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The dielectric signature of poly(N-isopropylacrylamide)
microgels at the volume phase transition: dependence
on the crosslinking density

Marieke Füllbrandt,ab Regine von Klitzingb and Andreas Schönhals*a

Temperature sensitive poly(N-isopropylacrylamide) (pNIPAM) microgels are prepared and investigated

using dielectric spectroscopy in a frequency range from 10�1 Hz to 106 Hz at temperatures from 15 �C
to 50 �C. The microgels were synthesized with different crosslinker molar ratios resulting in microgels

with structural differences. From the dielectric response of the pNIPAM microgels the swelling/

deswelling behaviour is monitored by both the temperature (T) and the frequency ( f ) dependence of

the conductivity spectra s*(f, T). The volume phase transition (VPT) at the lower critical solution

temperature (LCST) is deduced by a change in the T-dependence of the DC conductivity s 0
DC. It can be

explained by a decrease in the effective charge mobility and a reduction in the effective charge number

contributing to s 0
DC at T > LCST. Addressing the f-dependence of the real part of the conductivity s0, a

pronounced frequency dependence at temperatures above the LCST can be observed whereas at

temperatures below the LCST the conductivity spectra resemble that of the pure solvent (water) which is

frequency independent. The f-dependence of s0 at T > LCST is assigned to the collapse of the microgel

particles. At the interfaces of the collapsed particles charge carriers are blocked and/or entrapped giving

rise to Maxwell–Wagner–Sillars (MWS) polarization effects. The dependence of the MWS effect on the

crosslinker amount is studied in detail and conclusions concerning the internal structure of the

microgels with respect to their crosslinking density are drawn. Moreover the dielectric data are related

to dynamic light scattering data. A correlation between the MWS polarization effect and the swelling/

deswelling ratio expressed by the hydrodynamic radius Rh at different temperatures is established for

the first time.
Introduction

Environmentally sensitive materials responding to external
stimuli such as temperature, pH, ionic strength, electric or
magnetic elds are gaining increasing interest due to their
potential applications in biotechnology and medicine,
including drug release and diagnostics, chemical separation,
catalysis, surface modication and others.1–5 Poly(N-iso-
propylacrylamide) (pNIPAM) is one of the most widely studied
thermosensitive materials with a lower critical solution
temperature (LCST) at around 32 �C in aqueous media.6,7

For pNIPAM microgel particles which are crosslinked poly-
meric networks swollen in a suitable solvent (e.g. water) this
transition manifests itself in a volume change around the
LCST.8 In the literature the transition temperature is therefore
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also called volume phase transition temperature (VPTT).5 The
volume phase transition (VPT) is a reversible process. The
macroscopic driving force for the volume change (collapse) is
related to the competition between mainly two molecular
effects, hydrogen bonding and hydrophobic interaction.9

Microgels composed of pNIPAM were rst synthesized by
Pelton and Chibante in 1986 using a precipitation polymerisa-
tion (emulsion polymerisation).10 Monodisperse microgel
particles can be obtained, however the general procedure of
microgel synthesis leads to an inhomogeneous distribution
with a higher crosslinker density in the particle core and a
higher charge density in the particle shell.7,11 This results in
particles with a core–shell structure with a harder inner core
and a soer shell being a more porous and permeable layer
consisting of dangling or lightly crosslinked chains leading to a
quite complex shrinking behaviour. Recently, Varga et al. sug-
gested a new type of semi-batch reactor, which allows the
synthesis of microgel particles with a more uniform crosslinker
density.12 The amount and distribution of the crosslinker just as
the charge density strongly affect the microgel properties, e.g.
the internal mobility and its mechanical characteristics.13
This journal is ª The Royal Society of Chemistry 2013
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The internal structure as well as thermodynamic and kinetic
aspects of the VPT of pNIPAM microgels have been studied by
various methods, including dynamic light scattering,8,14,15

microscopy,14,16 small angle neutron scattering,14,17,18 and
neutron spin echo spectroscopy.19 Structural heterogeneity has
been also investigated using dye labelling microgels20,21 or by
incorporation of nanoparticles (e.g. Au).22 However, for investi-
gations of the dynamics visual techniques are in general not
useful. A theoretical model based on the terminal copolymeri-
zation kinetics which predicts the microstructure of function-
alized microgels was developed by Hoare and McLean.23,24

Monomer and functional group distribution in multicompo-
nent pNIPAM based microgels can be predicted by linking it to
the copolymerization kinetics of the respective comonomers.
The control over microgel morphology and its proper charac-
terization is a key area of research.

