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Aqueous solutions of linear poly(N-isopropylacrylamide) (pNIPAM) with different polymer
concentrations are investigated using dielectric spectroscopy in a frequency range of 107! Hz to 10® Hz
at temperatures from 15 °C to 50 °C. The phase transition of pNIPAM is monitored by both the
temperature (7)) and the frequency (f) dependence of the conductivity spectra a*(f, T). First, the
T-dependence of the DC conductivity opc is investigated and the phase transition (“coil-to-globule”
transition) at the lower critical solution temperature (LCST) of pNIPAM is deduced by a change in the
T-dependence of opc. The observed hysteresis between heating and cooling runs is discussed in detail in
dependence on both the polymer concentration and the rate. Second, for the first time a pronounced
f-dependence of the real part of conductivity ¢’ is observed at temperatures above the LCST whereas at
temperatures below the LCST the conductivity spectra are more or less similar to that of water
(frequency independent). This f~-dependence of ¢’ is assigned to the formation of a kind of soft particle
(“globular structure”) at the LCST which is more or less impermeable to water and ions therefore
giving rise to Maxwell-Wagner—Sillars (MWS) polarization effects (blocking of charges at the soft

particle). The dependence on the concentration is studied in detail.

Introduction

“Smart” polymeric materials have received an increasing atten-
tion because these systems respond in a reversible and more
important in a controlled way with a property change to a weak
external stimulus, such as temperature, light, electric and
magnetic fields, as well as ionic strength.’* Poly(N-isopropyl
acrylamide) (pNIPAM) is one of the most widely studied ther-
mosensitive materials. It has gained a growing interest in the last
decades due to its unique thermal properties. Potential applica-
tions in biotechnology and medicine, including drug release and
diagnostics, chemical separation, catalysis, surface modification,
etc. have been suggested.®>= In aqueous media pNIPAM shows a
lower critical solution temperature (LCST) at around 32 °C®
which was first reported by Heskins and Guillet in 1968.7 At
temperatures below its LCST the polymer is hydrophilic and
swollen in water, whereas at temperatures above the LCST a
phase separation occurs. This process is reversible and for linear
pNIPAM it is called “coil-to-globule” transition since polymer
chains pass from a swollen coil conformation to a globular one.
The globular structure of pNIPAM chains is suggested to have
different chain densities and to consist of a dense “core” and a
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more swollen soft “shell” having also chain loops.®® Therefore, in
a certain sense it can be considered as a nanoscaled soft particle,
i.e. a particle with a hard inner core and a soft shell being a more
porous and permeable layer.!®

The transition phenomenon is related to the competition
between two molecular effects: the hydrophobic behaviour of the
pendent isopropyl groups as well as that of the backbone and the
hydrogen bonding between the amide groups and water mole-
cules (solvent).! The “coil-to-globule” (heating) as well as the
“globule-to-coil” (cooling) transitions are complex processes and
pass different states.’>'* The transition is a phenomenon widely
studied because it resembles certain processes occurring in bio-
logical systems, such as protein folding and native DNA packing,
but it is also related to the collapse of a gel network.'*¢ The
temperature-induced phase separation of aqueous pNIPAM
solutions provides an appropriate model to study the molecular
interactions in biological systems and thermoreversible hydro-
gels. Although a lot of work was done on the swelling/shrinking
properties, the kinetics of the transition during the temperature
increase (or decrease) and its relation to the internal structure are
far from being understood.

Linear pNIPAM systems have been characterized by various
methods including light scattering,'®'” infrared spectroscopy,'®*
differential scanning calorimetry,?*** fluorescence microscopy,*
turbidimetry**** and NMR.?>>?¢ In this paper dielectric spectros-
copy is applied for the investigation of aqueous solutions of linear
pNIPAM. Dielectric spectroscopy is a well suited technique to
study the structure and dynamics of polymers including their
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solutions. It allows investigations of the molecular structure by
taking the molecular mobility and/or the conductivity as a probe.*’

