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ABSTRACT: A new experimental result from dielectric spectroscopy of poly(N-
isopropylacrylamide)/poly(acrylic acid) semi-interpenetrating polymer network
(PNIPAM/PAA SIPN) microgel, which undergoes significant volume phase
transition, is reported. Two significant dielectric relaxations were observed around
0.1−0.5 MHz and 1−5 MHz, respectively. The high-frequency relaxation is
attributed to the migration of counterions tangentially and radially along the
domain formed by linear PAA chains (counterion polarization). The temperature
dependence of the domain size obtained from this relaxation shows that the SIPN
microgel with higher content of PAA has better thermal response and swelling
property. The low-frequency relaxation shows two separate mechanisms below
and above the volume phase transition temperature (VPTT), which are dominated
by different relaxation processes, respectively: micro-Brownian movement of
solvated side groups of PNIPAM dominates when T < VPTT, while the interfacial
polarization does when T > VPTT. A dielectric model was proposed to describe
the collapsed microspheres suspension, from which the electrical parameters of microgel were calculated. The permittivity of
microgel shows that a special ordered arrangement of water molecules is formed in microgel with less PAA. Thermodynamic
parameters obtained from Eyring equation reveal that the difference in PAA content has a great influence on the thermodynamics
of the phase transition process. Besides, it was found that the VPTT of the SIPN microgel was significantly increased compared
with pure PNIPAM hydrogel microspheres. The essence of anomalous VPTT revealed by relaxation mechanism is the difference
in composition content leading to different hydrophilic/hydrophobic and electrostatic interaction. Determining the reason for
anomalous VPTT is of instructive significance to understand the volume phase transition of complex polymer materials.

1. INTRODUCTION

In recent years, thermosensitive microgels have been
increasingly used in fluorescence probe,1 drug controlled
release,2,3 sensor,4 and cell capture and release.5 Such
thermosensitive materials usually contain typical polymer
poly(N-isopropylacrylamide) (PNIPAM), for instance, poly-
(N-isopropylacrylamide-co-acrylamide) hydrogel with silica−
gold nanoshells2 and ABC triblock polymer poly-[(propylene-
sulde)-block-(N,N-dimethylacrylamide)-block-(N-iso-propyla-
crylamide)] (PPS-b-PDMA-b-PNIPAAM)3 that forms physi-
cally cross-linked hydrogels above volume phase transition
temperature (VPTT). In practical applications, the former
hydrogel is designed to have a VPTT above physiologic
temperature, so that there is a near absence of drug release
during the transport of drug, but there is controlled drug
release on arrival at the targeted cells.2 VPTT of the latter
needs to be lower than physiological temperature; otherwise,
the ABC triblock polymer cannot become a stable hydrogel in
vivo and be used as drug carrier.3 Research shows that the
accurate confirmation and regulation of VPTT is the key to
their successful application. The adjustment of VPTT can be
achieved by introducing a hydrophilic/hydrophobic network or
chain to the PNIPAM network to form an interpenetrating or
semi-interpenetrating polymer network (IPN or SIPN).6

It is known to all that volume phase transition of PNIPAM is
related to the competition between the hydrophobic inter-
actions of isopropyl in side chains as well as that of the
backbone and the hydrogen-bond interactions of amide group
and water.7 However, when another polymer is introduced into
the PNIPAM network, the interactions in (S)IPN become
complex. It contains interactions between not only PNIPAM
and solvent (H-bond and hydrophobic interaction), but also
PNIPAM and other polymer chains (H-bond, electrostatic
interaction, etc.),7 making the relation between the content of
doped polymer and VPTT ambiguous and complicated. Liu et
al.8,9 prepared pH/temperature dual stimuli-responsive nano-
gels with IPN structure composed of PNIPAM and PAA
networks. The dynamic laser light scattering (DLLS) results
indicated that the volume phase transition temperature of IPN
nanogels and PNIPAM nanogels are identical. Hu10−12 also
synthesized temperature and pH dual response PNIPAM/PAA
IPN microgels with the same VPTT as PNIPAM microgels.
The study of Stile et al.13 suggested that the PAA chains in the
PNIPAM-based/PAA SIPN do not significantly affect the
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VPTT of the semi-IPNs, but the injectability and transparency
as well as the phase transition. Other studies considered the
introduction of the second network to have an effect on the
VPTT of PNIPAM. For example, Kozhunova et al.14 studied
the conversion, swelling ratio, and swelling/shrinking kinetics
of thermosensitive ionic SIPN based on PNIPAM and
poly(styrene sulfonic acid sodium salt) (PSS) at different PSS
fractions and molecular weight. The results show that swelling
behavior and VPTT of the SIPN are controlled by the fraction
of the polyelectrolyte PSS and the increase in charged
polyelectrolyte unit leads to a slight increase of VPTT. Zhang
et al.15,16 synthesized poly(N-isopropylacrylamide)/poly(2-
hydroxyethyl methacrylate) (PNIPAM/PHEMA) IPN microgel
for the first time. By means of IR spectroscopy in combination
with the perturbation correlation moving window (PCMW)
technique and two-dimensional correlation spectroscopy
(2Dcos) analysis, they found that due to the hydrophobic
and non-thermoresponsive properties of PHEMA and the
special IPN structure, the VPTT of the IPN microgel exhibits a
decreasing trend. The above research shows that whether
another network will affect the VPTT of a temperature-
sensitive network is still controversial, which will undoubtedly
hinder the rational optimization of (S)IPN materials.
So far, the volume phase transition of interpenetration of