The present study introduces a new approach for the inves-
tigation of the induced responsive behaviour of microgels in the
bulk phase and the related internal structure. Dielectric spec-
troscopy is applied to pNIPAMmicrogels in aqueous media. It is
a well suited, non-invasive technique to study the structure and
dynamics of polymers including their solutions. Dielectric
spectroscopy covers a broad frequency range, thus processes on
different time and length scales can be studied by taking the
molecular mobility and/or the conductivity as a probe for the
structure.25 There are only a few publications on the dielectric
behaviour of pNIPAM in solution. Ono and Shikata26,27 studied
the hydration andmolecular dynamics at temperatures between
6 �C and 39 �C of linear pNIPAM and Nakano et al. investigated
the relaxation processes of linear pNIPAM and solvent mole-
cules as a function of polymer concentration and type of
solvent.28 Dielectric investigations on pNIPAM microgels were
recently published by Gómez-Galván et al.29 and Zhou et al.30

The former presents a new device for simultaneous measure-
ments of optical and dielectric properties for linear pNIPAM
and pNIPAM hydrogels in aqueous solutions. The light trans-
mittance, relative permittivity and the dielectric loss tangent as
a function of temperature weremeasured in the lower frequency
region (102 Hz to 106 Hz) in order to analyse the water–polymer
interaction. The latter publication covers about the same
frequency range (10�2 Hz to 107 Hz) and connects dielectric and
electric properties of structurally different pNIPAM microgels
with the gel network. By varying the preparation mechanism
pNIPAM microgels with different charge distributions and
structures are prepared. In the dielectric spectra the authors
detected two relaxation modes, a slow mode (a-dispersion) and
a fast mode (d-relaxation). Although some of their arguments
should be discussed in greater detail the latter was used to
differentiate different structures of microgels.

In a recent dielectric study on linear pNIPAM in water31 we
proved that the phase transition behaviour can be monitored by
both the temperature (T) and frequency ( f ) dependence of the
complex conductivity s*( f, T). In the present contribution,
pNIPAM microgels with different crosslinking densities are
analysed at different temperatures in a frequency range from
10�1 Hz to 106 Hz. The same approach as in ref. 31 is used,
which is to take charges as a probe to investigate the internal
This journal is ª The Royal Society of Chemistry 2013
structure of the microgels. No extra charge carriers have been
added to the samples, only remaining charges coming from the
polymerization process (e.g. from the initiator) and residual
charge carriers in the Milli-Q� water used as a solvent have
been considered.
Experimental
Microgel synthesis

N-Isopropylacrylamide (NIPAM) with a purity of at least 97%,
N,N0-methylenebisacrylamide (BIS) as a crosslinker and potas-
sium persulphate (KPS) as an initiator were purchased from
Sigma Aldrich and used without further purication. Poly(N-
isopropylacrylamide) (pNIPAM) microgels with different
amounts of crosslinker ranging from 0.5 mol% to 10 mol% with
respect to the molar concentration of NIPAM monomers were
synthesized by a radical surfactant free emulsion polymeriza-
tion (for a detailed description see ref. 10). The preparation
procedure was as follows: 0.56 g of monomer (NIPAM) with the
respective amount of crosslinker (BIS) was dissolved in Milli-
Q� water (Millipore, USA), placed under a nitrogen atmosphere
and heated up to 70 �C. 10 mg of initiator (KPS) dissolved in
Milli-Q� water was added to the mixture to start the reaction. It
proceeded for about 4 h to 5 h. Aer that time the reaction
mixture was cooled down to room temperature overnight. All
samples were puried by centrifugation and redispersion in
water several times and subsequently the microgels were freeze-
dried. The diameter and the internal structure (mesh pore sizes,
crosslinking distribution) of the resulting microgel particles
depend on the amount of crosslinker used. All pNIPAM
microgels have a low concentration of covalently bound charged
groups coming from the persulphate based radical initiator. In
fact, zeta potential measurements (results not shown here)
elucidated that the synthesized pNIPAM microgels possess a
negatively charged surface which can be traced back to the
sulphate (SO4