Ono and Shikata®®* applied dielectric spectroscopy at high
frequencies (1.6 x 10° Hz to 1.6 x 10'! Hz) in order to study the
hydration and molecular dynamics of linear pNIPAM in
aqueous solutions at temperatures between 6 °C and 39 °C. The
temperature dependence of the (de)hydration behaviour of the
monomer NIPAM and the polymer pNIPAM was investigated
by analyzing the dynamics of water molecules hydrated to the
solute. The relaxation processes of linear pNIPAM and solvent
molecules as a function of polymer concentration and type of
solvent have been studied by Nakano et al3® Dielectric spec-
troscopy was applied in a frequency range from 4 x 10* Hz to
2 x 10'° Hz at a temperature of 25 °C. Two relaxation processes
could be detected due to the fluctuations of the polymer segments
(MHz range) and the solvent molecules (GHz range). Conclu-
sions about the dynamics among polymer segments and solvent
molecules were drawn. However, in general only little is known
about the molecular (including the segmental) dynamics of
pNIPAM, especially in the temperature region of the phase
transition. Recently, a new device for measurements of optical
and dielectric properties for linear pNIPAM and hydrogels in
aqueous solutions has been presented by Gomez-Galvan et al. 3
The light transmittance, the relative permittivity and the dielec-
tric loss tangent as a function of temperature were measured in
the lower frequency region (10? Hz to 10° Hz) in order to analyse
the water—polymer interaction.

In this study the temperature (7) and frequency (f) dependence
of the complex conductivity o*(f, 7) obtained by dielectric
spectroscopy of aqueous pNIPAM solutions in a wide range of
concentrations from the dilute to the concentrated regime are
investigated and discussed. Suited parameters are deduced from
the dielectric spectra and correlated with the transition behaviour
as well as with the corresponding conformational changes of the
pNIPAM chains for the first time. The 7- and f~dependence of
the conductivity give information about the amount of charge
carriers (density), the arrangement of these charges as well as
their mobility and transfer processes. No extra charge carriers
have been added to the pNIPAM solution, only the remaining
charges coming from the polymerization process and residual
charge carriers in the Milli-Q™ water used as the solvent have
been considered. The general approach is to use charges as
probes to investigate the internal structure of the pNIPAM
solution. Here the well-studied linear pNIPAM is used as a
model system in order to demonstrate that dielectric spectros-
copy is a useful method to investigate these materials. In the
future this method will be applied to more complex systems
where the information about internal morphology and transition
kinetics obtained by well established techniques like light scat-
tering might be limited. Moreover in contrast to other methods a
wide concentration range can be covered.

Experimental
Materials and sample preparation

Linear poly(N-isopropylacrylamide) (pNIPAM) was purchased
from Sigma Aldrich. The molecular weight characterizations by
Gel Permeation Chromatography (GPC), matrix-assisted laser

desorption/ionization (MALDI) and osmometry resulted in a
molecular weight of 2500-3000 g mol~'. GPC gives a number
average molecular weight M,, of 2300 g mol~! with a PDI of 1.8.

Aqueous pNIPAM solutions with different concentrations
were prepared by dissolving a defined amount of polymer (¢ =
1 mg ml~" to 150 mg mI~") in Milli-Q™ water (Millipore, USA).

Dielectric spectroscopy

The complex dielectric function &* is derived by measuring the
complex impedance Z*(w) of the sample:

1

e*(w) = é(w) — ie" (w) = m

where ¢ is the real part, ¢’ the loss part, w the angular frequency
(f=2mw), i = (—1)""? and C, the capacitance of the empty sample
capacitor. Z*(w) is measured using Fourier Correlation Anal-
ysis.?” Measurements were carried out in a frequency range from
10~! Hz to 10° Hz and between 15 °C and 50 °C with a high
resolution ALPHA analyser (Novocontrol, Hundsangen, Ger-
many). The temperature is controlled by a Quatro Novocontrol
cryo system with a temperature stability of 0.1 K. The polymer
solutions are filled in a liquid sample cell supplied by Novo-
control (BDS 1309) with a diameter of 11 mm. The cell is made
up of two gold plated electrodes with a Teflon cylinder as the
spacer in between. The electrode spacing of 5.5 mm is relatively
wide in order to shift the effect of electrode polarization to lower
frequencies.

Results and discussion

In the considered temperature range (15 °C to 50 °C) the
molecular fluctuations of water and the segmental mobility of
pNIPAM take place at much shorter time scales (higher
frequencies).*3® They cannot be observed in the selected
frequency range as in characteristic relaxation processes.
However, conductivity related phenomena like the drift motion
of charge carriers (DC-conductivity) and/or interfacial polari-
zation effects such as Maxwell-Wagner-Sillars (MWS) polari-
zation can be detected. The dielectric data can be presented in
different representations, such as complex dielectric permittivity,
electrical modulus or complex conductivity ¢*(w), containing
identical information but emphasising different aspects of
polarization and charge transport processes.?’” Here, the focus is
on the mobility of charges, therefore the data are expressed for
complex conductivity which is given by:

0¥ (w) = d'(w) + io"(w) = iwege*(w)
where ¢’ and ¢’ are the corresponding real and loss parts,
respectively (gg is the permittivity of free space). For details see
ref. 27.