(S)IPN microgel has been studied by many methods or
techniques experimentally. The rheological methods10 can
provide information such as the molecular weight, distribution,
and gelation temperature of the microgel systems. By using
microscopy techniques,9 one can directly observe the micro or
nanostructure, but one generally needs to dry the sample; thus,
the images shown are not “as is” as in aqueous solution.
Conventional diffraction techniques small angle neutron
scattering (SANS)17 used to study the super structure formed
by fiber in the gel need sophisticated mathematical analysis to
obtain information. In addition to these, a variety of
spectroscopic techniques, such as nuclear magnetic resonance
spectroscopy (NMR)18 and infrared spectroscopy (IR),19,20

have been widely used to characterize the gel system and to
provide information about the molecular structure of the gel.
Dielectric spectroscopy, which can measure the internal

dipole and fluctuation of interface charge inside substances, has
been increasingly used in the study of smart gels. Ono et al.21,22

investigated the hydration and molecular dynamics of linear
PNIPAM chains in temperature-changing process in the
frequency range 107−1011Hz and determined the number of
hydrated water molecules per N-isopropylacrylamide and its
change as temperature increases. Nakano et al.23 studied
dielectric relaxation behavior of linear PNIPAM in protic and
aprotic solvents in the same microwave frequency range and
pointed out that the molecular dynamics of PNIPAM chains is
associated with the hydrogen bonding between PNIPAM
chains and solvent molecules. In radiofrequency Marieke
Füllbrandt and his co-workers24,25 monitored the volume
phase transition of PNIPAM microgel with different cross-
linking density and the “coil-to-globule” of linear PNIPAM by
both the frequency and the temperature dependence of the
conductivity spectra. Meanwhile, they26 also studied the
molecular dynamics of linear PNIPAM with dependence on
the concentration, temperature, and polymer chain length
(molecular weight) in aqueous media in a frequency range
from10−1 to 1011 Hz. If special attention is paid to the
reorientation of water molecules, the suggestion of dehydration
of the PNIPAM chains at the lower critical solution

temperature was confirmed by calculating a dehydration
number. Besides, an experimental device to simultaneously
measure the light transmittance and dielectric properties of
thermosensitive hydrogels was developed by Goḿez-Galvań,27

from which the volume phase transition was monitored by
measuring light transmittance, permittivity, and the dielectric
loss tangent as a function of temperature. Zhou et al.28

characterized PNIPAM microgel with different charge dis-
tribution and cross-linking density distribution by DLS and
dielectric spectroscopy. In our recent work,29 the volume phase
transition behaviors of three types of PNIPAM microgel with
different cross-linking density distribution and their dielectric
properties were systematically analyzed, and the results revealed
that the spatial distribution of the cross-linking density has
almost no effect on the volume phase transition temperature.
Obviously, most of these studies are focused on solution of
pure PNIPAM microgel and PNIAPM linear chains; no
research has addressed (S)IPN microgel suspension in which
PNIPAM is involved. This is because the introduced polymer
will produce interactions and the motion patterns of macro-
molecules and ions become much more complicated. Despite
this difficulty, dielectric study of SIPN microgel suspension is
undoubtedly necessary. One one hand, identification of the
motion pattern and relaxation position of complex polymers is
a persistent problem in polymer physics, so it is also an
opportunity to explore different interactions among polymers
which is ubiquitous throughout the application of polymers. On
the other hand, awareness of the relationship between network
components and VPTT is crucially significant to regulate
VPTT so as to expand the application scope of temperature-
sensitive microgel.
In the present work, measurements of SIPN microgel

suspensions composed of typical thermosensitive PNIPAM
and linear PAA under varying temperature were performed by
dielectric spectroscopy for the first time. Two remarkable
temperature dependent dielectric relaxations were observed.
The relaxation mechanisms and the temperature dependence of
the relaxation parameters are discussed in detail. In particular,
we expect to obtain the effect of PAA content on VPTT of
SIPN microgel as well as microscopic information about
volume phase transition of SIPN microgel.

