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ABSTRACT: The thermally sensitive charged poly(N-isopropylacrylamide-
co-methacrylic acid) (P(NIPAM-co-MAA)) spherical microgel was prepared
and their temperature-dependent volume phase transition behavior was
systematically studied by analyzing the dielectric spectroscopy theoretically
over a frequency range from 40 Hz to 110 MHz. It was found that the
dielectric relaxation of the charged P(NIPAM-co-MAA) microgel drastically
changed between 30 and 35 °C, and was significantly different from that of
neutral PNIPAM microgels recently published in Soft Matter. The relaxation
mechanism was speculated and the relaxation parameters were fitted after
successfully eliminating the electrode polarization at low-frequency. On the
basis of this, the differences in the structure, swelling ability and dehydration
dynamics between charged P(NIPAM-co-MAA) and neutral PNIPAM
microgels were compared. Although both of the two microgels showed the
same changing trend around the volume phase transition temperature
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(VPTT), VPTT of charged P(NIPAM-co-MAA) microgels is less markedly than that of neutral PNIPAM. This suggests that the
interaction between the PNIPAM chains and the solvent was changed significantly because of the introduction of charged groups.
The volume phase transition behavior of P(NIPAM-co-MAA) microgels controlled by a delicate balance between the
hydrophobic attraction of NIPAM and the electrostatic repulsion of the carboxylate group of methacrylic acid (MAA). These
interactions are the essential reasons of the changes of the charged microgels in structure, swelling ability, and dehydration

dynamics.

1. INTRODUCTION

Microgels are cross-linked polymer latex particles, and some of
them will undergo a volume phase transition induced by
temperature, pH, pressure, ionic strength, electric and magnetic
fields. This kind of responsive microgels offers promising
application in many fields, such as drug release, biosensors,
chemical separation, and nanoreactors.”” In these applications,
the controlling of the swelling/deswelling of the microgels has
been one of the concerned issues, because it involves the design
of complex systems for specific applications.
Poly(N-isopropylacrylamide) (PNIPAM) is a well-known
thermosensitive microgel system, which exhibits a significant
volume phase transition above the lower critical solution
temperature (LCST), around 32 °C in aqueous media.””
Therefore, the transition temperature is also called the volume
phase transition temperature (VPTT). The volume phase
transition of PNIPAM microgels has been extensively
investigated," ™ not only because of its strong application
background, but also its significant implications in a number of
living phenomena, especially the protein folding and DNA
packing.”® This is all because of its anatomical features: the
PNIPAM microgel contains both hydrophilic amide groups and
hydrophobic hydrocarbon chains. It is well-known that the
volume phase transition is determined by the hydrophobic
interactions within the PNIPAM molecule.” On the other hand,
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many studies have shown that the VPTT can be modified by
additives of inorganic salt,'"®"'* surfactants,”'>'* ionic
liquid,ls_17 alcohol,"®"” and urea.®?° Besides that, the VPTT
and swelling/deswelling behavior are also controlled by the
introduction of charged groups (e.g., carboxyl, sulfonic, and
amino group) to PNIPAM microgel networks. For example, the
result of Wu®' indicates that the VPTT of poly(N-
isopropylacrylamide-co-acrylic acid) P(NIPAM-co-AA) hydro-
gel is slightly higher than that of PNIPAM. In other words, the
charge density within the PNIPAM network may affect the
VPTT of P(NIPAM-co-MAA) microgel and its dynamic or
rheological properties.””>*

For neutral PNIPAM microgels, the VPTT is mainly
determined by the two competed interaction: hydrogen
bonding interaction and hydrophobic interaction,”** and for
charged P(NIPAM-co-MAA) microgel, there is an extra osmotic
pressure from ion/solvent mixing and electrostatic effects,
which will also contribute to the swelling of the microgel.*®
Therefore, the volume phase transition of the charged
P(NIPAM-co-MAA) microgel is the result of three competed
interactions: the hydrogen bonding between the amide groups
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of NIPAM and water molecules, the electrostatic repulsion of
the carboxylate group of MAA, and the hydrophobic interaction
of the pendent isopropyl groups as well as that of the backbone
of NIPAM monomers. Furthermore, the effective charge
density of microgel depends not only on the amount of
charged groups but also on the pH and the ionic strength of
solutions, which makes the relationship between volume phase
transition and effective charge density more complex. For
charged P(NIPAM-co-MAA) microgel, some studies have
shown that the volume phase transition becomes discontinuous
with increasing amount of charged groups.z‘?””’28 However,
some literatures gave opposite conclusion.”**”*° Unfortunately,
the systematic investigations on the properties of charged
P(NIPAM-co-MAA) microgel suspension and even the
structural evolution and dehydration dynamics during volume
phase transition are still scarce. Thus, far, the effect of charged
groups on the microscopic mechanism of the transition is
ambiguous and poorly understood.

To explore and solve the above problems, in the present
work, dielectric relaxation spectroscopy was employed to study
the volume phase transition behaviors of charged (P(NIPAM-
co-MAA)) microgel. Dielectric spectroscopy has been con-
tinually used to study the volume phase transition of PNIPAM
microgels,‘n_‘%4 including our own recent research.*> These
researches have shown that dielectric spectroscopy is a
promising tool to investigate the internal morphology and
thermal behavior of thermally sensitive microgel system. On the
basis of the appropriate physical model, abundant information
about counterion movement, interaction (hydrogen bond and
electrostatic interaction), dehydration dynamics, and electrical
properties of P(NIPAM-co-MAA) microgel can be obtained. In
addition, to understand how the charged groups affect the
hydrophilic-to-hydrophobic phase transition, we systematically
compared the result of charged P(NIPAM-co-MAA) microgel
to that of the neutral PNIPAM microgels published recently.”

