quency below 100 MHz, as indicated by Kita and coworkers
and Scho€nhals.28,29 Thus, we believe that the relaxation near
GHz is caused by the rotational motion of water molecules.
It is generally believed that the two different forms of water
molecules exist in polymer aqueous solutions, namely, the
bound and free water. The former is related to the polymer
hydration. In other words, the observed relaxation is actually
composed of the contributions from the two forms of water.
Because rotationally and irrotationally bound water is usu-
ally involved in ionic systems,7–14 we do not divide bound
water into these two kinds of water in the current system.
Therefore, the HN eq 1 including two relaxation terms was
used to fit the dielectric spectra of the three microgel
systems,

FIGURE 1 Schematic diagram of three types of PNIPAM micro-

gels with different spatial cross-linking density distributions: (a)

microgels with a dense core and a loose shell (DC), (b) micro-

gels with a loose core and a dense shell (LC), and (c) microgels

with homogenous cross-linking density distribution (HOMO).

The darker the color, the higher the cross-linking density.

[Color figure can be viewed at wileyonlinelibrary.com]
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e�5eh1
Defree

11 jxsfreeð Þafree½ �bfree
1

Debound

11 jxsboundð Þabound½ �bbound
(1)

where eh is high frequency limit of permittivity, x is the
angular frequency, j5 (–1)1/2, De is dielectric strength, s is
relaxation time, a and b are the parameters indicating the
distribution of relaxation time.30 The subscripts free and
bound represent the free and bound water, respectively. Usu-
ally, in studies of aqueous systems models with fewer num-
ber of fitting parameters are used, therefore, during the
fitting process, we fixed some shape parameters
(afree5 bfree5 1, abound 5 1), that is, essentially, the
Debye1Cole–Cole model (2) was used in the fitting process

e�5eh1
Defree

11 jxsfreeð Þ1
Debound

11 jxsboundð Þ½ �bbound
: (2)

Because Ohmic conduction is pronounced at low frequencies
and in the system with high conductivity, the correction for
Ohmic conductance is no longer considered here. All the
dielectric spectra are well fitted by this equation. As a repre-
sentative case, the frequency dependence of the dielectric
loss e00 for HOMO microgel system was shown in Figure 3.
The hollow circles represent raw data, and the dotted line
represents the contribution of free or bound water. The inset
is the enlargement of the dielectric loss of bound water. As
can be seen from the inset, the characteristic frequency and
strength of the dielectric loss of bound water change with
the temperature. That is to say, with the collapse of microgel,
the interaction between bound water and PNIPAM changed
obviously, proving that the bound water can reflect the vol-
ume phase transition of microgel. This speculation is also
confirmed by the temperature dependences of the dielectric
parameters in the following Figure 4.

Hydration Dynamic and the Distinction of Different
Microgels
Figure 4 shows the temperature dependences of dielectric
strength and relaxation time for free and bound water. It is
known to all that below the VPTT, the PNIPAM microgel is in

highly swollen state due to the hydrogen bonding between
amide groups and bound water; when the temperature rises
to VPTT, the microgel collapses, expelling most of its water
to the bulk due to the hydrophobic behavior of the pendent
isopropyl groups as well as that of the backbone.15 In Figure
4(a), the temperature dependences of Defree for the three
microgels are similar, but they are obviously different from
that of pure water. Besides, dielectric strength of free water
Defree is much larger than that of bound water Debound, this
is because most of the water in microgel system is free
water, whose amount is far more than that of bound water.
The difference in the dielectric strength between the pure
water and the free water (i.e., Dewater-Defree) for all the three
microgels turns at 32 8C (VPTT, dotted line), revealing that
the crosslink density distribution does not affect the VPTT of
microgel. When the temperature rises above VPTT, Defree
gradually approaches to that of pure water (triangular gray
shadow). This indicates that bound water is expelled to the

FIGURE 2 Dielectric spectroscopy of PNIPAM microgel solution and water (a) dielectric constant and (b) loss at room temperature.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Frequency dependence of the derivative dielectric

loss of HOMO PNIPAM microgel at different temperatures. The

hollow circles are the raw data. The dashed lines are the contri-

bution of bound and free water. The inset shows the enlarged

view of the contribution of bound water. [Color figure can be

viewed at wileyonlinelibrary.com]
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bulk and the amount of free water is gradually close to that
of pure water, proving the collapse process of microgel from
the view of solvent. Note that the dielectric strength of the
free water is nearly the same, indicating that the three kinds
of microgel cannot be distinguished from the view of free
water.

However, the three kinds of microgels can be distinguished
by the dielectric increment and relaxation time of bound
water, Debound and sbound. Figure 4(b,c) show that the tem-
perature dependences of Debound and sbound for all the three
microgels change at 32 8C, which further confirmed that the
crosslinking density distribution does not affect the VPTT. In
addition, at t < VPTT, the Debound for the three microgels
follows the relation LC>HOMO>DC, which means that the
numbers of bound water in HOMO and LC microgels are
greater than that in DC microgel. Because the amount of
bound water actually reflects the water content inside the
microgel, the above relation indicates that the LC and HOMO
microgels are more swollen than DC microgel. This is
because that the microgel core dominates the swelling capa-
bility of microgel, and the microgel with lightly crosslinked
core is more swollen.26 This result is consistent with the
relation of the size of the three microgels [inset in Fig. 4(b)]
which was obtained from our previous study.25 Besides,
another interesting result is that the temperature depen-
dence of Debound for these three microgels is obviously differ-
ent from each other, and the sharpness of their transition
follows: LC>HOMO>DC, indicating that the cross-linking
density distribution plays an important role in the volume
phase transition of microgels. Tanaka31 et al. thought that
the swelling of gel is essentially achieved by swelling of
loosely crosslinked domains alone; thus, the volume phase
transition of gel with heterogeneous structure should be
more discontinuous (i.e., the volume phase transition
becomes more obvious if the inhomogeneity of microgel net-
work is pronounced). This is partly confirmed by Figure
4(b). In short, the spatial distribution of cross-linking density
does not influence the VPTT, but influence the continuity of
volume phase transition.32,33