With methods like dynamic light scattering only dilute systems
can be investigated. This is not the case for dielectric spectros-
copy where the concentration of the solution can be varied in a
broad range from the dilute to the concentrated regime. More-
over, state of the art dielectric equipment allows a fast data
sampling. Therefore both concentration and kinetic effects can
be addressed.

This journal is © The Royal Society of Chemistry 2012
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As an example Fig. 1 compares the frequency f and tempera-
ture T dependence of the real part ¢’ of complex conductivity for
water (Milli-Q™) and an aqueous solution of pNIPAM. For a
conductive system the real part ¢’ of the complex conductivity
should be independent of frequency. This value of ¢’ is the DC
conductivity of the system. Exactly this is observed for pure
water in a wide frequency range (see Fig. 1a). The conductivity is
due to the drift motion of charge carriers which are present in the
system mainly due to impurities in the ppm concentration range
which could not be removed during purification. In addition
protonic effects (hopping of protons between water molecules)
can contribute to the mechanism of conduction for water.*?

For frequencies lower than 1 Hz a slight decrease of ¢ with
decreasing frequency is seen in the dielectric spectra of water
which is due to electrode polarisation.®® At a fixed frequency o’
increases continuously with increasing temperature as expected
(a detailed discussion will be given in the next section).

In contrast to pure water the conductivity spectrum of the
pNIPAM solution (see Fig. 1b) shows a pronounced frequency
as well as temperature dependence. These dependencies are
related to both the drift motion of charge carriers (DC conduc-
tivity) and MWS polarization effects due to the formation of the
globular structure (soft particle) at the lower critical solution
temperature (LCST). Both dependencies will be discussed in
detail in the following.
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Fig. 1 Real part of the complex conductivity ¢’ versus frequency and
temperature in a 3D representation for (a) Milli-Q™ water and (b) an
aqueous solution of pNIPAM (¢ = 25 mg ml™).

Temperature dependence of the DC conductivity opc

At high frequencies the conductivity ¢’ of the pNIPAM solution
is independent of the frequency similar to water. This plateau
region corresponds to the DC conductivity of the system (¢ c) in
the extrapolation f — 0 Hz. For the pNIPAM solutions the
mechanism of conduction is also caused by drift motion of
charge carriers which are already present in the systems. Because
additional impurities (traces of catalysts from synthesis, etc.) are
introduced opc for the pNIPAM solutions is slightly higher than
for water. To skip interfacial polarization effects (which mostly
take place in the lower and middle frequency regions) for a first
discussion the DC conductivity opc of aqueous pNIPAM solu-
tions is 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. At each temperature an
isothermal frequency scan is carried out. This results in an
effective heating/cooling rate of 0.2 K min~". As discussed above
for pure water opc increases continuously with the temperature
since the conductivity is proportional to the mobility of charge
carriers which increases with the temperature (see Fig. 2). The
absolute value of o at 25 °C and 45 °C is around 10 uS cm ™!
and 12 pS cm ™!, respectively. The conductivity for the pNIPAM
solution (¢ = 25 mg ml™!) is around ten times higher compared to
that of water (100 pS cm ™" at 25 °C and 154 pS cm ™' at 45 °C
for the heating scan) due to a larger amount of charges coming
from impurities remaining from the polymerization process. In
contrast to water, for the pNIPAM solution a change in the
temperature dependence of opc is observed (see Fig. 2). Two
approximately linear regimes in opc(7) can be identified, the one
at lower temperatures having a steeper slope than the one at
higher temperatures. From the intersection of the two linear fits
to the corresponding data a phase transition temperature can be
deduced.** A similar behaviour was observed for all other
pNIPAM concentrations. The molecular origin of the change in
the temperature dependence of opc for pNIPAM solutions will
be discussed in more detail in the course of this contribution.

log (o”,,, [S/em])

T[°C]

Fig. 2 Temperature dependence of the DC conductivity opc for Milli-
Q™ water (filled circles) and a pNIPAM solution with conpam = 25 mg
ml~" (upper curves) (filled squares = heating scan, open triangles =
cooling scan). Solid lines are linear fits to the data, dashed lines indicate
the change in slope (= LCST) in the case of the pNIPAM solution. The
arrows in right and left directions mark the heating and cooling runs,
respectively. (Please note the break in the y-axis.)
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Comparing the LCST values taken from heating and cooling a
hysteresis is observed. The “coil-to-globule” (heating) transition
is located at a higher temperature than the reverse “globule-to-
coil” process (cooling). Similar effects were observed by dynamic
light scattering for dilute aqueous solutions of pNIPAM'? and by
ultrasensitive differential scanning calorimetry for semidilute
pNIPAM solutions.?