2. EXPERIMENTAL SECTION

2.1. Materials and Preparation of the Sample. Materials. N-
Isopropylacrylamide (NIPAM, Fluka) was recrystallized using a 1:1
toluene—n-hexane mixture twice. Methacrylic acid (MAA, Merck) was
vacuum distilled at 50 °C to remove the stabilizer. N,N'-Methylenebis-
(acrylamide) (MBA, Fluka) was recrystallized by using methanol, and
potassium persulfate (KPS, Merck) was used as received. Deionized
water was used in all the experiments.

Preparation of Microgels. PNIPAM-based microgels were prepared
by surfactant-free precipitation polymerization, based on NIPAM as a
monomer, MBA as a cross-linker, and KPS as a initiator. We have
synthesized two types of nanometer-sized microgels: (a) an uncharged
PNIPAM microgel (no comonomer) (essentially it is slightly charged
because a tiny amount of charge is inevitable during the preparation
process) and (b) a charged P(NIPAM-co-MAA) microgel (MAA as
the comonomer), as shown in Figure 1. Because the polymerization
reaction is based on a semibatch and temperature-programmed
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Figure 1. Schematic of (a) neutral PNIPAM microgel and (b) charged
P(NIPAM-co-MAA) microgel in a swollen state.
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operation,”® the resultant microgels have a homogeneous spatial
distribution of cross-linking density and charge density.

Charged P(NIPAM-co-MAA) Microgels. First, 0.9 g of NIPAM
monomer was dissolved in 45 mL of deionized water and filtered to
remove any solid impurities, and then it was preheated to 40 °C and
purged with nitrogen gas for 1 h to remove the dissolved oxygen. After
that, 0.05 g of KPS was dissolved in 1 mL of deionized water and
added to the reaction vessel to initiate the polymerization. Two
minutes after the initiation, 5 mL of solution containing 0.3 g of
NIPAM, 0.03 g of MBA, and 0.15 mL of MAA was added within 1 h
using a syringe pump. When the reaction mixture started to turn
opalescent, the temperature was ramped to 70 °C in 1 h. After all of
the S mL comonomer solution was added, the reaction mixture was
stirred for 2 h more at 70 °C.

Neutral PNIPAM Microgel. The preparation for neutral PNIPAM
microgels synthesis was done similarly to that of P(NIPAM-co-MAA)
microgels. The only difference is that the 0.15 mL of MAA was not
added into the polymerization reaction. During the preparation
process, though no extra charge carriers were added, a tiny amount of
charge in the PNIPAM microgel is inevitable during the preparation of
microgels (e.g., from the initiator KPS). Therefore, tiny amounts of
charge also exist in PNIPAM microgel, but the charge amount in
PNIPAM microgel is uncertain and far less than that in P(NIPAM-co-
MAA) microgel.

2.2. Methods. Dynamic Light Scattering (DLS). For a first
characterization of the swelling/deswelling behaviors of PNIPAM and
P(NIPAM-co-MAA) microgel particles, DLS measurements were
conducted using a modified commercial light-scattering spectrometer
equipped with an ALV-5000 multi-z-digital time correlator and a He—
Ne laser, at temperatures from 25 to 50 °C.

Dielectric Relaxation Spectroscopy (DRS). Dielectric measure-
ments of PNIPAM-based microgels were carried out using a 4294A
precision impedance analyzer (Agilent Technologies) in a frequency
range from 40 Hz to 110 MHz at temperatures from 20 to 50 °C. A
dielectric measuring cell with concentrically cylindrical platinum
electrodes was employed to load the samples, the effective area of
the electrodes was 78.5 mm?, and the electrode distance was 8 mm.
The temperature of the samples was controlled by a circulating
thermostated water jacket. The applied alternating field was 500 mV.
All the experimental data were corrected for errors arising from stray
capacitance (C,), cell constant (C;), and residual inductance (L,) by
Schwan method.””*® They are 0.09 pF, 0.72 pF, and 2.29 nH,
respectively, determined with three standard substances (pure water,
ethanol and air) and KCl solution of varying concentrations. Then the
corrected data of capacitance C, and conductance G; at each frequency
were converted to permittivity and conductivity by equations € = C/C;
and k = G,&,/C; (&, is the permittivity of vacuum).

2.3. Determination of Relaxation Parameters. The dielectric
response of PNIPAM-based microgels suspension in an applied
electric field with angular frequency @ (= 2, f is the measurement
frequency) can be characterized by the complex permittivity £* which
is defined as™

K — K

ew)=¢e—je' =¢—j

wE,y (1)
where € and « are the frequency-dependent permittivity and complex
conductivity of the system, respectively. £” is the dielectric loss, and j =
(=1)"2 K, is the low-frequency limit of conductivity (namely the low-
frequency conductivity or dc conductivity), which was read out from
the conductivity spectra at low frequency.

In our investigated frequency window, no matter for neutral
PNIPAM microgels suspension, or for charged P(NIPAM-co-MAA)
microgels suspension, the measured dielectric spectra at each
temperature shows two remarkable relaxations and electrode polar-
ization that is annoying but unavoidable. Therefore, the following
relaxation function including two Cole—Cole’s terms and the electrode
polarization term Aw™ (A and m are adjustable parameters) was
employed to analyze the experimental spectra:*’
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where g, is the high frequency limit of permittivity, i is the number of
dielectric relaxations (i = 1, 2 in this work); Ag; and 7; (= 1/2af, fo; is
the characteristic relaxation frequency) are the dielectric increment
and relaxation time, respectively; ; (0 < f; < 1) is the Cole—Cole
parameter indicating the distribution of the relaxation time.

In order to determine the characteristic frequency clearly, the
derivative dielectric loss €”4, is presented on the basis of the
logarithmic derivative of raw &:™”

i
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The logarithmic derivative method proves to be effective in
separating relaxations from the EP effect and offers a good way to
resolve overlapping relaxation peaks due to peak sharpening. By
introducing the real part of eq 2 into the derivative expression eq 3, we
get the following expression:

z ,Bi(Aei)(a)rl)ﬂf cosliﬂ‘z—” -1+ ﬁl)ﬁ,]

i 1+ 2(wz)” cos ﬂ‘—; + (wz)?