2. EXPERIMENTAL SECTION
2.1. Materials and Preparation of Sample. Materials.30

N-Isopropylacrylamide (NIPAM) was purchased from Tokyo
Chemical Industrial Co., Ltd. and recrystallized with n-hexane,
then stored in brown bottles at 4 °C. N,N,N′,N′-Tetramethyl-
ethylene-diamine (TEMED), acrylic acid (AA), and N,N′-
methylene-bis(acrylamide) (MBA) were purchased from
Sinopharm Chemical Regent Beijing Co., Ltd. Span 80 was
bought from Farco Chemical supplies, Beijing, China.
Ammoniumpersulfate (APS) was supplied from Shantou
Xilong Chemical Factory, Guangdong, China. Sodium hydrox-
ide, sulfuric acid, and cyclohexane were bought from Beijing
Chemical Works, China. All these reagents were in analytical
grade and used as received. Deionized water used throughout
the preparation process was produced by Rios-water system
(Millipore Corp., America).

Sample Preparation. The PNIPAM/PAA SIPN microgels
were fabricated with premix membrane emulsification techni-
que.31,32 In other words, NIPAM monomer and the linear PAA
chains with cross-linking agent and initiator APS were
commingled together with water as water phase. Cyclohexane
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containing a certain amount of Span 80 was used as oil phase.
The coarse emulsion prepared by mixing the oil phase and
water with low speed stirring was extruded through the SPG
membrane under a specific nitrogen pressure to get the final
emulsion. Then, TEMED dissolving in cyclohexane was added
into the emulsion to initiate the polymerization at 25 °C. After
4 h, the obtained microspheres were centrifuged and washed
with acetone and water 3 times, separately. The obtained
microspheres were dispersed in deionized water for further use.
The pH values of SIPN microgel solution were 5.32 (10 wt %
PAA) and 5.34 (20 wt % PAA), respectively. In this case PAA is
deprotonated and the SIPN microgel is negatively charged.
Because of the introduction of ammonium persulfate in the
preparation process, the counterion in SIPN microgel solution
is mainly NH4

+.
For semi-interpenetrating network structure, although inter-

penetration can be realized by controlling the preparation
process, the two networks in SIPN are actually phase-separated
from the microscopic view and polymer II (linear PAA in this
work) will form a domain in polymer I (PNIPAM network in
this work).33−35 The SIPN microgels are represented by the
model shown in Figure 5.
2.2. Dielectric Measurements. Dielectric measurements

were carried out using 4294A precision impedance analyzer
(Agilent Technologies) over a frequency range from 40 Hz to
110 MHz and a temperature range between 25 and 55 °C. The
applied alternating field was 500 mV. A dielectric measuring cell
with concentrically cylindrical platinum electrodes (the effective
area of the electrodes was 78.5 mm2 and the electrode distance
was 8 mm) was employed to load the samples. The
temperature of the samples was controlled by a circulating
thermostatic water jacket. The raw data, capacitance Cx and
conductance Gx, measured at varying frequency was corrected
according to the literature36 and converted to the correspond-
ing dielectric permittivity ε and conductivity κ through ε = Cs/
Cl and κ = Gsε0/Cl (where ε0 = 8.8541 × 10−12 F/m is the
vacuum permittivity).
2.3. Determination of Relaxation Parameters. The

complex permittivity of SIPN microgel suspension can be
expressed as

ε ω ε ω ε ω ε ω
κ ω κ

ωε
* = − ″ = −

−
j j( ) ( ) ( ) ( )

( ) l

0 (1)

where ε* is complex permittivity, ε″ is dielectric loss. ω is
angular frequency and j = (−1)1/2. κl is low-frequency limit of
conductivity, which was read out from the conductivity spectra
at low frequency. When the ionic strength of the solution is
larger, the electrode polarization (EP) will really affect the low-
frequency relaxation, and affect its analysis. Many methods or
technologies are used to correct EP effect. Serghei A. et al.37

described a detailed analysis of dielectric data of EP based on
charge transport mechanism at the ion−metal interface. To
reduce and correct the EP effect that occurs in systems with
higher conductivity, eq 238 with the EP term Aω−m (where A
and m are adjustable parameters) is used to fit dielectric data
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where εh is the high-frequency limit of permittivity, Δεg and τg
(=1/(2π f 0g), f 0g is characteristic relaxation frequency) indicate
relaxation strength and relaxation time of the gth relaxation,
respectively, and βg (0 < βg ≤ 1) is the Cole−Cole parameter.

To determine the characteristic frequency of low-frequency
relaxation which is masked by the EP effect, the derivative
dielectric loss ε″der is presented on the basis of the logarithmic
derivative of raw ε as used by other researchers:39−43
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By introducing the real part of eq 2 (i.e., the raw ε(ω)) into eq
3, eq 4 is obtained:
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The two equations have the same set of variables as those in eq
2 and can be used to fit the derivative dielectric loss spectrum.
As a representative case, the dielectric spectroscopy for the