This is attributed to kinetic effects for instance the formation
of additional hydrogen bonds in the collapsed state which hinder
the refolding/dissolution of the globules during cooling.®'*¢ In
addition different slopes for heating and cooling are observed
below the LCST which is an indication that the formation and
the dissolving of globules follow different time scales (see also the
discussion on Fig. 5).

For a more quantitative discussion the extent of the hysteresis
is expressed by ALCST = LCSTheating — LCSTcooling, and dis-
cussed in its dependence on the polymer concentration (see
Fig. 3). As a general result the ALCST increases with increasing
polymer concentration. This might be due to a structural change
of the solution which will lead to the formation of aggregates at
higher concentrations. According to the theory of polymer
solution one has to distinguish between dilute and semidilute or
concentrated states where polymer coils overlap and interact.
The change from isolated coils to overlapping ones can be
characterized by the overlap concentration C* given by:**

. 3M
4TNA R’

where M and R, are the molecular mass and the radius of
gyration of the polymer chain, respectively, and N, is the Avo-
gadro number. According to the literature® for a linear
pNIPAM with M,, = 7 x 10> g mol™! and a hydrodynamic
radius R, of 3 nm C* is about 30 mg ml~! at 25 °C where the
radius of gyration is calculated by R, = 2/3R, according to the
Kirkwood-Riseman theory.*” Assuming a radius of gyration R,
of 3.9 nm for the pNIPAM under study with M,, =3 x 10° g
mol~! (based on ref. 36) C* is estimated to be around 20 mg
ml~'. This calculated overlapping concentration is in agreement

8

C*(cal.)~ C*(exp.) ~ 20mg/ml

o
L

ALCST [K]

Conipam [mg/mi]

Fig. 3 ALCST (= LCSTheating — LCSTcooling) versus polymer concen-
tration. The solid lines are linear fits to the data. The dashed line indicates
the overlap concentration C* at ¢,nipam = 20 mg ml™! according to both
the calculation described in the text as well as the interception of the
linear fits to the experimental data. The bars represent typical errors
deduced from different linear regressions for the ALCST determination
(number of used data points). The heating/cooling rate is 0.2 K min~".

with the pNIPAM concentration of around 20 mg ml~! where
the slope of ALCST versus concentration changes abruptly (see
Fig. 3). In the more condensed state different polymer coils
interpenetrate which will then probably lead to larger globules
for T > LCST. These larger structures will be further stabilized
by the formation of hydrogen bonds involving different chains.
In terms of the transition temperature it means that with
increasing polymer concentration the LCST is shifted to higher
temperatures in the heating cycle and lower temperatures in the
cooling cycle resulting in a more pronounced hysteresis. The
second change in the concentration dependence of the ALCST at
around 40 mg ml~! might indicate the transition to an even more
condensed state.

To study the time dependence of the hysteresis more deeply,
measurements were carried out at a fixed frequency of f'= 5.85 x
10° Hz, where the heating and cooling rate was varied between
0.1 Kmin~'and 5 K min~". Results for a pNIPAM solution (¢ =
25 mg ml~") are presented in Fig. 4. With increasing heating/
cooling rate the extent of the hysteresis becomes more
pronounced since the system has less time to relax and adopts its
final (equilibrium) conformation at each temperature. That is,
the chain contraction and association/aggregation (heating) as
well as the dissolution of the collapsed pNIPAM chains (cooling)
cannot follow the temperature change.?® For the lowest heating/
cooling rate (0.1 K min~!) the equilibration time at each
temperature seems to be long enough so that there is no hyster-
esis effect left, i.e. the “coil-to-globule” and “globule-to-coil”
transitions are observed at the same temperature. At low rates
the ALCST increases strongly with the rate whereas for higher
rates a kind of plateau is observed. To analyse the data in more
detail ALCST is plotted versus the logarithm of the rate (inset of
Fig. 4). The data can be well described by a straight line implying
a logarithmic dependence of the hysteresis on the rate with
ALCST [K] = 9.35 + 7.94 log(rate [K min~']) in the considered
range. An extrapolation to zero ALCST results in a rate of 0.07 K
min~' confirming that the LCST at 0.1 K min~! (36 °C) can be
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Fig. 4 Dependence of the ALCST (= LCSTheating — LCSTcooling) On the
heating/cooling rate for an aqueous solution of pNIPAM (¢ = 25 mg
ml~"). The dashed line is a guide to the eyes. The bars represent typical
errors deduced from different linear regressions for LCST determination
(number of used data points). The arrow marks the standard heating/
cooling rate for all other experiments (0.2 K min~1) corresponding to a
ALCST of 2.6 K for cpnipam = 25 mg ml~! (compare Fig. 3). In the inset
ALCST is plotted versus the logarithm of the rate. The line is a linear
regression to the data.
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Fig.5 Dependence of LCSThcaging (filled squares) and LCSToing (0pen
circles) on the heating/cooling rate for an aqueous solution of pNIPAM
(¢ =25mgml™"). The dashed lines are guides to the eyes. The dotted lines
mark the temperature range for LCSThcating and LCST ooing, respec-
tively. The bars represent typical errors deduced from different linear
regressions (the number of data points used for fitting is varied).