T

8”der ((1)) = z

m

+ Amw™ )
where 6, = arctan [sin(87/2)/((w7) ™ + cos (Bi/2))]. eq 4 has the

same set of variables as that in eq 2 and was used to fit the derivative
dielectric loss curve in this work.

Figure 2 shows a representative dielectric spectra of &(f) and
derivative &”4,(f) of P(NIPAM-co-MAA) microgels suspension at 30
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Figure 2. Frequency dependence of the relative permittivity (above)
and the derivative dielectric loss (below) of P(NIPAM-co-MAA)
microgels suspension at 30 °C. The hollow circles represent the
experiment results, and the solid lines represent the best fitting.

°C. Two relaxation processes, named relaxation-1 and relaxation-2 for
the low- and high-frequency relaxation respectively, were clearly
observed although the electrode polarization (EP) effect covers the
low-frequency partly below about 3 kHz. It is obvious that the low-
frequency relaxation of 10 kHz was clearly separated from the high-
frequency relaxation. The low- and high- frequency relaxations are all
depended on whether the microgels are charged, and are little
influenced by the temperature of the microgel microsphere suspension
which can be seen in Figure 4b. The two relaxations were well
represented by eqs 2 and 4. The relaxation parameters in Table 1 are
obtained by fitting the eq 4 to the observed dielectric spectra.
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Table 1. Relaxation Parameters of P(NIPAM-co-MAA)
Microgels Suspension of Various Temperatures

T/°C & Ag; Ae, N P, 7,/ us 7,/ns
20 82.5 1044.4 16.5 0.98 0.98 17.7 128.3
25 81.3 1046.5 16.2 0.98 091 16.9 124.3
30 80.2 1050.4 15.7 0.98 0.98 15.8 116.6
31 79.4 1053.3 154 0.97 0.93 14.9 107.4
32 78.9 1057.4 14.6 0.97 0.92 14.3 99.2
33 78.6 1064.6 13.9 0.97 0.92 13.8 879
34 78.3 1075.9 134 0.97 0.93 13.5 83.8
35 78.2 108s.5 13.1 0.99 0.95 13.3 81.0
40 77.3 1094.8 12.5 0.94 0.94 12.9 75.5
45 75.8 1099.5 12.2 0.98 0.96 12.6 73.9
NY 74.9 1103.2 12.1 0.98 0.99 12.3 72.5

3. RESULTS AND DISCUSSION

3.1. Swelling/Deswelling Behaviors of Microgels.
Figure 3 shows the temperature dependence of the hydro-
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Figure 3. Temperature dependence of the mean hydrodynamic radius
for PNIPAM (red) and P(NIPAM-co-MAA) (black) microgels. The
VPTT is indicated by a dashed vertical line.

dynamic radius R;, of neutral PNIPAM and charged P(NIPAM-
co-MAA) microgels. Both of the two microgel suspensions
demonstrate the typical thermosensitive behavior: R;, decreases
with the increase of temperature and abruptly decreases at
about 32.5 °C (ie., VPTT). Moreover, the VPTT is nearly in
the same temperature range regardless of whether or not the
microgel is charged. However, the swelling/deswelling
behaviors of these two types of microgels are quite different:
compared with neutral PNIPAM microgels, the charged
P(NIPAM-co-MAA) microgels exhibited a greater ability to
swell and have undergone a less sharp volume phase transition.
Such difference is due to the charges introduced onto the
microgels and the resulting extra osmotic pressure and
interactions.

3.2. Dielectric Behavior of PNIPAM-Based Microgels
Suspension. Figure 4 shows the three-dimensional represen-
tations for the temperature dependence of the dielectric loss
spectra (€”y4, — f) for both neutral PNIPAM and charged
P(NIPAM-co-MAA) microgels suspension in the temperature
range of 20 to 55 °C. They are obtained according to the
method in section 2.3. The insets of Figure 4 are the two-
dimensional diagrams cut at the temperatures before (black
curve) and after (red curve) the VPTT. It is clear from Figure 4
that two remarkable dielectric relaxations were observed at
around 10* Hz and 10° Hz for both of the two suspensions, i.e.
low- and high-frequency relaxation as mentioned before.
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Figure 4. Derivative dielectric loss versus frequency and temperature in three-dimensional representations for (a) neutral PNIPAM microgels and
(b) P(NIPAM-co-MAA) microgels suspension. The inset shows the change of dielectric loss spectra above and below the VPTT.

Moreover, their low-frequency relaxation strengths are much
larger than that of the high-frequency relaxation, indicating they
are similar in the dielectric behavior. However, it is very obvious
that the temperature dependence of dielectric spectrum
strongly depends on the charges of microgel as can be seen
clearly in Figure 4.

3.3. Dielectric Relaxation Analysis of Microgels
Suspension. To accurately characterize the two relaxation
processes and investigate the effect of charged groups on
volume phase transition, it is necessary to determine the
relaxation parameters, i.e. the dielectric increments (Ag, = ¢ —
e, and Ag, = ¢, — ¢, (where the subscripts |, m, and h denote
the low, medium, and high frequency limit values, respec-
tively)) and relaxation times (7; and 7,) of low- and high-
frequency relaxation, respectively. The relaxation parameters of
the P(NIPAM-co-MAA) microgels suspensions between 20 and
50 °C were obtained by fitting eq 4 including two Cole—Cole’s
terms to the dielectric spectrum and listed in Table 1.

3.3.1. Relaxation Mechanisms. 3.3.1.1. Relaxation Mech-
anisms of P(NIPAM-co-MAA) Microgel Suspension. On the
basis of the dielectric theory of aqueous colloidal systems* and
our previous research on neutral PNIPAM microgels,35 we
speculate the low-frequency relaxation was caused by the
“counterion polarization” which is due to the asymmetry of
microgel with respect to the ion sign, and the high-frequency
relaxation arises from the “interfacial polarization” of microgel/
water. Besides, considering that the anionic electric charges on
the polymer chains are not not only localized on the surface of
microgels but also exist in the interior of microgels, the
counterion polarization inside the microgel also contributes to
the high frequency relaxation.