Figure 4(c) shows that sbound of the three microgels remains
a constant at lower temperatures (shadow), and exhibits dif-
ferent trends at higher temperatures: sbound of DC and
HOMO microgels increases with temperature, while that of
LC microgel remains unchanged, which suggests that the
rotational dynamics of bound water is closely related to the
structure of microgel. In general, as temperature increases,
the dynamics of bound water is affected by two factors: on
the one hand, the enhanced thermal movement will hinder
the orientation of water, and on the other hand, the increas-
ing temperature will weaken the strength of hydrogen bond-
ing between water and the solute PNIPAM, promoting the
orientation of water. Therefore, the sbound curve should be a
balanced result of the above two aspects. It is preliminarily
concluded that the differences between the three microgels
are related to the location of water molecules in the microgel
(the water inside the microgel tends to distribute on the
space with smaller crosslink density, which is beneficial to
interact with PNIPAM because of less steric hindrance).
Although we are unable to give further understanding about
the different orientation dynamics of the three microgels at
present, these above interesting results proves that the three
kinds of microgels can be distinguished from the view of
bound water.

Quantification of Solvent Water in Microgel
To quantitatively describe the hydration dynamic of microgel,
one can calculate the concentration of water at each temper-
ature by Cavell equation,34 which describes the relation
between dielectric strength and concentration of the dipoles
in the system,

2el11
el

Dei5
NAci
kBTe0

l2
i (3)

where el is the permittivity at low-frequency limit; e0 is the
permittivity of vacuum; NA, kB, and T are the Avogadro constant,
Boltzmann constant, and absolute temperature, respectively; ci
and li is the molar concentration and dipole moment of the
species i in mixtures, respectively. Thus, the relationship
between the dielectric strength and concentration of free water

FIGURE 4 Temperature dependence of dielectric parameters for (a) free and (b,c) bound water. The triangular gray shadow in (a)

shows that the dielectric strength of free water Defree gradually approaches to that of pure water. The inset of (b) is the tempera-

ture dependence of the size for microgel, whose data are from our previous study.25 [Color figure can be viewed at wileyonline-

library.com]
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in the microgel solution (Defree, cfree) and that of pure water
(De0w, c

0
w5q0

w/Mw) is derived as

cfree5
Defreeq0

w

De0wMw
(4)

where q0
w and Mw are the density and the molar mass of

pure water, respectively. In theory, if the concentration of
PNIPAM microgel solution cPNIPAM is known, the number of
bound water in per microgel Z can be described as follows:

Z5
cbound
cPNIPAM

5
cw 2cfree
cPNIPAM

5
w

Mw
2cfree

� �
MPNIPAM

wPNIPAM
(5)

where cbound and cw are the molar concentration of bound
water and the water in the microgel solution; w is the mass
concentration of water in microgel solution; MPNIPAM and
wPNIPAM are the molecular weight and mass concentration of
PNIPAM microgel. Unfortunately, because MPNIPAM is unknown,
we cannot calculate the number of bound water molecules in
each PNIPAM microgel. Despite this, since wPNIPAM is known,
the molar concentration of bound water in per unit mass
microgel (mol/g) can be obtained.

Figure 5 shows the concentration of free and bound water
(cfree and cbound) obtained from eq. (4–5). Similar to the tem-
perature dependence of Defree, cfree [Fig. 5(a)] increases with
temperature and gradually closes to the concentration of pure
water (Cpure water5 55.6 mol/L, green dotted line). This
suggests that water molecules continuously release from the
PNIPAM microgel network, leading to a decrease in the con-
centration of bound water [Fig. 5(b)]. In addition, both the
concentration of free and bound water in Figure 5(a,b) shows
a significant change at about 32 8C, suggesting the volume
phase transition. Now let us focus on the concentration of
bound water cbound. cbound reduces from 0.3 mol/g (15 8C) to
about 0.03 mol/g (47 8C). Considering the molecular weight
of monomer NIPAM (113.18), the number of bound water on
each monomer n is obtained as shown in the inset, reducing
from 34 to 3 with the increasing of temperature. This value is
greater than the number of hydrated number in previous
studies of PNIPAM chain (11-0 of Shikata and coworkers15–17

and 8-2 of Philipp et al.21), suggesting that for microgel net-
works the bound water not only includes the water molecules
that bond to the monomer, but also includes the water mole-
cules that are bound in the network. This difference reveals
that the dynamics of the water molecules which do not inter-
act with PNIPAM but are limited in the network is also differ-
ent from that of the bulk water.

CONCLUSIONS

We developed an approach to quantitatively calculate the
hydration number of microgel and studied the hydration
dynamic of thermosensitive microgel from the view of sol-
vent by dielectric spectroscopy. We found that hydration
number on each monomer unit reduced from 34 at low tem-
peratures to 3 at high temperatures, proving the volume
phase transition from the view of solvent. In addition, it was
found that the crosslink density distribution does not affect
the VPTT of microgel, but can significantly affect the orienta-
tion dynamics of the solvent water, especially the bound
water. Therefore, the three kinds of microgels can be distin-
guished by the dielectric parameters of bound water.

This study provides possibility for the quantification of water
molecules in complex process, which will undoubtedly help us
to understand the structure and dynamics of natural or syn-
thetic macromolecules, as well as some complex biological
mechanisms.
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