taken as the equilibrium transition temperature for the system
under investigation.

The transition temperatures for heating (LCSTpeating) and
cooling (LCSTcqoling) are plotted versus the rate in Fig. 5 in order
to gain a deeper understanding of the hysteresis behaviour. The
values for LCST},cating depend much stronger on the rate than the
corresponding values for LCSTcooline Which are located in a
narrow temperature range. An increase in LCSTheating and a
decrease in LCST ooling With increasing rate for an aqueous
pNIPAM solution were also observed by Ding et al using
ultrasensitive differential scanning calorimetry.?>3® They also
reported that with increasing cooling rate the aggregated chains
only partially dissolved during cooling and aggregation can be
only removed by a certain incubation time at 7' < LCST.?* The
plateau reached at about 1 K min™! for the LCSTcooling and the
overall weaker dependence of LCSTojing On the cooling rate can
be explained by an incomplete dissolution of the aggregated
chains at cooling rates higher than 1 K min~'. In this case the
structural conformation of the pNIPAM solution at the starting
and end temperature of the measurement (15 °C) is probably not
the same.

Furthermore, one can conclude from Fig. 5 that the observed
hysteresis is mainly due to the strong increase of LCSThcating With
the heating rate. This observation points out that different time
scales are needed for the formation and the dissolving of
hydrogen bonds, which is also shown in Fig. 2 by the different
T-dependence of the pNIPAM solution in the heating and
cooling scans. Above the LCST the change of the conductivity
with temperature of the pNIPAM solution is similar for heating
and cooling whereas below the LCST the behaviour is different
and the variation of the conductivity with temperature is weaker
for the cooling than for the heating run.

Frequency dependence of the complex conductivity o*(f)
(interfacial polarization effects)

The frequency dependence of the complex conductivity a* of the
pNIPAM solutions was investigated at temperatures below and
above the phase transition. The conductivity spectra are

normalized with respect to the value of the DC conductivity
discussed above for the sake of comparison. This means log
Ohorm = log[d’(Nlohc]. Milli-Q™ water shows only a weak
frequency dependence of the real part of complex conductivity ¢’
For high frequencies ¢’ is constant (DC plateau) where the slight
decrease of ¢’ with decreasing frequency at lower frequencies is
due to electrode polarization (see Fig. 6). For aqueous pNIPAM
solutions at temperatures below the LCST the frequency depen-
dence is similar to that of water. But however for temperatures
above the LCST a pronounced frequency dependence of ¢’ is
observed. This is demonstrated in Fig. 6. The fact that the
pronounced frequency dependence of ¢’ is only observed for
temperatures above the LCST leads to the conclusion that it is
caused by the structural change of the pNIPAM chains in solu-
tion for temperatures 7> LCST and the related change in charge
transport processes including its arrangement.

With increasing temperature at the phase transition the pNI-
PAM chains collapse, associate and adapt a globular confor-
mation, which can be considered as a “soft” particle. The
structure of the whole system changes from a more or less
homogeneous solution to an inhomogeneous particle suspension.
A dielectric signature of inhomogeneous systems is the so-called
Maxwell-Wagner-Sillars (MWS) polarization?” 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 a polarization.
The reorientation of this dipole in the alternating field causes a
frequency dependence of o*(f) in addition to a simple DC
conductivity. For the pNIPAM system considered here charges
can be blocked at the interfaces of the formed soft particles for
T > LCST at a mesoscopic length scale. The resulting polariza-
tion causes a strong decrease in the real part of conductivity ¢’
with decreasing frequency. Therefore the corresponding
frequency dependence of ¢’ is assigned to a MWS polarization
due to the presence of soft particles (globules) for temperatures
above the LCST. A comparable frequency dependent behaviour
of the conductivity was predicted by the Hanai model for
colloidal dispersions with spherical particles.*