3.3.1.1.1. Low-Frequency Relaxation: Counterion Polar-
ization. When the counterions in electrical double layer (EDL)
transport from one side of a spherical particle to the other side
under an applied electric field, counterion polarization occurs,
which is often observed as a lower frequency relaxation.” In
this work, the relaxation time 7, of the low-frequency relaxation
is controlled by the radius a of the microgel particle, and the
relationship between 7; and a can be described as

8000

%D (5)
where D is the diffusion coefficient and it increases by 2—3%
per degree as the temperature increases from 25 °C.* In our
case of P(NIPAM-co-MAA) microgels suspension, the counter-
ions are mostly hydrogen ions (H') which were from the
dissociation of comonomer MAA. Thus, the radius a of
microgel particle of P(NIPAM-co-MAA) at different temper-
atures was estimated according to eq S from 7, in Table 1 and
diffusion coefficient of hydrogen ion Dy+(=9.3 X 107> cm® s™!
at 25 °C). The temperature dependence of the radius a of
P(NIPAM-co-MAA) microgel is shown in Figure S by the black
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Figure S. Temperature dependence of the radius of two types of
microgel particles, estimated based on the theory of counterion
polarization. The red data of PNIPAM microgel were from our
recently published work.*®

curve. The red curve for PNIPAM microgel in Figure § is from
ref 35. It is important to remember that these estimates are
remarkably in agreement with the measurement results by DLS
(see Figure 3). This suggests that the reduction of 7, correlated
significantly with the decrease in the microgel particle’s size
upon shrinking. And it also proved that the low-frequency
relaxation of both P(NIPAM-co-MAA) and PNIPAM is caused
by the counterion polarization around the microgel particle.
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3.3.1.1.2. High-Frequency Relaxation: Interfacial Polar-
ization Effect of Counterions. Compared to slower counterion
polarization mode at low frequencies, the interface polarization,
which is ascribed to the accumulation of charges in the
electrolyte layer adjacent to the particle surface whose thickness
is of the order of EDL thickness, occurs at higher radio
frequency range (typically in the range of MHz) because the
space charges lead to a larger macro dipole moment which
response extra electric field much slower than the dipole
orientation of molecule but faster than the counterion
migration in EDL. The relaxation time of interfacial polar-
ization, corresponding to the time needed for ions to diffuse a
distance of the order of EDL thickness, can be roughly
estimated by the well-known Einstein equation,*

(6)

and yp is a measure of the EDL thickness, which is also known
as the Debye length characterizing the size of the diffuse ion
cloud, defined as

| ggksT
% e Zi CiZi2 ?7)

where ¢, C, and Z are the elementary charge, ion concentration,
and the valence of ion, respectively. ¥, was estimated using eq
6, with 7, obtained experimentally (see Table 1) and Dy~ A
reasonable thickness of EDL whose value is only decades of
nanometers (far less than the radius of the microgels as shown
in Figure 3) was obtained, which demonstrated that the high-
frequency relaxation is caused by the interfacial polarization.

The relaxation behavior of charged microgel, is essentially
similar to that of polyelectrolyte. The ion movement parallel
and perpendicular to the polymer chain also contributes to the
relaxations. Therefore, besides the counterion movement in the
EDL of the microgel surface, one should also consider the ions
movement inside the microgel. Counterion motion perpendic-
ular to the polymer chains would be observed at the relaxation
time calculated by eq 6. That is to say, the interfacial
polarization effect of counterion inside the microgel also
contributes to the high-frequency relaxation. But along with the
collapse of the microgel, due to the shortened distance between
the polymer chains, the motion distance of the counterion will
also become shorter, as the motion scale of counterion
perpendicular to the chains is approximately equal to the
correlation length (ie., interchain distance).***” Since the
relaxation intensity of interfacial polarization for counterions
inside microﬁgel is proportional to the motion distance of
counterion.” Therefore, the relaxation of the collapsed
microgel is mainly dominated by the diffusion of counterions
on the surface of microgel, which are relatively less restricted
compared with those inside the microgel.

3.3.1.2. Relaxation Mechanisms of PNIPAM Microgel
Suspension. 3.3.1.2.1. Low-Frequency Relaxation: Counter-
ion Polarization. As proved in the above section, the low-
frequency relaxation of PNIPAM microgel is the same as
P(NIPAM-co-MAA) microgel, i.e., counterion polarization.

3.3.1.2.2. High-Frequency Relaxation: Interfacial Polar-
ization and Side Chain Motions. In the preparation of
PNIPAM microgel, due to the introduction of initiator KPS,
tiny amounts of charge also exist in PNIPAM microgel.
Therefore, interfacial polarization may also contributes to the
high-frequency relaxation of PNIPAM, qualitatively similar to
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P(NIPAM-co-MAA). Considering that the number of fixed
charge in PNIPAM is much less than that of P(NIPAM-co-
MAA), and that most of them are located on the surface of the
microgel due to the hydrophilic interaction, the number of fixed
charges and counterions inside microgel is much smaller as
compared to that of P(NIPAM-co-MAA). Therefore, the
polarization of electric double layer surrounding polymer
chains inside the microgel could be negligible and only that
on the surface of the microgel is taken into account here.
Figure 6 is a comparison of the dielectric increment of high-
frequency relaxation for PNIPAM and P(NIPAM-co-MAA)

164 e, T
*’_i% P(NIPAM-co-MAA)
121 o—a
w: = ¥ E
= 0.8

~ P(NIPAM)

15 20 25 30 35 40 45 50 55 60
T/°C

Figure 6. Temperature dependence of dielectric increment of high-
frequency relaxation for PNIPAM and P(NIPAM-co-MAA) microgels.

microgel. It is clearly seen that the high-frequency dielectric
increment of PNIPAM suspension is much smaller than that of
P(NIPAM-co-MAA) suspension (nearly two orders smaller in
magnitude). Since the relaxation strength of interfacial
polarization is related to the difference in electrical properties
between disperse phase and medium (Ae = 9p(e.k, — £,k,)°/
[(2k, + K,)*(2¢, + €,)]. The subscript p denotes microgel and a
denotes the medium water),”® as the difference in electrical
properties between PNIPAM and water is not very obvious
(the difference between K,/€, and k,/€, is very small), the
dielectric increment is smaller; while for the P(NIPAM-co-
MAA) suspension, although the permittivity of microgel is
nearly equal to aqueous phase, due to a large number of fixed
charge in microgel, the conductivity of P(NIPAM-co-MAA)
microgel is far greater than the conductivity of the aqueous
phase, which leads to a greater dielectric increment.