�) groups. The zeta potential calculated from
the electrophoretic mobility becomes even more negative as the
temperature is increased above the volume phase transition
temperature. The higher crosslinked core has a lower volume
charge density than the less crosslinked shell. The electropho-
retic mobility of the particles is dominated by the charge density
within the shell. Upon shell collapsing the number density of
charged groups in the surface charge layer increases and hence
the mobility increases.32

In Fig. 1 some AFM images of the synthesized pNIPAM
microgels are presented in a dry and adsorbed state. AFM
imaging was performed with a Cypher� AFM (Asylum
Research, USA) in air and tapping mode at room temperature.
For the investigation of individual microgel particles, samples
were spin coated on a silica wafer (3000 rpm for 300 s) under
ambient conditions. The AFM images show the microgel
particles to be spherical and monodisperse.
Methods

Dynamic light scattering (DLS). For a rst characterization of
the swelling/deswelling behaviour of the microgel particles DLS
Soft Matter, 2013, 9, 4464–4471 | 4465
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Fig. 1 AFM images for dried microgel particles with different amounts of
crosslinker (as indicated) adsorbed on a silica wafer with a native SiOx layer.
Imaging was performed in air and tapping mode at room temperature. Please
note the different z-scale bars.

Table 1 Characteristics of the synthesized microgels as measured by dynamic
light scattering: hydrodynamic radius Rh at 20 �C and 45 �C, DRh (¼Rh,20�C �
Rh,45�C), the lower critical solution temperature (LCST) determined from the point
of deflection and the polydispersity index (PDI)

Crosslinker content
[mol%]

Rh,20�C
[nm]

Rh,45�C

[nm]
DRh
[nm]

LCST
[�C]

PDI 20 �C/
45 �C

10 189 108 81 32.5 0.31/0.26
5 286 152 134 32.5 0.06/0.03
2.5 293 118 175 33.5 0.21/0.15
1 308 120 188 31.5 0.08/0.02
0.5 418 143 275 31.5 0.06/0.04
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measurements were conducted using an ALC/CGS-3 compact
goniometer system equipped with an ALV/LSE-5004 correlator.
The laser wavelength was 632.8 nm. A temperature range
between 15 �C and 50 �C was covered where the temperature
was controlled by a Huber Compatible Control thermostat with
a temperature stability of 0.1 K. Intensity time autocorrelation
functions were recorded at a constant scattering angle of 60�

(scattering vector q ¼ 0.013226 nm�1). The data are acquired in
the form of the reduced intensity autocorrelation function
g2(q,t) which is converted by the instruments soware to yield
the electric eld autocorrelation function g1(q,t) via the Siegert
relation.33 The latter describes the correlated particle movement
(uctuations). For polydisperse systems the autocorrelation
function can be described by a sum or distribution of expo-
nential decays:

g1(s) ¼ Ð
G(G)exp(�Gs)dG (1)

where G is the decay rate which is related to the diffusion
coefficient D by G ¼ Dq2 and G(G) is the distribution function of
the decay rates. The hydrodynamic radius Rh is accessible via
the Stokes Einstein equation:

Rh ¼ kBT

6phD
(2)

where kB is the Boltzmann constant, T is Temperature in units
of K, h is the viscosity of the solvent and D the diffusion coef-
cient. Rh was averaged over ve single measurements at each
temperature with a standard deviation of �1%. The concen-
tration of the microgel dispersions for light scattering experi-
ments was c ¼ 10�5 g ml�1. In the present case, the data were
analysed using a method based on a regularized inverse Laplace
transformation similar to the CONTIN algorithm.34 The poly-
dispersity index (PDI) is dened as the second cumulant of the
scattered light correlation function analysed using the cumu-
lant method divided by the average decay rate. A fully mono-
disperse sample would have a PDI of 0.35 The obtained values
4466 | Soft Matter, 2013, 9, 4464–4471
(see Table 1) are sufficiently low indicating a more or less
narrow size distribution of the particles in agreement with the
AFM results.