However, when investigating conductive materials, e.g.
aqueous suspensions, the unwanted parasitic effect of electrode
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Fig. 6 Frequency dependence of the real part of the normalized
conductivity ohom (curves are normalized to the corresponding value of
ohc). Open circles: Milli-Q™ water at 16 °C, filled triangles: pNIPAM
solution (¢ = 25 mg ml™!) at 16 °C, and filled squares: pNIPAM solution
(¢ =25mgml™') at 40 °C.
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polarization has to be also considered. It is observed on a
macroscopic scale at lower frequencies and similar to MWS
effects due to the accumulation of charges, in this case at the
surface of the electrodes. It causes the formation of electrical
double layers at the electrodes at a macroscopic length scale
which contributes strongly to the measured dielectric quantities
(o*, ¢*) due to the sample material alone.>” The characteristic
signatures of electrode polarizations are discussed in detail in
ref. 33 for the examples of ionic liquids considering both real and
imaginary parts of the complex permittivity and conductivity.

In a related approach in order to elucidate characteristic
effects of MWS polarization and to discriminate between elec-
trode and MWS polarization in Fig. 7 the real part of permit-
tivity ¢ and the imaginary part of conductivity ¢” are plotted
versus frequency for water (a) and a pNIPAM solution with ¢ =
25 mg ml~! (b). For pure water only electrode polarization is
expected. In that case ¢ shows a strong increase for frequencies
lower than 10% Hz. In parallel in the loss part of the conductivity
¢’ a minimum is observed. This can be considered as the onset of
electrode polarization (when going from high to low frequen-
cies).*®* Moreover, the behaviour slightly depends on the
temperature (see Fig. 7a). Here, the onset frequency of electrode
polarization for water is located at around 1 kHz.

Below the LCST the pNIPAM solution shows a similar
dielectric behaviour to water characterized by an onset frequency
of electrode polarization of 4.5 kHz. This onset frequency is
slightly higher than that for pure water due to a higher
conductivity of the pNIPAM solution (see Fig. 2). For temper-
atures above the LCST the frequency dependence of ¢” and ¢’
changes completely, indicating that another process in addition
to electrode polarization takes place. For T=40 °C (7 > LCST)
o'’ shows with decreasing frequency a first minimum located at
f=115.6 kHz followed by a maximum situated at f'= 3.01 kHz.
The corresponding real part of the complex permittivity &’ shows
a step-like increase also in pronounced difference to & for T <
LCST. The behaviour of the complex conductivity as well as
permittivity is assigned to a MWS polarization with an onset
frequency of 115.6 kHz (corresponding to the minimum of ¢”').

a) pure water b) pNIPAM solution

8 8 3:5% )
6 !!!!!. 6
- ",
4 !!!Egﬂ
s,
2 !
o LT REREm—
0 2 4 6
4
= -5 HH
S )
2 op, ¢
: Sy & H
© e, & electrode | electrode  IMWS !
> Ctn, & polarizatior} +MWS ipolarization
38 e -7 ' : j
- | polarization | '
0 3 ) 6 0 2 4 6
log (f [Hz]) log (f[Hz])

Fig.7 Real part of the permittivity ¢ (top panels) and imaginary part of
the conductivity ¢’’ (bottom panels) versus frequency for water (a) and a
solution of linear pNIPAM (b) with ¢ = 25 mg ml~! at 16 °C (open
squares) and 40 °C (filled squares). The dashed lines indicate the three
f-regions for T = 40 °C where different polarization processes (as indi-
cated) take place.

Table1 Frequency regions with corresponding polarization effects (plus
(+) indicates “yes”, minus (—) indicates “no”) extracted from Fig. 7 for a
pNIPAM solution with conipam = 25 mg ml~!

Polarization Low f-region Middle f-region High f-region
effect (~0.1 to 7 Hz) (~7 to 3000 Hz) (~3 to 115 kHz)
Electrode + + —

MWS — + +

According to the nomenclature given in ref. 33 at the maximum
of ¢’ the MSW polarization can be considered as fully
developed.

The frequency spectra of the pNIPAM solutions at 7> LCST
can be divided into three regions determined by the minima and
maximum of ¢’ (see Fig. 7) as listed in Table 1.