Besides, the variation tendency of relaxation intensity vs
temperature of PNIPAM is obviously different from that of
P(NIPAM-co-MAA), and a peak occurs at about 32 °C. This
suggests that, in addition to the contribution of the interfacial
polarization, other mechanisms may also contribute to the high-
frequency relaxation. One possible mechanism is the motion of
side chain which is closely associated with the hydrogen bonds
as confirmed by several researchers.””*’ Below VPTT, the
motion of solvated side chains is constrained by the hydrogen
bond of amide grot_lp-water and the hydrogen bond bridges
between side chains™ (darker shadow in Figure 7a). However,
as the temperature increases part of hydrogen bonds fracture
and the constraint weakens, thus the dielectric increment of
side chain relaxation should increase with temperature. Above
VPTT, with the collapse of PNIPAM microgel, side chain
motion is greatly limited because of the formation of hydrogen
bonds between side chains (Figure 7b), and the contribution of
side chain relaxation is significantly reduced.

As explained above, due to the tiny difference in the electrical
properties of PNIPAM and aqueous phase, the relaxation
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Figure 7. Schematic of the local chain motions inside the PNIPAM microgels: (a) below VPTT, the PNIPAM chain is constrained due to hydrogen
bonds of amide group—water and hydrogen bond bridges between side chains; (b) above VPTT, the conformation of PNIPAM microgel becomes
more compact due to hydrogen bond between side chains. The red arrows represent the motion of side chains.
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Figure 8. Temperature dependence of dielectric increment (above) and relaxation time (below) for (a) low- and (b) high-frequency relaxation.

strength of interfacial polarization for PNIPAM is small. In
spite of this, the interfacial polarization still contributes to the
high-frequency relaxation in the whole temperature range, and
the variation tendency of relaxation strength of PNIPAM
should be similar to that of P(NIPAM-co-MAA). As shown in
Figure 6, At T < VPTT, the high-frequency relaxation
increment of PNIPAM increases with temperature, which
means that the polarization side chain relaxation may be
dominant in this tempertaure range. And for the highly swollen
PNIPAM (T < VPTT), although PNIPAM microgel is weakly
charged, its interior contains large amounts of water in the
swollen state, so the difference between the dielectric properties
of PNIPAM microgel and the solvent water is not obvious.
Thus, interfacial polarization play a minor role at temperature
below VPTT. At T > VPTT, the high-frequency relaxation
increment decreases with temperature, which is in line with the
variation tendency of interfacial polarization. At the same time,
because the side chain relaxation is greatly reduced after the
collapse of microgel as discussed above, we speculate that the
interfacial polarization may play a leading role at temperature
above VPTT.

That is to say, both the side chain relaxation and interfacial
polarization contribute to the high-frequency relaxation of
PNIPAM, but they are dominant at different temperature
ranges, respectively. It should be noted that, interfacial
polarization is not intrinsic to PNIPAM, but was unavoidable
due to the difference in electrical property between microgel
and medium®® because of sample preparation procedure
utilizing KPS.

3.3.2. The Volume Phase Transition Determined by
Relaxation/Phase Parameters. Figure 8 shows the temper-
ature dependence of the dielectric increment and the relaxation
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time of P(NIPAM-co-MAA) microgels suspension for the low-
and high-frequency relaxations, respectively. It is obvious from
Figure 8 that all the relaxation parameters (Aéy, 7;, A€, and 7,)
exhibit significant changes at the same temperature of 32.5 °C,
being completely consistent with the results by DLS (see Figure
3). We consider this temperature as the volume phase
transition temperature (VPTT) of the charged P(NIPAM-co-
MAA) microgels. In this sense, the volume phase transition
behavior can be monitored effectively by the temperature
dependence of dielectric relaxation parameters. Wu et al.”’
investigated P(NIPAM-co-AA) hydrogel by Fourier transform
infrared spectroscopy (FT-IR) in combination with the
perturbation correlation moving window (PCMW) technique
and two-dimensional correlation spectroscopy (2Dcos), and
they found that the VPTT of PNIPAM-co-AA is slightly higher
than that of PNIPAM. This is different with the result in this
work. This may be because that the PCMW can determine the
exact volume phase transition point, while dielectric method is
relatively mesoscopic, but is also effective for estimating roughly
VPTT.

Moreover, the volume phase transition behavior of P-
(NIPAM-co-MAA) microgels was extremely well monitored by
the temperature dependence of the phase parameters of the
microgels suspension. To obtain more detailed information
about the inner electrical properties of the charged P(NIPAM-
co-MAA) microgel particle and its structure change when the
microgels collapse, it is necessary to calculate the parameters of
the constitute phase of microgel suspension. To this end, we
regard the P(NIPAM-co-MAA) microgel suspension as a
particle dispersion: with different dielectric properties, that is
the microgel particles with radius a and complex permittivity &'
(= &, — jk,/we,) dispersed in a continuous aqueous medium
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with complex permittivity ¥ (= ¢, — jk,/we,) in a volume
fraction ¢. The complex permittivity of the whole suspension
&* is given by Hanai’s mixture equation, which is applicable to
the concentrated suspension, as follows:>

e*—e;,k e 13

[ S C =1_¢

%k %k %

G & \¢ (8)

Here, the parameters of ¢, Ky ¢, and K, are relevant to the
inner electrical parameters of the P(NIPAM-co-MAA) micro-
gels suspension and are called the “phase parameters”. Further,
we calculated the phase parameters which are approximately
related to the dielectric high-frequency relaxation parameters
(&, Ky €,) in Table 1 and k;, by means of the dielectric model
described above and a systematic numerical method(refer to
literatures®>*). The calculated phase parameters of P(NIPAM-
co-MAA) microgel are listed in Table 2. The phase parameters
of PNIPAM microgel is from ref3S.

