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Abstract Electrochemical quartz crystal microbalance
(EQCM) electrode was modified with environmentally sensi-
tive polymers. The polymer layers on the electrode were com-
posed of e i the r c ross l inked or non-cross l inked
thermoresponsive poly(N-isopropylacrylamide). For anchor-
ing thin gel films on the electrode surface, the electrochemi-
cally induced free radical polymerization (EIFRP) was
employed. The electroreduction of the peroxydisulfate anion
led to generation of free radical. This radical initiated the free
radical polymerization process that led to the formation of a
thin gel layer attached to the electrode surface. To monitor in
situ the growth of the polymer film the changes in resonant
frequency of the quartz crystal were recorded. A significant
decrease in the frequency (growth of the layer) was seen in the
potential range where the reduction of peroxydisulfate anion
took place. The morphology of the layers was examined with
a scanning electron microscopy (SEM). The phenomenon of
volume phase transition (shrinking/swelling process) in the
gel layers initiated by a change in temperature was investigat-
ed. Unexpected big, sharp, and of negative sign minima ap-
peared at the change-in-frequency vs. temperature plots.
These minima were not seen in the plots obtained for the
polymers without linker. That situation should be useful in
the investigation of chemical interactions proceeding under
the conditions of volume phase transition. The influence of
volume phase transition on the transport of a member of a
model red-ox system, ferro- and ferricyanide couple, and
therefore on height of its voltammetric response was

examined. The changes in electrochemical properties of the
layers induced by volume phase transition were monitored
with electrochemical impedance spectroscopy.

Keywords Thermoresponsive gels . Electrochemical quartz
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Electrochemically induced free radical polymerization

Introduction

Polymer gels are defined as macromolecules that form a three-
dimensional network, which is filled with solvent. The content
of the solvent in many cases reaches 95 % w/w. These mate-
rials have properties of solids and liquids. One of the most
intriguing properties of polymeric gels is their reversible vol-
ume phase transition. This phenomenon involves the transi-
tion of the gel from a swollen state to a shrunken state or vice
versa. The volume of a gel can decrease even by a factor of
one thousand what makes polymer gel very attractive. The
reversible phase transition occurs in response to changes in
the environmental conditions (e.g., in temperature, pH, ionic
strength, presence of specific ions, pressure, solvent composi-
tion, and electromagnetic radiation). [1–7].

The ability of the gels to adapt to changing external condi-
tions resulted in calling them Bsmart^ materials. Because of
their environmental sensitivity and unique structure, these
polymeric hydrogels have been employed in a variety of
fields, e.g., in controlled drug release systems, artificial mus-
cles, sensors, molecular recognition systems, and as specific
sorbents. Their attachment to the surface of an electrode im-
proves their usefulness in, e.g., surface patterning, construc-
tion of switchable sensors/biosensors and more [8–16].

The intriguing types of hydrogels are thermoresponsive
ge l s . Among them, the ge l s based on po ly(N-
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isopropylacrylamide) (pNIPA), which exhibit a drastic swell-
ing transition at their lower critical solution temperature of ca.
33 °C, are most interesting. Below 33 °C these gels are swol-
len, whereas above 33 °C they dehydrate to the collapsed
state; the interactions between the hydrophobic groups be-
come stronger and water is expelled from the gel network
[17–21].

So far the deposition of polymers on the surface of EQCM
electrode was usually done by preliminary functionalization
of the surface and then, by using appropriate reaction, the
polymer was grafted [22–25]. The deposition of pNIPA gels
on Au EQCM electrode using electrochemical induced poly-
merizat ion was already presented; however, the
e l e c t r o po l yme r i z a t i o n wa s c a r r i e d ou t u s i n g
chronoamperometry [26]. In our previous work the
electropolymerization, via cyclic voltammetry, of interpen-
etrating networks was done on the platinum surface. The po-
lymerization process was monitored using a quartz crystal
microbalance. However, in that paper, frequency change at
the EQCM electrode was not examined under the conditions
of the volume phase transition [27]. There are a few literature
reports on EQCM response to layers of pNIPA [26, 28, 29].
These reports are somewhat contradictive; the presented
EQCM responses differed much regarding the appearance of
sharp, unexpected minima in the recorded output. This fact
triggered our investigation. We have made an effort to find
conditions of monitoring the frequency changes not loaded
with the unwanted phenomena.