In the low frequency regime the absolute value of ¢ for
temperatures above the LCST is lower than for temperatures
below the LCST (see Fig. 7b, upper panel). Due to the blocking
of the charge carriers at the formed soft particles the charge
carrier density is reduced at the electrodes leading to a less
pronounced electrode polarization expressed by a lower value of
¢ in comparison to temperatures below the LCST where charge
carriers are not blocked.

The reduced charge carrier density at 7> LCST is also dis-
cussed as the molecular origin of the change in the temperature
dependence of DC conductivity at the phase transition. The DC
conductivity opc can be expressed as a product of the number
density N of charge carriers and their mobility u. Both quantities
will be affected by the phase transition. On the one hand, due to
blocking of charge carriers at the soft particles their number
density is reduced. In addition, also due to the presence of soft
particles the remaining charges have a longer mean diffusion way
to reach the electrodes leading to a lower effective mobility. Both
effects should lead to a decrease of the conductivity above the
LCST. On the other hand the conductivity generally increases
with the temperature. The changed slope dlog ¢/dT at the phase
transition (see Fig. 2) is therefore due to a counterbalance of the
increase of the conductivity with the temperature at the one side
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Fig. 8 Frequency dependence of the real part of conductivity )horm
for aqueous solutions of pNIPAM with different concentrations at 40 °C
and 16 °C (inset). Filled squares: ¢ = 150 mg ml~, open triangles: ¢ =
100 mg ml~", filled triangles: ¢ = 50 mg ml~!, open circles: ¢ = 25 mg
ml~!, filled circles: ¢ = 10 mg, open squares: ¢ = 1 mg ml~!, and stars: ¢ =
0 mg ml~! (water).
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and the reduced number of charge carriers with a lower effective
mobility at the other side.

In Fig. 8 the frequency dependence of ¢’ at T=16°C and T =
40 °C for different polymer concentrations is shown. For
temperatures below the LCST the normalized curves for all
concentrations collapse more or less onto a single chart showing
only weak frequency dependencies due to electrode polarization
(see the inset of Fig. 8). At temperatures above the LCST MWS
polarization effects are observed which become more
pronounced with increasing polymer concentration. For a more
quantitative analysis, the step increase in ¢’ at T > LCST is
analysed with respect to the position of its point of deflection
and its height in dependence on the polymer concentration and
temperature. The position of the point of deflection (log fy.q) was
determined by the position of the maximum of the first derivative
shown in Fig. 9 (upper panel). Fig. 10a shows the frequency of
the point of deflection log f4.q in dependence on the polymer
concentration. Generally speaking, the frequency position is
shifted to higher frequencies with increasing amount of polymer.
Note that the particle density increases with increasing concen-
tration. This means in turn that the average distance between the
particles becomes smaller and particles associate and aggregate.
Since the time constant for MWS polarization depends on the
distance between the particles*’ and decreases with decreasing
particle distance, a shorter time (i.e. higher frequency) is required
for charge blocking at interfaces. This explains the shift of the
MWS polarization to higher frequencies with increasing particle
concentration. The distance between the point of deflection and
the DC conductivity plateau is defined as half of the step height
hi2 (see Fig. 9, bottom panel). The dependence of /4/2 on the
polymer concentration for three temperatures above the LCST is
shown in Fig. 10b. As already indicated in Fig. 8, the MWS
polarization effect increases with increasing polymer concentra-
tion. This can be attributed to two effects. First, with increasing

(a)
Fa
< 04 '
= fi
8 I \
e} ]
X [ oglun %
‘021 [
L /N N
N ’ \
= I .,
00 . e
0 2 4 8
log (f [Hz])
0ol®)
h2ol.
"5-0.4- .
® S
> -
[s]
= u=" logf,,
081  g=nt" !
0 2 4 6
log (fHz])

Fig.9 Quantitative analysis of the frequency dependence of the real part
of conductivity ¢’. (a) First derivative (dlog oom/dlog f) for the pNIPAM
solution of 25 mg ml~! where the position of the maximum is taken as the
position of the point of deflection log f.q. (b) Definition of the step height
h/2 for the pNIPAM solution of 25 mg ml~".
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Fig. 10 (a) Frequency position of point of deflection log fy.q of the
MWS polarization in dependence on the polymer concentration for 40 °C
(stars), 36 °C (open circles) and 34 °C (filled squares). Dashed lines are
guides to the eyes. (b) Step height /4/2 of the MWS polarization in
dependence on the polymer concentration for 40 °C (stars), 36 °C (open
circles) and 34 °C (filled squares). Dashed lines are guides to the eyes.