Table 2. Phase Parameters of P(NIPAM-co-MAA) Microgel
Suspensions at Various Temperatures

T/°C e, K, (mS/m) ¢ & K, (mS/m)
20 80.1 0.7 0.978 82.5 4.2
25 78.3 0.8 0.969 81.4 4.6
30 76.5 0.9 0.956 80.5 S.1
31 76.2 1.0 0.941 80.2 5.2
32 75.8 1.1 0.920 79.4 5.3
33 75.5 12 0.883 78.7 S.5
34 75.1 1.3 0.854 78.3 5.6
35 74.8 14 0.837 77.8 5.7
40 73.1 1.5 0.821 76.7 6.2
45 71.5 1.7 0.819 76.2 6.7
50 69.9 1.8 0.817 76.0 7.2

“g, were estimated with the Handbook of Chemistry and Physics.>*

3.4. Unique Properties of the Charged P(NIPAM-co-
MAA) Microgels. As we all have observed in Figure 4, the
temperature dependence of the dielectric spectrum of the
charged P(NIPAM-co-MAA) microgels is largely different from
that of the neutral PNIPAM microgels. Essentially, the reasons
lie in the difference of structures and properties of these two
types of microgels. In order to investigate the effect of charged
groups on microgel structure and volume phase transition
behavior, the above analyzing results of charged P(NIPAM-co-
MAA) were systematically compared with those of neutral
PNIPAM microgels published recently.*®

3.4.1. Microgel Structure. Table 3 is a comparison of the
dielectric relaxations characteristic between P(NIPAM-co-
MAA) and PNIPAM microgel suspensions. The additional
local chain motions at high frequency for PNIPAM microgel
reveals that the chains in PNIPAM are more flexible than those

Table 3. Comparison of the Characteristic Dielectric
Relaxations between P(NIPAM-co-MAA) and PNIPAM
Microgel Suspensions

low-frequency
sample relaxation high-frequency relaxation
PNIPAM counterion interfacial polarization and local

polarization chain motions

P(NIPAM-co-MAA)  counterion

polarization

interfacial polarization effect of
counterion

in P(NIPAM-co-MAA), ie., the network of the charged
microgel is more rigid. The difference in rigidity is because
that the introduced polar charged groups (MAA) not only
increases the rotating barrier of polymer and the energy
difference between different equilibrium conformation, but also
generates strong interaction in the network, which reduces the
flexibility of the polymer chains and hinder their move-
ment. >

Moreover, the difference between charged P(NIPAM-co-
MAA) and neutral PNIPAM microgels was also detected by the
change of phase parameters with temperature. Parts a and b of
Figure 9 show the temperature dependence of the conductivity
and the permittivity of the two PNIPAM-based microgel
particles, respectively. (The data of PNIPAM microgel are
taken from ref 35. Note that the data at T < VPTT for
PNIPAM microgel are only for reference, because in this
temperature range the high-frequency relaxation mainly
contributes to side chain relaxation.) Because ionic monomer
of MAA was introduced into the neutral PNIPAM microgel
network and the microgel particles are electrically charged.
Therefore, the conductivities of P(NIPAM-co-MAA) microgel
particles are bigger than that of PNIPAM microgel particles at
each temperature as shown in Figure 9a. The conductivity «, of
P(NIPAM-co-MAA) microgel increased with temperature,
implying the charge density increased as the cross-linked
PNIPAM-co-MAA chains collapse to form a more compact
microgel sphere. Inversely, the permittivity & decreased with
the increase of temperature, indicating that water molecules are
gradually expelled from the microgels. Besides, both «, and ¢,
for these two types of PNIPAM-based microgel exhibited
significant changes at the same temperature of 32.5 °C
(VPTT), indicating the phase transition occurs near this
temperature.

More interestingly, in the experimental temperature range
the permittivity of PNIPAM microgel is smaller than that of
P(NIPAM-co-MAA) and larger than water at each temperature,
that is &,(P(NIPAM — co-MAA)) > €, > &,(PNIPAM). It is
well-known that water has a relatively large permittivity (e, =
78, 25 °C). Meanwhile, it should be noted that the microgel
particles still retain more than 80% of water even in a highly
collapsed state, as has been confirmed by DLS?, so it is well
accepted that the permittivity of PNIPAM microgel particles is
always less than that of g, at each temperature and maintained
at a higher values of 60—75. However, it seems a little
incomprehensible that the permittivity of P(NIPAM-co-MAA)
microgel particles is slightly larger than permittivity of water. It
is generally accepted that two factors may lead to a larger
permittivity: the cis—trans isomerism of molecules,”” and the
particular arrangement of water molecule in a confined
environment.”*® For the present P(NIPAM-co-MAA) and
PNIPAM systems, their chemical structures have no cis- or
trans-configurations. Moreover, the DLS data in Figure 3
clearly show that the charged P(NIPAM-co-MAA) microgel
exhibited a greater swelling capacity, so its structure is more
loose, which makes it more difficult to form a confined space,
compared with the neutral PNIPAM microgel. Therefore,
considering that the biggest difference between the P(NIPAM-
co-MAA) and PNIPAM microgels is their electrically charged
characteristics, we speculate that the anomalous permittivity of
P(NIPAM-co-MAA) microgel particles is related to the specific
interactions within the polymer network. The charged ionic
monomer MAA incured an extra ion-dipole interaction within
the P(NIPAM-co-MAA) microgel,sg’(’0 and resulted in a larger
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Figure 9. Temperature dependence of the (a) conductivity and (b) permittivity of two types of PNIPAM-based microgel particles. The VPTT is

indicated by a dashed vertical line.