SIPN microgel suspension composed of PNIPAM and 10 wt %
PAA at 36.2 °C were shown in Figure 1. Two distinct peaks

were observed in the derivative dielectric loss spectroscopy
(Figure 1a). The hollow circles represent the raw derivative
dielectric loss. The red solid line represents the best fitting
curve, which is made of three parts (blue solid line): the EP
effect and the contributions from relaxation 1 (low-frequency
relaxation) and relaxation 2 (high-frequency relaxation),
respectively. Simultaneously, two relaxations were found in
the permittivity spectroscopy (Figure 1b). The best-fit
relaxation parameters obtained according to the logarithmic
derivative method were listed in Table 1.
In addition to the logarithmic derivative method, complex

conductivity is also effective to deal with EP. Complex
conductivity increment Δκ* relates with complex permittivity
increment Δε* by Δκ* = jωε0Δε*; therefore

κ κ κ ωε εΔ = − = Δ ″l 0 (5a)

κ ωε ε ωε ε εΔ ″ = Δ = −( )h0 0 (5b)

Figure 1. Derivative dielectric loss spectroscopy (a) and permittivity
spectroscopy (b) for SIPN microgel composed of PNIPAM and 10 wt
% PAA at 36.2 °C. The hollow and solid circles are the uncorrected
raw data and corrected curves after subtraction of EP effect,
respectively. The contributions of EP, relaxation 1 (low-frequency
relaxation), and relaxation 2 (high-frequency relaxation) are
represented by the blue solid line.
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where εh is the limiting relative permittivity at high frequency,
and can be accurately determined from the relative permittivity
spectroscopy. According to eq 5, because EP usually occurs at a
relative lower frequency range, the introduction of angular
frequency ω into Δκ* can decrease the magnitude of EP and
increase the magnitude of relaxations at higher frequency. By
analysis of complex conductivity, the influence of EP can be
reduced greatly. Figure 2 is a representative case for SIPN

microgel suspension composed of PNIPAM and 10 wt % PAA
at 36.2 °C. Similar to the logarithmic derivative method (Figure
1), two relaxations were observed and they were almost not
affected by EP.
The logarithmic derivative method and complex conductivity

method are both effective to deal with EP. In this work, we use
the logarithmic derivative method for further analysis.

3. RESULTS AND DISCUSSION
3.1. Dielectric Spectroscopy of SIPN Microgel

Suspension. The temperature and frequency dependent

logarithmic derivative loss ε″der (Figure 3) show two relaxations
with characteristic frequencies located at around 0.1−0.5 MHz
and 1−5 MHz. ε″der changes significantly in the vicinity of 39
and 36 °C for the two systems, respectively, indicating that
both suspensions have undergone volume phase transition as
illustrated in Figure 5, but at different temperatures, which
depend on PAA content.

3.2. Low-Frequency Relaxation: Volume Phase Tran-
sition Process. Figure 4 shows the temperature dependence
of the specific dielectric relaxation strength δεl (defined as Δεl/
c(c is the mass concentration of SIPN microgel) to eliminate
the effect of particle concentration on the dielectric increment)
of low-frequency relaxation for the two SIPN microgel
solutions. The diametrically opposed changing trend of δεl
below and above VPTT suggests that the low-frequency
relaxation process is dominated by different polarization
mechanisms.

3.2.1. T < VPTT: micro-Brownian Motions. δεl increases
with temperature at T < VPTT. This means the low-frequency
relaxation is irrelevant to the motion of the free counterions
and dipole orientation polarization, because the dielectric
increment decreases with temperature for these two mecha-
nisms. Therefore, the low-frequency relaxation below VPTT is
mainly caused by the micro-Brownian motions of side groups
of PNIPAM. This process is closely associated with the H-
bonding interactions, as confirmed by several researchers.23,26,29

As illustrated in Figure 5, SIPN microgels are in highly swollen
state (T < VPTT), and the hydrogen bonds between the amide
groups and the water molecules (Scheme 1) are not favorable
to the orientation movement of PNIPAM segments, resulting
in relatively lower contribution of δεl to the low frequency
relaxation at lower temperatures. As temperature rises, part of
the hydrogen bonds are opened, leading to the speeding up of
random movement of side groups. Therefore, δεl increases with
temperature and shows a maximum when the temperature is
near VPTT. When the temperature is raised above VPTT, the
hydrogen bonds further fracture and the swollen gel loses
water, and then the collapse occurs. Simultaneously, the micro-
Brownian motions become more difficult because of the
intramolecular hydrogen bond between the side chains of
PNIPAM molecules.7 As a result, δεl decreases with temper-
ature when T > VPTT. Note that in this temperature range, the
SIPN microgel with higher content of PAA has the larger value
of δεl at the same temperature. This indicates that microgels
with more PAA have relatively loose structure due to the larger
electrostatic repulsion; as a result, the solvated side chains can
move more freely within the space.