concentration there is a higher density of soft particles at 7 >
LCST which should lead to more pronounced MWS polarization
effects. Second, if the concentration is further increased also
larger particles can be formed (due to aggregation) as discussed
above. This will increase the MWS polarization effects further.
Moreover, it can be seen that the step height increases with
increasing temperature at a fixed polymer concentration. This
can be related to the kinetics of the phase transition. The tran-
sition process from the coiled to the globular state passes
different intermediate stages.'* For the dielectric measurement
the heating/cooling rate was around 0.2 K min~' which means
that the system cannot reach the equilibrium state at the LCST
since the heating/cooling is too fast (see Fig. 4 and discussion).
The increase of the step height with the temperature shows that
intermediate states are passed and the fully collapsed (final
equilibrium) state is developing with the temperature.

Conclusion

The phase transition behaviour of aqueous solutions of low
molecular linear pNIPAM was investigated using dielectric
spectroscopy in a frequency range of 107! Hz to 10° Hz at
temperatures between 15 °C and 50 °C. The dielectric data were
discussed in the conductivity representation o*(f, T) since the
general approach was to use charges as probes to investigate the
internal structure of the pNIPAM solution. It was shown that
the phase transition of pNIPAM can be monitored by both
the temperature (7) and the frequency (f) dependence of the
conductivity spectra. The formation of soft particles at the lower
critical solution temperature (LCST) gives rise to a change in the
T-dependence of the DC conductivity and Maxwell-Wagner—
Sillars (MWS) polarization effects. The latter effect was observed
and discussed in the f~dependence of the complex conductivity
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for the first time. These effects were mainly related to the change
in the charge mobility, its density (¢*(7)) and to charge transport
processes including the charge arrangement (o*(f)) at the LCST.

From the T-dependence of the DC conductivity opc the
following conclusions are drawn:

e The LCST deduced from the change in slope of the 7-
dependence of o shows a hysteresis behaviour (LCSTheating >
LCSTcooling). Besides the fact that any dissolution process has
inherent kinetics here, in addition the hysteresis is related to the
formation of additional hydrogen bonds in the collapsed state
which hinder the refolding/dissolution of the soft particles during
cooling.

e The hysteresis (ALCST) increases with increasing heating/
cooling rate since the chain contraction (heating) as well as the
dissolution of the collapsed pNIPAM chains (cooling) cannot
follow the temperature change. Furthermore, it was found that
different time scales are needed for the formation and the dis-
solving of hydrogen bonds. For the lowest rate of 0.1 K min~"
ALCST vanishes and true equilibrium states can be considered at
each temperature.

e At a constant heating/cooling rate (0.2 K min~') ALCST was
investigated in dependence on the polymer concentration. A
transition from the dilute to the semidilute and further to a more
condensed regime can be observed by abrupt changes in the
concentration dependence of ALCST. The estimated critical
overlap concentration C* determined corresponds quantitatively
to the calculated one.

From the f~dependence of the conductivity ¢’ the following
conclusions were drawn:

e Above the LCST a pronounced f-dependence of ¢ was
observed for pNIPAM solutions. This is related to a Maxwell—
Wagner-Sillars (MWS) polarization due to the blocking and
separation of charges at the formed soft particles (globules).

e The MWS effect characterized by a step-like increase of ¢’
with increasing frequency was analysed with respect to the
position of its point of deflection and its height in dependence on
the polymer concentration. The frequency position of the point
of deflection is shifted to higher frequencies with increasing
amount of polymer since shorter times (i.e. higher frequency) are
needed for charge blocking at interfaces with increasing particle
concentration. Moreover, the MWS polarization effect increases
with increasing polymer concentration due to a higher density of
soft particles and larger particles (aggregation at high polymer
concentrations).

To summarize, herein a new approach was reported for the
investigation of the phase transition behaviour of aqueous
solutions of linear pNIPAM. By taking the charges as probes the
thermal collapse of pNIPAM solutions over a wide concentra-
tion and temperature range could be investigated. In addition
kinetic effects of the phase transition behaviour could be
addressed. Dielectric spectroscopy was proven to be a powerful
tool to investigate aqueous pNIPAM solution. The obtained
results are taken as a starting point for further investigations on
different more complex pNIPAM systems. New information can
be extracted from dielectric data by analyzing the behaviour of
charge carriers. Not only the internal morphology and its influ-
ence on the thermal behaviour can be examined also the kinetics
of the phase transition can be approached using dielectric
spectroscopy.
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