Dielectric spectroscopy. The complex dielectric function 3* is
derived by measuring the complex impedance Z*(u) of the
sample:

3*ðuÞ ¼ 30ðuÞ � i300ðuÞ ¼ 1

iuZ*ðuÞC0

(3)

where 30 is the real part, 30 0 the loss part, u the angular frequency
( f¼ 2pu), i¼ (�1)1/2 andC0 the capacitance of the empty sample
capacitor.Z*(u) ismeasuredusingFourierCorrelationAnalysis.25

Measurements were carried out in a frequency range from 10�1

Hz to 106 Hz and between 15 �C and 50 �C with a high resolution
ALPHA analyser (Novocontrol, Hundsangen, Germany). The
temperature is controlled by a Quatro Novocontrol cryo system
with a temperature stability of 0.1 K. Microgel dispersions with a
concentration of 2.5 � 10�2 g ml�1 were investigated using
a liquid sample cell supplied by Novocontrol (BDS 1309) with a
diameter of 11 mm. The cell is made up of two gold plated elec-
trodeswithaTeoncylinder as a spacer inbetween.Theelectrode
spacing of 5.5 mm is relatively wide in order to shi the effect of
electrode polarization to lower frequencies.
Results and discussion

The results and discussion part of the paper is organized as
follows. First, the light scattering results are shown for diluted
microgel dispersions and the swelling/deswelling behaviour in
dependence on the crosslinking density is discussed. Second,
the dielectric response of pNIPAM microgels is discussed by
analysing the temperature and frequency dependence of the
complex conductivity. Finally, light scattering and dielectric
data are correlated.
Swelling/deswelling behaviour of pNIPAM microgels
measured by DLS

The temperature dependence of the hydrodynamic radius Rh for
pNIPAM microgels with different amounts of crosslinker is
shown in Fig. 2. All microgels demonstrate the typical thermo-
sensitive behaviour that Rh is decreasing with increasing
temperature reaching a plateau at about 40 �C (collapsed
temperature independent state). Moreover, it can be seen that
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Temperature dependence of the hydrodynamic radius Rh for pNIPAM
microgels with different amounts of crosslinker obtained by dynamic light scat-
tering. The dotted lines are guides to the eyes. The concentration of the microgel
dispersions is 10�5 g ml�1. The inset shows the dependence of DRh (¼Rh,20�C �
Rh,45�C) on the crosslinker amount. The dashed line is an exponential fit to the data
(only a guide for the eyes).

Fig. 3 Real part of the complex conductivity s0 versus frequency and tempera-
ture in a 3D representation for a pNIPAM microgel with a crosslinking density of
0.5 mol% BIS. The concentration of the microgel dispersions is 2.5 � 10�2 g ml�1.
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with increasing amount of crosslinker, the ability to swell and
deswell (here expressed by DRh ¼ Rh,20�C � Rh,45�C) decreases.
This is demonstrated in the inset of Fig. 2 by plotting DRh versus
the concentration of the crosslinker. It is well known that the
swelling/deswelling ratio of microgels becomes smaller for
higher crosslinked microgels.36,37 The absolute size of the
microgel particles in the swollen state (T < LCST) depends on
the amount of crosslinker and is smaller for gels with higher
crosslinker content. However, it is worth noting that the size of
the collapsed microgel particle (T > LCST) does not show a
systematic dependence on the crosslinker density and varies
only little with crosslinking density compared to the particle
sizes in the swollen state. The values of the hydrodynamic radii
at 20 �C (Rh,20�C) and 45 �C (Rh,45�C), DRh, the lower critical
solution temperature (LCST) as well as the polydispersity (PDI)
for the different microgels are listed in Table 1. The LCST is
determined from the point of deection of the DLS curves and is
basically independent of crosslinker density.

Dielectric response of pNIPAM microgels

In the considered temperature range (15 �C to 50 �C) the
molecular rotational uctuations of the water molecules and
the segmental mobility of pNIPAM take place at much shorter
time scales (i.e. higher frequencies).27,28 They cannot be
observed in the selected frequency range as characteristic
relaxation processes. However, as shown in our recent paper,31

interfacial polarization effects such as Maxwell–Wagner–Sillars
(MWS) polarization can be detected. Therefore the data are
expressed as complex conductivity s*(u) since the focus is on
the mobility of charges in order to monitor structural changes.
s*(u) is given by:

s*(u) ¼ s0(u) + is0 0(u) ¼ iu303*(u) (4)