3.2.2. T > VPTT: Interfacial Polarization. Above VPTT, the
PNIPAM network expels water and SIPN microgel collapses
from a swollen microsphere to a compact one. In this process, a
great deal of water molecules with high dielectric constant are
expelled out, resulting in a decrease in the apparent permittivity
of the compact particle and significant difference of dielectric
constant between the collapsed microgel and aqueous solution.
By this time, the SIPN microgel system can be regarded as a
microsphere suspension which consists of microgel particles
with volume fraction ϕ, permittivity εp, conductivity κp, and
medium water with εw and κw, as shown in the right side of
Figure 5. Therefore, the interfacial polarization plays a
dominant role.
According to the interfacial polarization model of suspen-

sion,44 the counterion migration distance can be characterized
by the Debye length χ−1, which is equivalent to the thickness of

Table 1. Relaxation Parameters of PNIPAM/PAA SIPN with
10 wt % PAA (a) and 20 wt % PAA (b) at Varying
Temperatures

(a) t/ °C τl/μs τh/μs Δε1 Δεh
25.8 1.41 0.094 5.9 4.6
28.0 1.38 0.077 7.7 3.9
30.2 1.35 0.062 9.4 3.8
33.8 1.25 0.051 12.4 2.3
36.2 1.09 0.042 20.9 2.0
39.2 8.47 0.039 23.4 1.5
40.5 7.73 0.037 22.1 1.5
44.0 6.29 0.032 17.7 1.4
48.2 5.51 0.031 15.2 0.9
52.3 4.59 0.029 12.9 0.8

(b) t/ °C τl/μs τh/μs Δε1 Δεh
27.2 3.60 0.192 3.8 2.9
30.0 3.03 0.155 5.0 2.4
33.5 2.44 0.119 5.3 1.5
36.4 2.23 0.759 8.9 1.1
39.0 1.90 0.739 6.9 1.0
41.0 1.77 0.692 6.4 0.9
44.0 1.45 0.633 4.9 1.0
47.6 1.06 0.632 4.2 0.9
50.8 9.95 0.557 3.6 0.8

Figure 2. Complex conductivity spectroscopy for SIPN microgel
composed of PNIPAM and 10 wt % PAA at 36.2 °C. The hollow
circles and squares are real and imaginary parts of complex
conductivity increasement, respectively.
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the electric double layer surrounding the microsphere and
defined as

χ
ε ε

=
∑ Ζ

‐ KT
e C

a

i i i

1 0
2 2

(6)

where K and T are Boltzmann constant and absolute
temperature; e, C, and Z are the elementary charge, the
concentration, and the valence of the ion, respectively. εa is the

permittivity of continuous medium in the suspension, as a
function of temperature expressed as45

ε = × − + × −T T0.24921 10 0.79069 0.72997 10a
3 3

(7)

The time necessary for the counterion to migrate the
distance χ−1, equivalently relaxation time τχ, is given by the
equation44

τ χ=χ
−

+D/2
NH4 (8)

where DNH4
+ is the diffusion coefficient of the counterion NH4

+.

By substituting DNH4
+ at each temperature (DNH4

+ is 1.957 × 10−5

cm2/s at 25 °C and it increases by 2−3% per degree as the
temperature increases)45 and relaxation time τχ into eq 8, the
obtained χ−1 varies between 55 and 79 nm (10 wt % PAA) and
80−120 nm (20 wt % PAA). The fluctuation is much smaller
than the microsphere diameter. Meanwhile, χ−1 reduces as
temperature increases and is in accordance with the trend of eq
6. This further proves that the low-frequency relaxation is
caused by the interfacial polarization above VPTT. On the
other hand, Figure 4 shows δεl of the SIPN microgel that
contains 20 wt % PAA is relatively large compared with that
containing 10 wt % PAA. This is because of the different
electrical properties of the two microgels at temperatures above
VPTT ((εa/κa − εp/κp)10%PAA ≪ (εa/κa − εp/κp)20%PAA).

3.2.3. Modeling Analysis of Collapsed SIPN Microgel
Suspension. The phase parameters (εp, εw, κp, κw, ϕ) described
in the microsphere suspension model are numerically calculated
by the Hanai equation46 described in the literature.29,47−49 The
results are shown in Table 2.
The temperature dependence of εp (Figure 6) shows an

interesting result. Similarly, there are two inflections of εp at
about 36 °C for 20% PAA and 39 °C for 10%, respectively.
Besides, εp and εw have the following relationship: εp(10% PAA) >
εw > εp(20% PAA). It is generally known that the apparent
permittivity of the SIPN microspheres can be expressed as47

ε ε ε= + −f f(1 )p w w wPolymer (9)

where εw and εpolymer are the permittivity of water and of the
polymers (PNIPAM and PAA), respectively; f w is the content
of water in the microsphere. As temperature increases, the
microspheres collapse and water molecules within the micro-
spheres are expelled out continuously, resulting in a decrease in
the permittivity εp of microspheres. Equation 9 also suggests
that εp should be smaller than εw. However, Figure 6 shows that

Figure 3. Logarithmic derivative loss ε″der versus frequency and temperature in three-dimensional representations for SIPN microgel composed of
different contents of PAA: (a) 10 wt %, (b) 20 wt %. The inset shows the dielectric loss spectrum at VPTT.

Figure 4. Temperature dependence of the specific low-frequency
dielectric strength δεl.