dipole moment. As a result, the P(NIPAM-co-MAA) microgel
particles showed a high permittivity. An explanation for this at
the molecular level is presented schematically in Figure 10. For

%CHz——CH—CHZ—CH—CHz%—
i e "
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Figure 10. Schematic presentation of the specific interaction within
the polymer network of P(NIPAM-co-MAA) microgels.

neutral PNIPAM microgel, its permittivity is only slightly less
than that of water although the PNIPAM polymer matrix with
very low permittivity is included. This is due to the permanent
dipole moment of the side chain in NIPAM and the dipole—
dipole interaction of hydrogen bond between the amide groups
and water molecules (as shown by pink shaded area) contribute
to the permittivity of PNIPAM microgel. However, for charged
P(NIPAM-co-MAA) microgel, in addition to the contributions
from the permanent dipole moment and hydrogen bond, there
is an additional ion-dipole interaction between the carboxylate
ions of MAA and the carbon atom of amide groups of NIPAM
monomer (indicated by a blue box). Because the ion-dipole
interaction is stronger than dipole—dipole interaction, the
permittivity of the charged P(NIPAM-co-MAA) microgel is
slightly larger than that of water. This result suggests that the
polarity within the PNIPAM microgels will be increased by
introducing the ionic monomers in the polymerizing procedure.
And the particular importance of this finding is that it gave
enough indications that this kind of material with stronger ion—
dipole and dipole—dipole interaction may have potential
applications in the controlled release of polar drugs®'

3.4.2. Swelling Capacity and Dehydration Dynamics. In
addition to the differences in the microgel structures, there are
remarkable differences in their swelling capacity and
dehydration dynamics between P(NIPAM-co-MAA) and
PNIPAM microgels (The data of PNIPAM microgel are from
ref 35). There are two parameters that are closely related to the
swelling property, the size of microgels (see Figures 3 and S)
and the volume fraction (see Figure 11). It is clear from Figures
3, 5, and 11 that both the size and volume fraction of charged
P(NIPAM-co-MAA) microgels are much bigger than those of

8004

1.1 :
! —@—P(NIPAM-co-MAA)
1.0- | —@—PNIPAM
0.9
-© 0.8-
0.7
0.6
20 25 30 35 40 45 50
T/°C

Figure 11. Temperature dependence of the volume fraction of two
types of PNIPAM-based microgel particles.

neutral PNIPAM microgels at each temperature, which means
that the swelling ability of PNIPAM-based microgels was
increased greatly by introducing the ionic monomers. This
result can be supported by the classical gel swelling theory
proposed by Flory and Rehner.”® According to the FR theory,
the osmotic pressure II for a gel to swell can be divided into
three contributions:

I=1I + Hel + Hion (9)

Here I1,,, II, and II,, are the contributions come from
mixing, deformation, and ion contributions, respectively. After
introducing fixed charges to the network, the counterions have
to be located near the fixed charges so as to keep the
eletroneutrality. Therefore, introduction of ionic monomers of
MAA into the gel network accommodates an additional
osmotic contribution from ion/solvent mixing and electrostatic
effects. As a result, water molecules will diffuse into the
network, leading to an increase in swelling capacity of
P(NIPAM-co-MAA) microgels, compared to PNIPAM micro-
gels. Besides, Figure 10 also shows that as temperature
increases, ¢ pnpan reduces from 0.95 to 0.6, while @ pnipant.contan
reduces from 0.97 to 0.85, indicating that the volume phase
transition becomes less obvious for charged microgel. This also
confirms the speculation in section 3.4.1 that the introduced
polar charged groups will increase the rigidity of the network
and hinder the collapse of microgel.

Furthermore, another difference for the two types of
microgels is the continuity of volume phase transition. In
other words, how did the charged groups affect the nature of

mix
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Figure 12. Eyring plots of the relaxation time of (a) low-frequency relaxation and (b) high-frequency relaxation for PNIPAM (red) and P(NIPAM-

co-MAA) (black) microgel.

the volume phase transition? The answers were varied based on
different research groups as mentioned in the Introduction. In
this work, whether the DLS data or the results based on
dielectric relaxation analysis, the changes of all the parameters
for the charged P(NIPAM-co-MAA) microgels near the VPTT
are less dramatic than those of neutral PNIPAM microgels.
That means that the P(NIPAM-co-MAA) microgels have a less
sharp phase transition, in comparison with that of PNIPAM
microgels. This phenomenon is due to the delicate balance
between the electrostatic repulsion of the carboxylate group of
MAA and the hydrophobic attraction of NIPAM.

The volume phase transition of neutral PNIPAM microge
results from the comprehensive effect of the hydrogen bonding
and hydrophobic interaction. Below the VPTT, the PNIPAM
microgels are in a highly swollen state in water due to the
hydrogen bonding between the amide groups and water
molecules, however, when the temperature is raised above the
VPTT, the microgel collapses expelling most of its water due to
the hydrophobic behavior of the pendent isopropyl groups as
well as that of the backbone. When the ionic monomers of
MAA were introduced into the neutral PNIPAM network, the
repulsive electrostatic interactions between the fixed charges
should be taken into account, which will further facilitate the
swelling of microgels. When the temperature rises to the
VPTT, for neutral PNIPAM microgels, the hydrogen bonding
interaction became weak but hydrophobic interaction was
enhanced instantaneously, resulting in a rapid and discontin-
uous volume phase transition. However, for the charged ionic
P(NIPAM-co-MAA) microgels, although the electrostatic
repulsion weakened in some degree due to the protonation
of the carboxyl groups in MAA with decreasing pH in the
process of arising temperature, it always can compete with the
hydrophobic interaction of NIPAM; therefore, its volume phase
transition is less sharper and more continuous.