where s0 and s00 are the corresponding real and loss parts,
respectively (30 is the permittivity of free space). For details see
ref. 25.
This journal is ª The Royal Society of Chemistry 2013
The complex conductivity for water in the considered
temperature and frequency range is discussed in ref. 31. Besides
small electrode polarization effects at low frequencies s0 is
independent of frequency and increases monotonously with
temperature. As an example Fig. 3 depicts the frequency f and
temperature T dependence of the real part s0 of complex
conductivity for a pNIPAM microgel with 0.5 mol% BIS
dispersed in water. In contrast to pure water the conductivity
spectrum of the pNIPAM microgel shows a pronounced
frequency as well as temperature dependence. These depen-
dencies are related to both the dri motion of charge carriers
(DC conductivity) and to interfacial polarization effects due to
the collapsing of the microgel at the lower critical solution
temperature (LCST). Both dependencies will be discussed in
more detail in the following.
Temperature dependence of the DC conductivity s
0
DC

For aqueous systems where no interfacial polarization effects
take place the conductivity s0 is independent of frequency, i.e. it
is constant over the whole frequency range and represents the
DC conductivity (s0 at f ¼ 0 Hz). However, due to interfacial
polarization effects (electrode and/or MWS polarization) a
frequency dependence can be observed for s0. Therefore the DC
conductivity has to be dened in a region where these effects
can be excluded and s0 vs. frequency shows a constant value. As
discussed in ref. 31 the conductivity s0 shows a plateau region at
high frequencies corresponding to the DC conductivity of the
system (s 0

DC). For a better understanding, the frequency
dependence of s0 for a microgel with 0.5 mol% BIS is plotted as
an example in Fig. 4. The T-dependence of the conductivity is
discussed in the plateau region (grey box) where interfacial
polarization effects do not play a role. The corresponding
conductivity value in this region is dened as DC conductivity
s

0
DC and examined in its temperature dependence.
The samples were heated from 15 �C to 50 �C in steps of 1 K

or 2 K and subsequently cooled down to 15 �C also in steps. At
each temperature an isothermal frequency scan is carried out.
This results in an effective heating–cooling rate of approxi-
mately 0.2 K min�1. For the pNIPAM microgel dispersion a
change in the temperature dependence of s 0

DC is observed (see
Fig. 5). Two approximately linear regimes in s

0
DC(T) can be
Soft Matter, 2013, 9, 4464–4471 | 4467
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Fig. 4 Frequency dependence of the real part of conductivity s0 for a microgel
with a 0.5 mol% crosslinker at 16 �C (triangles) and 40 �C (squares). The
concentration of the microgel dispersions is 2.5 � 10�2 g ml�1. The horizontal
dotted lines mark the DC conductivity which is obtained in the plateau region.
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identied, the one at lower temperatures having a steeper slope
than the one at higher temperatures. From the intersection of
the two linear ts to the corresponding data a phase transition
temperature can be deduced.31,38 A similar behaviour for all
microgels discussed here is observed. It can be explained
mainly by two effects, a decrease in effective charge mobility at
T > LCST and a reduction in the effective charge number
contributing to s

0
DC at T > LCST. The latter is due to the block-

ing/entrapping of charge carries at the collapsed particles.
These charges do not reach the electrodes and therefore do not
contribute to the DC conductivity. This means the effective
charge carrier density responsible for DC conductivity is
decreased for T > LCST. Moreover because of the present
particles the remaining charge carriers have a longer mean
diffusion way to reach the electrodes leading to a lower effective
mobility (tortuosity effect).31 The conductivity generally
increases with temperature. Therefore the change in the slope
dlog s

0
DC/dT at the phase transition (see Fig. 5) is due to a

counterbalance of the temperature effect at the one side and the
Fig. 5 Temperature dependence of the DC conductivity s 0
DC for Milli-Q� water

(filled squares) and a pNIPAMmicrogel with 5 mol% BIS (c¼ 2.5 � 10�2 g ml�1 in
water). Filled circles ¼ heating scan, open circles ¼ cooling scan. Solid lines are
linear fits to the corresponding data, dashed lines indicate the change in slope
(¼ LCST) for the microgel dispersion. The arrows in right and left directions mark
the heating and cooling scan, respectively. (Please note the break in the y-axis).

4468 | Soft Matter, 2013, 9, 4464–4471
reduced effective charge carrier number with a lower effective
mobility at the other side.