Figure 5. Schematic of SIPN microgel suspension during volume
phase transition. The purple globule represents the domain formed by
PAA. εa and κa are the permittivity and conductivity of water phase,
respectively. εp, κp, and ϕ denote the permittivity, conductivity, and
volume fraction of the collapsed microgel particles.

Scheme 1. Change of Hydrogen Bonds in PNIPAM Network
As Temperature Rises
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εp(10 wt % PAA) is greater than εw. This suggests that compared
with microgel with more PAA, a special ordered arrangement of
water molecules is formed in compacter microgel (with PAA 10
wt %) due to its weaker electrostatic repulsion. This is
consistent with the findings of R. Allen,50 V. Ballenegger,51 and
J. Marti52 who advocated that water molecules in confined
space will produce a large macroscopic dipole moment. This is
an implication that the doping content of PAA has effects on
the spatial structure of the microsphere network, leading to a
different arrangement of water molecules and an evident
distinction of εp. This kind of material with larger dielectric
constant or polarity will produce a strong dipole−dipole
interaction with drug molecules of larger polarity, which can
lead to a higher loading capacity.53

As can be seen from Table 2, ϕ and εp decrease with
temperature, suggesting a dehydration process. As T rises, water
molecules are gradually expelled from SIPN microgels and carry
part of the counterions into aqueous phase. This leads to the
increase in solution conductivity κa. Meanwhile, κp increases
with temperature, suggesting that, as the microgel collapses, the
surface charge density is significantly increased. The analysis

above proves that dielectric analysis combining the relaxation
mechanism and the physical model is an innovative idea to
study the volume phase transition of microgels.

3.3. High-Frequency Relaxation: The Structure
Change of PAA Domain in the Phase Transition Process.
Although there is no covalent bond between the two networks
in SIPN microgel, the conformational change of linear PAA
chains as the microgel collapses is hardly unexpected. To reveal
the change of PAA during the volume phase transition, the
high-frequency relaxation was analyzed. We describe high-
frequency relaxation with the model of counterion polar-
ization,54 i.e., the charged PAA spherical particles surrounded
by a layer of counterions disperse in the continuous PNIPAM
network medium and the counterions can move along the
particles tangentially and radially, as shown in Figure 7. This

motion causes the high-frequency dielectric relaxation. The
relation between the relaxation time τh and the characteristic
migration length (domain radius R) is expressed as

τ =
+

R
D2h

2

NH4 (10)

where DNH4
+ is the diffusion coefficient of the counterion as

defined previously.
Figure 8 shows that R (caculated by eq 10) reduces with

temperature. This result clearly shows that the domain size

formed by nonthermosensitive PAA also reduces with temper-
ature. This suggests that the physical interaction between PAA
and thermosensitive PNIPAM cannot be neglected. Besides, R
twists at different temperature (VPTT), which indicates that

Table 2. Phase Parameters of SIPN Microgel Solution with
10 wt % PAA (a) and 20 wt % PAA (b)a

(a) t/ °C κa (mS·m
−1) Φ εp κp (mS·m−1)

25.8 2.8 0.57 89.9 7.2
28.0 3.0 0.45 92.5 9.2
30.2 3.2 0.41 91.2 10.3
33.8 3.5 0.31 90.4 14.2
36.2 3.7 0.21 93.9 28.9
39.2 3.8 0.19 94.5 38.4
40.5 3.9 0.2 92.2 35.8
44.0 4.1 0.22 87.8 27.3
48.2 4.5 0.22 83.9 25.7
52.3 4.8 0.24 81.6 23.3

(b) t/ °C κa (mS·m
−1) Φ εp κp (mS·m−1)

27.2 0.9 0.66 78.2 2.0
30.0 0.9 0.66 75.1 2.0
33.5 1.0 0.60 79.0 2.3
36.4 1.2 0.41 67.8 2.9
39.0 1.3 0.38 67.0 3.0
41.0 1.4 0.33 64.4 3.2
44.0 1.5 0.31 61.4 3.4
47.6 1.6 0.30 61.2 3.3
50.8 1.7 0.29 59.2 3.3

aNotes: The data at T < VPTT are only for reference, because in this
temperature range it is improper to explain the swollen microgel
solution using interface polarization theory.

Figure 6. Temperature dependence of the permittivity of microgel
particles and water (εp, εw).

Figure 7. High-frequency relaxation mechanism schematic.