3.4.3. Thermodynamics. We also found their differences in
the thermodynamics properties between P(NIPAM-co-MAA)
and PNIPAM microgels suspension by analyzing the temper-
ature dependence of the relaxation time in Figure 6. The
temperature dependence of 7 was analyzed in terms of the
Eyring equation:62

h
In(zT) = h{k_)

B

_As
R

An

RT (10)
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where h is Planck’s constant, kz is Boltzmann’s constant, R is
the universal gas constant, and AS and AH are the activation
entropy and activation enthalpy, respectively.

The IntT was plotted as a function of 1/T for both the low-
frequency and high-frequency relaxation in Figure 12 (The data
of PNIPAM microgel is from ref 35). Obviously, for P(NIPAM-
co-MAA) and PNIPAM microgels, both of the two low- and
high-frequency relaxation processes show a good linear relation
between In 7T and 1/T below or above the VPTT, but are
divided into two parts around the VPTT 32.5 °C, indicating a
similar phase transition process. Furthermore, from the slop
and the intercept of the fitting line, AH and AS of the two
relaxations for the PNIPAM-based microgel particles were
estimated and the results are listed in Table 4 and 5,
respectively.

Table 4. Thermodynamic Parameters for the Low-Frequency
Relaxation, Estimated by Eq 10

AS(J-mol K1) AH(KJ-mol ™)
sample T<VPTT T>VPTT T<VPTT T>VPTIT
PNIPAM —86.24 —79.49 21.96 2192
P(NIPAM-co-MAA) —133.69 —147.64 5.90 1.20

Table 5. Thermodynamic Parameters for the High-
Frequency Relaxation, Estimated by Eq 10

AS(J-mol*-K") AH(KJ-mol ™)
sample T<VPTT T>VPTT T < VPTT T > VPTT
PNIPAM —44.67 —53.53 21.96 18.44
P(NIPAM-co-MAA) —97.28 —106.67 4.57 0.67

Because these two dielectric relaxations are closely related to
the hydrophilic-to-hydrophobic phase transition of the
PNIPAM-based microgels, so as shown in Tables 4 and §,
the positive enthalpy (AH > 0) and negative entropy (AS < 0)
indicated that the volume phase transition is an endothermic
process, in which the microgels systems from a less ordered
state to ordered one. It is also worth emphasizing that there is a
big difference in the values of AH and AS between P(NIPAM-
co-MAA) and PNIPAM microgels suspension. Here we focused
on the activation entropy AS that connected with the degree of
disorder of a system.

Figure 13 shows an example of the entropy change of the two
PNIPAM-based microgel suspensions in low-frequency relax-
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Figure 13. Entropy change diagram of PNIPAM (red) and P(NIPAM-
co-MAA) (black) microgels suspension in the process of low-frequency
relaxation.

ation process. We chose to discuss the low-frequency relaxation
because it reflected the distribution of the counterions which
determines partly the structure feature of a macromolecular and
is an important issue in polyelectrolyte. For both of these two
types of PNIPAM-based microgels, as can be seen in Figure 13,
the activation entropy decreases with the increase of the
temperature. When the microgels are in a highly swollen state
(T < VPTT), the microgel particles and counterions are
distributed heterogeneously in the whole suspension that result
in the increase of the degree of disorder. With temperature
increasing, the degree of disorder decreases due to the
blocking/entrapping of counterions at the collapsed particles.
In addition, due to the strong electrostatic interaction, the
movement of the counterions is limited and the counterions
fluctuate near the fixed charges within the polymer network. As
a result, the degree of disorder of charged P(NIPAM-co-MAA)
microgels suspension is a little less than that of neutral
PNIPAM microgels in the whole temperature range.

In regard to the difference in AH between P(NIPAM-co-
MAA) and PNIPAM microgels suspension, it was found that
compared with neutral PNIPAM microgels, the AH values of
the charged P(NIPAM-co-MAA) microgels suspension in the
process of both the low- and high-frequency relaxation are
smaller, indicating that the charged system needs relatively low
energies to be polarized. This is because that the introduction
of ionic monomers widened the difference of dielectric
property between microgel particles and the aqueous medium
as well as the concentration of the counterions, which are
conducive to the counterion polarization and interfacial
polarization.

4. CONCLUDING REMARKS

Dielectric behaviors of ionic P(NIPAM-co-MAA) microgels
suspension have been systematically studied in a frequency
range from 40 Hz to 110 MHz in the temperature range of 15
to 55 °C. Similar to neutral PNIPAM microgels reported
recently, two remarkable and unique relaxation processes were
clearly observed by successfully removing the electrode
polarization, which will hopefully reflect the typical dielectric
characteristics of the commonly cross-linked three-dimensional
polymer network. However, the mechanisms of high-frequency
relaxation of ionic P(NIPAM-co-MAA) microgels is significant
different from that of PNIPAM microgels. This is due to the
unique microstructure and properties of P(NIPAM-co-MAA)
microgels. By systematically comparing the temperature
dependences of relaxation mechanisms, dielectric parameters
and phase parameters, we found that the introduction of
charged groups has almost no effect on the volume phase
transition temperature, but markedly affects the structure and

dehydration dynamics of microgels. On the structure side, both
the rigidity of polymer chain and the polarity within the
P(NIPAM-co-MAA) microgels were increased. On the
dehydration dynamics side, the introduction of ionic monomers
into the microgel network accommodates an additional osmotic
contribution from electrostatic effects, leading to a significant
increase in swelling capacity and a continuous volume phase
transition of P(NIPAM-co-MAA) microgels. Furthermore, the
degree of disorder of P(NIPAM-co-MAA) microgels suspension
was reduced due to the strong electrostatic interaction, which
gave an image of the distribution of the counterions in a
charged microgels.

In this work, the relation between the volume phase
transition and charges groups in microgels was clarified. This
work also provided a new insight into the structural evolution
and dehydration dynamics of the copolymer microgels during
phase transition. Besides, it implied that the dielectric analysis
which is based on appropriate physical model is a promising
tool to investigate the internal morphology and thermal
behavior in thermally sensitive microgels system, offering
reference and consulting for the dielectric research on the
polyelectrolyte gels.
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