The transition temperature was found to be independent of
crosslinking density and is located between 34 �C and 36 �C for
all microgels. The values are slightly higher compared to the
LCST deduced from DLS measurements (see Table 1). This is
due to different heating–cooling rates employed in DLS and
dielectric spectroscopy. For the higher crosslinked microgels
(5 mol% and 10 mol%) the LCST values taken from the heating
and cooling scan are in good agreement. For microgels with
lower crosslinker content the LCST shows a hysteresis behav-
iour. This is attributed to kinetic effects for instance the
formation of additional hydrogen bonds in the collapsed state
between different chain segments when they are overlapped
which hinders the swelling process during cooling.39,40 With
increasing crosslinker content, the chain length between two
crosslinking points decreases. Therefore fewer intrachain
hydrogen bonds can be formed during the heating scan
(collapsing), and the hysteresis becomes smaller and vanishes,
respectively.13 Similar effects were observed by dynamic light
scattering for dilute aqueous solutions of linear pNIPAM,41 by
ultrasensitive differential scanning calorimetry for semidilute
pNIPAM solutions42 and by dielectric spectroscopy for linear
pNIPAM solutions in a wide concentration range.31 However, as
reported by us31 the hysteresis effect (DLCST) depends on
the heating and cooling rate and vanishes if the rate is around
0.1 K min�1. These ndings explain the fact that no remarkable
hysteresis effect is observed for DLS measurements where the
heating–cooling rate is approximately 0.1 K min�1.

Moreover, different slopes for heating and cooling are
observed below the LCST where the variation of the conductivity
with temperature is weaker for the cooling than the heating run.
That points out that the deswelling and swelling of the microgel
particle take place at different time scales. The same behaviour
was observed for linear pNIPAM31 and can also be attributed to
the additional hydrogen bonds formed in the collapsed state.
However one has to differentiate between two effects: the rst is
the hysteresis in the heating and cooling run, i.e. the DLCST.
This effect can be removed by decreasing the heating–cooling
rate and giving the system enough time to equilibrate. The
second effect is the difference in the slope for heating and
cooling below the LCST. Some of the formed hydrogen bonds
cannot be completely removed in the cooling process even when
the heating–cooling rate is sufficient low. These remaining
H-bonds can be considered as new additional crosslinkers13 and
can only be completely removed at lower temperatures (�4 �C).
In such a way the thermal history of the system is “deleted”.40
Frequency dependence of the complex conductivity s*( f )
(interfacial polarization effects)

The frequency dependence of the complex conductivity s*( f )
for microgel dispersions is discussed for temperatures below
(swollen particles) and above (collapsed particles) the LCST. All
conductivity spectra are normalized with respect to the value of
the DC conductivity for the sake of comparison. For the swollen
pNIPAM microgel particles the frequency dependence of the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Real part of the permittivity 30 (top panels) and imaginary part of the
conductivity s0 0 (bottom panels) versus frequency for water (a) and a pNIPAM
microgel (0.5 mol% crosslinker, c ¼ 2.5 � 10�2 g ml�1) (b). The dashed lines
indicate the three frequency regions for T ¼ 40 �C where different processes (as
indicated) take place.
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real part of conductivity s0 is similar to that of pure water
(see Fig. 6). Coming from high frequencies s0 is independent of
frequency over a broad range. This indicates a “normal”
conductive behaviour expected for an aqueous solution.25 The
slight decrease of s0 with decreasing frequency at low frequen-
cies is due to electrode polarization effects which could not be
avoided completely. For temperatures above the LCST where
microgel particles are collapsed a pronounced frequency
dependence of s0 is observed. This is demonstrated in Fig. 6 for
a microgel with a 0.5 mol% crosslinker. These ndings are in
agreement with the investigations on aqueous solutions of
linear pNIPAM.31 At temperatures above the LCST the microgels
are collapsed and the dispersion can be considered as an
inhomogeneous particle suspension. From the dielectric point
of view a signature of inhomogeneous systems is the so-called
Maxwell–Wagner–Sillars (MWS) polarization25 due to the
blocking and separation of charge carriers at phase boundaries.
Roughly spoken, the separated charges of opposite polarity can
be considered as a kind of “dipole” giving rise to an additional
contribution to the polarization. The reorientation of this
“dipole” due to the charge reversal at the interfaces in the
alternating eld causes a frequency dependence of s*( f ) in
addition to the DC conductivity. For colloidal dispersions with
spherical particles the frequency dependence of the conduc-
tivity due to theMWS polarisation can bemodelled by the Hanai
equation predictions.43,44 For the pNIPAM microgels considered
here charges can be blocked or entrapped at the interfaces of
the collapsed particles at a mesoscopic length scale. Therefore
the strong decrease in the real part of conductivity s0 with
decreasing frequency is assigned to a MWS polarization.