Figure 8. Temperature dependence of domain radius R.
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the interaction between them is closely related to the
composition content in SIPN microgel.
Below VPTT, the decrease rate of R for SIPN microgel with

20 wt % PAA is noticeably faster than that of microgel with 10
wt % PAA. This shows that SIPN microgel with more PAA has
better thermal response and swelling properties, which is of
potential application as drug carrier material with higher
loading capacity.6 Interestingly, the domain size of SIPN
microgel with more PAA is relatively larger, which can be
explained by Donatelli’s semiempirical quantitative formula55

γ

ν
=

+ −
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where D2 is the domain size formed by polymer II (PAA in this
work); v1 is the cross-linking density of polymer I (PNIPAM in
this work); γ is the interfacial tension between the two
polymers and the greater the miscibility, the smaller the value;
W2 and M2 is the weight fraction and molecular weight of
polymer II, respectively. It is easy to understand from eq 11
that the domain size R is inversely proportional to the cross-
linking density of PNIPAM network. From this, we can deduce
that the higher the content of PAA, the lower the content of
PNIPAM, leading to a smaller cross-linking density: that is to
say, the domain size is larger when there are more PAA in SIPN
microgel, which is well supported by our dielectric analysis
results shown in Figure 8.
3.4. Anomalous VPTT of SIPN Microgel. We have shown

that different doping content of PAA leads to different VPTT.
Further, we have also studied the dielectric behavior of pure
PNIPAM microgels under the same condition. Figure 9 is the

temperature dependence of permittivity at 14 kHz of pure
PNIPAM and SIPN microgel. It is obvious that VPTT of them
are different from each other: VPTT of PNIPAM is around 34
°C, which has been already confirmed by a large number of
experiments,56,57 including ours;29 while SIPN microgels with
10 and 20 wt % PAA transform at 39 and 36 °C, respectively.
According to the Flory−Rehner theory,58 when gel reaches
thermodynamic equilibrium, the free energy is from mixing free
energy, elastic (or deformation) contribution, as well as the
contribution from electrostatic effects. As the charged PAA is
incorporated into the PNIPAM network, it needs to overcome
electrostatic energy when phase transition occurs. This means
that the contribution of the third term (electrostatic effects) is
increased. As a result, the VPTT is significantly increased, i.e.,
the VPTT of SIPN is larger than that of PNIPAM. However,
the VPTT of the SIPN microgel does not increase with PAA
content as we expected. Conversely, the VPTT of SIPN
microgel containing more PAA is lower than that with less
PAA. From the perspective of interaction, this anomalous
VPTT can be understood as follows.
The phase transition of PNIPAM is actually a competition

result of several intermolecular interactions:7 H-bond inter-
action of PNIPAM-H2O (facilitate dissolution) and hydro-
phobic interaction of PNIPAM pendent isopropyl groups as
well as that of backbone (facilitate phase separation). Below
VPTT, the H-bond interaction between PNIPAM and H2O
plays a dominant role; therefore, PNIPAM can swell in water at
low temperatures. When temperature rises, H-bond interaction
weakens and hydrophobic interaction dominates, which leads
to phase separation. Thus, the polymer “solvation-phase
separation” can be switched by enhancing one of these
interactions or by weakening another.59 After the incorporation
of hydrophilic PAA chains, on one hand, the electrostatic
repulsion between fixed charges −COO− makes the microgel
difficult to collapse, while the doped PAA makes the microgel
more hydrophilic, which to some extent increases VPTT; on
the other hand, since PAA is partly protonated at the pH of this
work, the H-bond between PNIPAM-PAA renders PNIPAM
more hydrophobic, lowering VPTT.60,61 The competition of
these interactions eventually determines VPTT of the micro-
gel.62 This result provides the possibility for preparing
thermosensitive materials with appropriate VPTT.

3.5. Thermodynamic Analysis of Relaxation Pro-
cesses. The dielectric relaxation phenomenon can be viewed
as the dipole rotation or ion migration between two equilibrium
positions which are separated by a potential barrier. The
relaxation time τ determined by a relaxation rate constant k =
1/τ depends on the height of the potential barrier. The height

Figure 9. Temperature dependence of permittivity for PNIPAM/PAA
SIPN microgel with different PAA contents at 14 kHz: (a) PNIPAM
microgel (0 wt % PAA), (b) PNIPAM/PAA SIPN microgel (10 wt %
PAA, 20 wt % PAA).

Figure 10. Eyring plots of relaxation time of low- and high-frequency relaxation of SIPN microgels with different contents of PAA: (a) 10 wt % PAA,
(b) 20 wt % PAA.
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is equal to the mole free activation energy of the relaxation
processes, defined as ΔG = ΔH − TΔS. The thermodynamic
parameters, ΔH and ΔS, are the enthalpy and entropy of
activation for the relaxation process, respectively, and can be
evaluated using Eyring’s rate equation63,64

τ = − Δ + Δ⎛
⎝⎜

⎞
⎠⎟T

h
k

S
R

H
RT

ln ln
B (12)

where h is the Planck’s constant, and R and kB represent the gas
constant and Boltzmann constant, respectively.
Figure 10 shows the temperature dependence of ln τT versus

1/T of different SIPN microgel suspensions. Evidently, both
the low- and high-relaxation processes show good linear
relations between ln τT and 1/T, but they are divided into
two line segments around VPTT, i.e., they exhibit significant
twists around VPTT. The corresponding thermodynamic
parameters, ΔH and ΔS, for these relaxation processes below
and above VPTT are obtained by the slopes and intercepts of
these linear plots. The results are tabulated in Table 3.