In order to discriminate between the electrode and MWS
polarization the real part of permittivity 30 and the imaginary
part of conductivity s0 0 are analysed for water and a pNIPAM
microgel (0.5 mol% BIS) dispersion (see Fig. 7). Electrode
polarization is observed on a macroscopic scale corresponding
to the distances of the electrodes at lower frequencies and
contributes strongly to the dielectric quantities (s*, 3*) in
addition to the sample material alone.25
Fig. 6 Frequency dependence of the real part of the normalized conductivity
s0norm (curves are normalized to the corresponding value of s 0

DC). The concen-
tration of the microgel dispersions is 2.5 � 10�2 g ml�1.

This journal is ª The Royal Society of Chemistry 2013
For a deepened discussion in addition to the real part of the
complex conductivity its imaginary part s0 0 as well as the real
part of permittivity 30 should also be considered. For pure water
only electrode polarization is expected. In that case 30 shows a
strong increase for frequencies lower than 103 Hz. In parallel a
minimum in the loss part of the conductivity s0 0 is observed.
This can be considered as the onset of electrode polarization
(when going from high to low frequencies).45 The behaviour is
slightly dependent on temperature. The onset frequency of
electrode polarization is located at around 1 kHz.

Swollen microgel particles (T < LCST) show a similar
dielectric behaviour to water characterized by an onset
frequency of electrode polarization of 2 kHz. This onset
frequency is slightly higher than that for pure water due to a
higher conductivity of the microgel dispersion (see Fig. 5). For
temperatures above the LCST (collapsed particles) the
frequency dependence of s0 0 and 30 changes completely and in
addition to electrode polarization pronounced effects take place
which are assigned to a MWS polarization as discussed above.
The minimum in s00 shown in Fig. 7b gives an onset frequency
for the MWS polarization of 173.4 kHz. According to the
nomenclature developed in ref. 45 it can be considered as fully
developed at a frequency of 15.2 kHz which corresponds to the
maximum in s0 0. Therefore the frequency spectra of the pNIPAM
microgel dispersion for T > LCST can be divided into three
regions determined by the minima and maximum of s0 0

(see Table 2).
The frequency dependence of s0 for microgels with different

crosslinker densities is shown in Fig. 8. For temperatures below
Table 2 Frequency regions with the corresponding polarization effect (plus (+)
indicates “yes”, minus (�) indicates “no”) extracted from Fig. 7 for a pNIPAM
microgel with a 0.5 mol% crosslinker

Polarization
effect

Low f-region
(�0.1 to 78 Hz)

Middle f-region
(�78 to 15 200 Hz)

High f-region
(�15 to 174 kHz)

Electrode + + �
MWS � + +
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Fig. 8 Frequency dependence of the real part of the normalized conductivity
s0norm for pNIPAM microgels with different amounts of crosslinker dispersed in
water (c ¼ 2.5 � 10�2 g ml�1) at 40 �C and 16 �C (inset).

Fig. 10 Simplified scheme (not to scale) of high and low crosslinked microgel
particles in the swollen state (T < LCST) in the frame of the structural model dis-
cussed in this contribution.
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the LCST (see inset Fig. 8) the normalized curves for all
concentrations collapse more or less onto a single chart
showing only weak frequency dependencies due to electrode
polarization. For temperatures above the LCST, MWS polariza-
tion effects are observed which are becoming more pronounced
with decreasing crosslinker content.