According to the thermal activation theory over potential
barrier that describes temperature dependence of nearly all
reaction rate processes,64 the relaxation processes can be
considered as the transfer of dipoles between two states:
unpolarized state and polarized state as shown in Figure 11. By
means of this double-well potential model, we can analyze the
thermodynamic parameters summarized in Table 3 as follows.
1. For the micro-Brownian motion, which is dominant in the

low-frequency relaxation below VPTT, 0 < ΔH(10%PAA) <
ΔH(20%PAA) indicates that the solvated polymer segment needs
to overcome an energy barrier of breaking the hydrogen bonds
between H2O and PNIPAM to be polarized, and the micro-
Brownian motion of SIPN microgel with 20 wt % PAA is

blocked more seriously, as there are more PAA chains
entangled with PNIPAM. ΔS(10%PAA) < ΔS(20%PAA) < 0 suggests
that the network tends to be orderly and the environment of
the system with less PAA is more cooperative for the
reorientation of the solvated polymer segment.
2. For the low-frequency relaxation above VPTT, the

relaxation mechanism is from the diffusive motion of the
counterion in the electric double layer (EDL) around the
collapsed microspheres, interface polarization essentially. ΔH of
the relaxation process depends on the Debye length. 0 <
ΔH(10%PAA) < ΔH(20%PAA) indicates that counterions in microgel
with 20 wt % PAA need to absorb more energy to move longer
distance, verifying that the EDL of microgel with 20% PAA is
thicker than that of 10% PAA. The entropy change tendency
above VPTT is opposite: microgel suspension containing less
PAA becomes ordered (ΔS10%PAA < 0) above VPTT, while for
microgel containing more PAA it becomes disordered
(ΔS20%PAA > 0). This indicates that a special ordered
orientation is formed in the former system, which is
contributed from directional orientation of water molecules as
suggested in Section 3.2.3.
3. With regard to the high-frequency relaxation that

originates from counterion polarization, the counterions need
to overcome the electrostatic energy barriers between
negatively charged carboxyl groups to migrate and redistribute.
ΔH(10%PAA) < ΔH(20%PAA) means that the counterions in
microgel with 20% PAA need to absorb more energy to
move longer distance, which is consistent with analytical results
of high frequency relaxation (Figure 12). The value of ΔS is
positive below VPTT and eventually becomes negative above
VPTT. This implies that the range of motion of the counterions
is limited above VPTT because the domain size reduces to a
fixed value.

4. CONCLUSIONS
Dielectric behavior of PNIPAM/PAA SIPN microgel suspen-
sion composed of PNIPAM network and different contents of
linear PAA (10 wt %, 20 wt %) was systematically studied in a
frequency range from 40 Hz to 110 MHz as a function of
temperature. After removing the effect of electrode polarization
successfully, two relaxation processes were observed. The
temperature dependence of the domain size obtained from
high-frequency relaxation (counterions polarization) indicates
that the nonthermosensitive PAA also decreases with temper-
ature due to the synergistic effect of PNIPAM network, and
that SIPN microgel with higher content of PAA has better
thermal response and swelling property. The low-frequency
relaxation is dominated by different relaxation mechanisms: the
micro-Brownian motion of the solvated polymer segment
below VPTT and interfacial polarization above VPTT. Phase
parameters of collapsed microgels obtained by Hanai’s
approach show that permittivity of microgel with 10 wt %
PAA is greater than that with 20 wt %. This suggests that an
ordered structure of water molecules is formed in the limited
space of the compacted microgel.
Compared with the pure PNIPAM microgel, we find that

VPTT of SIPN microgel is significantly increased (0% PAA 34
°C, 10 wt % PAA 39 °C, 20 wt % PAA 36 °C). The
experimentally anomalous VPTT is from a combined effect of
electrostatic repulsion and hydrophilic/hydrophobic interac-
tion, which depends on component contents. Dielectric
measurements of the same systems as a function of temperature
show that the change of entropy and enthalpy in relaxation

Table 3. Thermodynamic Parameters Estimated from
Eyring’s Rate Equation for the SIPN Microgel with Different
PAA Contents: (a) Low-Frequency Relaxation (b) High-
Frequency Relaxation

ΔS/J·K·mol−1 ΔH/kJ·mol−1

(a) Content of PAA T < VPTT T > VPTT T < VPTT T > VPTT

10% −50.4 −21.0 24.8 33.6
20% −12.1 17.6 38.6 47.9

ΔS/J·K·mol−1 ΔH/kJ·mol−1

(b) Content of PAA T < VPTT T > VPTT T < VPTT T > VPTT

10% 55.4 −58.8 49.4 13.8
20% 126.8 −59.2 73.1 15.4

Figure 11. Concept of the double-well potential of the relaxation
process (polarization process). The double lined arrow indicates the
orientations of macroscopic dipole.
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processes provided us with valuable information on the
micromechanism of the relaxations. This study throws light
on understanding and regulating the volume phase transition
behavior of complex polymers.
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