In order to describe the MWS effect in a more quantitative
way, the step increase in s0 is analysed with respect to its height h
in dependence on the crosslinker content. The height is dened
by taking twice the distance between the point of deection
(position of the maximum of the rst derivative of log s0 versus
log f ) and the DC conductivity plateau (for more details see
ref. 31). The dependence of h on the crosslinker content is shown
in Fig. 9. For high crosslinkedmicrogels (10mol%BIS) theMWS
effect more or less vanishes. As discussed before, pNIPAM
microgels can be described by a dense crosslinked core with a
shell consisting of lightly connected/branchedor linear dangling
chains. This results in an inhomogeneous dense core–loose shell
Fig. 9 Step height h measured at 40 �C in dependence on crosslinker amount.
The dotted line shows an exponential fit to the data as a guide for the eyes. The
inset shows the correlation between the step height h obtained from dielectric
measurements and the change in particle size DRh(¼ Rh,20�C � Rh,45�C) extracted
from dynamic light scattering experiments for pNIPAM microgels. The crosslinker
content increases from right to left. The dotted line is an exponential fit to the
data as a guide for the eyes.

4470 | Soft Matter, 2013, 9, 4464–4471
structure with a higher effective number of charges in the shell
than in the core. For high crosslinked gels, this structure is less
distinctive in the sense that particles are more compact and
dense. Low crosslinked gels in turn are looser in structure and
exhibit a quite large shell with the characteristics mentioned
above. This is schematically illustrated in Fig. 10 for microgel
particles below the LCST. However, the core–shell structure has
to be regarded as a result of a crosslinker gradient from the inner
to the outer part. Upon collapsing of the microgel particles
charge carriers are entrapped inside the shell resulting in a
pronounced MWS polarization in the case of low crosslinked
gels. The fact that high crosslinked gels offer fewer interfaces
(within the particle) where ions can be entrapped explains the
less pronounced MWS effect.

The relationship between the swelling/deswelling ratio (DRh¼
Rh,20�C � Rh,45�C) monitored by dynamic light scattering and the
step height h is shown in the inset of Fig. 9. From the foregoing
discussion, an increase in DRh as well as an increase in h can be
associatedwithadecrease in crosslinker density. This correlation
between the DLS and dielectric data which are measured
completely independent from each other provides strong
evidence that the change in the dielectric spectra observed for
temperatures above the LCST is directly related to the change in
thestructureof themicrogels takingplaceat thephase transition.
Conclusion

The dielectric response of pNIPAM microgel dispersions was
discussed in a frequency range of 10�1 Hz to 106 Hz at
temperatures between 15 �C and 50 �C. Charges were used to
probe the internal structure of microgels with different
amounts of crosslinker. Therefore the dielectric data were dis-
cussed in the conductivity representation s*( f, T). Analogous to
solutions of linear pNIPAM31 the phase transition could be
monitored by the temperature (T) and frequency ( f ) depen-
dence of conductivity spectra. The LCST determined from the
change in slope of the T-dependence of the DC conductivity s 0

DC

was found to be independent of the crosslinker amount. Values
were slightly higher than the LCST deduced from dynamic light
scattering experiments, which is related to the different heat-
ing–cooling rates applied in the two measurements.

From the hysteresis observed for cooling and heating in the
dielectric experiments one might conclude that the volume
phase transition of pNIPAM microgels is probably more of the
continuous gel–liquid type. More evidence that the transition is
This journal is ª The Royal Society of Chemistry 2013
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continuous comes from time resolved dielectric measurements
which will be published elsewhere.46 However to clear up this
complicated question in more detail additional studies
including structural investigations are necessary.

The volume collapse of the microgel particles at the phase
transition gives rise to a Maxwell–Wagner–Sillars (MWS)
polarization which was observed in the f-dependence of the
conductivity spectra. The effect was dependent on crosslinking
density and more pronounced for lower crosslinked gels. The
characteristics of the T- and f-dependence of s* were mainly
related to the change in the charge mobility, the effective charge
number and to charge transport processes including the charge
arrangement around the transition point. The effect of cross-
linking density on the MWS polarization can be explained by
the internal structure of the gels and the unevenly distributed
crosslinker density due to the preparation method. Low cross-
linked microgels offer more interfaces where charges can be
entrapped whereas high crosslinked particles exhibit a denser
and more compact structure.

It is shown that the dielectric response of pNIPAMmicrogels
gives information about the phase transition behaviour and the
internal structure of such gels. An appropriate model is under
development to describe the observed MWS effect more quali-
tatively and extract characteristic parameters for each of the
microgels. The dielectric signatures of the structurally different
mircrogels discussed in this contribution can be taken as a
starting point for future research and show that dielectric
spectroscopy is a suitable method for investigating such ther-
mosensitive systems.
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