In this paper, the electrochemically induced free radical
polymerization method was used to anchor gels on gold elec-
trode surface via cyclic voltammetry. There was no need for
any preliminary functionalization of the surface. The electrode
was placed in a solution containing the monomers and sodium
peroxydisulfate. After imposing a sufficiently negative poten-
tial, the electroreduction of the peroxydisulfate anion started
and the radical was formed. This radical initiated the free
radical polymerization process that led to the formation of a
thin gel layer attached to the gold electrode surface.

The modified Au EQCM electrodes were examined under
the conditions of volume phase transition in the deposited
layers. Thin pNIPA layers with and without crosslinker were
employed. In characterization of the layers, cyclic voltamme-
try and electrochemical impedance spectroscopy (EIS) mea-
surements with the ferro- and ferricyanide anions were
performed.

Experimental

Materials

N - I s o p r o p y l a c r y l am i d e (N IPA , 97 %) , N ,N ′ -
methylenebisacrylamide (BIS, 99 %), ammonium

peroxydisulfate (APS, 99.99 %), and sodium nitrate
(NaNO3, 99 %) were purchased from Aldrich. The
electroactive probes, potassium ferro- and ferricyanide
(98 %), were also purchased fromAldrich. All chemicals were
used as received except for NIPA, which was recrystallized
from a toluene/hexane mixture (30:70 v/v). All solutions were
prepared using high purity water obtained from a Milli-Q
Plus/Millipore purification system (conductivity of water:
0.056 mScm−1).

Electrochemical measurements

All electrochemical measurements were performed using a
CH-Instruments model CHI 400B potentiostat controlled via
manufacturer’s software. The three-electrode system was
used. A platinum wire and a saturated silver chloride (Ag/
AgCl/sat. KCl) electrode were used as the counter and the
reference electrode, respectively. A Au EQCM was used as
the working electrode. The electrodes were kept in a water-
jacketed glass cell. Temperature of that cell was controlled
using a refrigerated circulator (Polystat, Cole-Parmer). To
minimize the electric noise, the electrochemical cell was kept
in a grounded, covered with aluminum-foil Faraday cage.

The electrochemical impedance spectroscopy (EIS) mea-
surements were performed using a CH-Instruments model
CHI 750D potentiostat, in solution of ferro-ferricyanide cou-
ple, at its formal potential, in the frequency range from
100 kHz to 0.1 Hz. An alternating voltage of 10 mVwas used.
The data were processed using an EIS Spectrum Analyzer.
The equivalent electronic circuit selected for the fitting pro-
cess included the electrolyte resistance (Rs), Warburg imped-
ance (Zw), electron transfer resistance (Ret), and the constant
phase elementQ (instead of the double layer capacitance,Cdl).

EQCM measurements

An electrochemical quartz crystal microbalance module for
CHI-Instruments, model CHI 400B potentiostat with 8-MHz
Au/TiO2 quartz crystal resonator was used. The EQCM tech-
nique allowed to record simultaneously voltammetric/
chronoamperometric and microgravimetric curves. The reso-
nant frequency of the quartz crystal lattice was measured in
function of the mass attached to the crystal interface. For a thin
rigid film, the interfacial mass change, Δm, is related to the
shift in resonance oscillation frequency, Δf, of the EQCM
through the Sauerbrey equation:

Δf ¼ −
2 f 20

A ffiffiffiffiffiffiffiffiffiffiρqμq
p Δm ð1Þ

where f0 is the oscillation frequency in the fundamental mode,
A is the piezoelectrically active surface area, ρq is the density
of quartz (ρq = 2.648 gcm−3), and μq is the shear modulus of
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quartz (μq = 2.947 × 1011 gcm−1 s−2). All experimental vari-
ables influencing the resonant frequency of the EQCM elec-
trodes such as pressure, viscosity, and density of the solution
were kept constant during the measurements [30].

In our case, we should use the above form of Sauerbrey’s
equation with caution. The equation is correct for thin homog-
enous rigid films. Thin films based on crosslinked and non-
crosslinked pNIPA exhibit properties of thin laterally homog-
enous viscoelastic films, where dissipation of energy takes
place due to viscoelastic properties of the polymer. In this
work, EQCM technique was used only for qualitative moni-
toring of the volume phase transition phenomena. For quanti-
tative calculations the Sauerbrey equation should be appropri-
ately modified [31].

SEM measurements

A scanning electron microscope (SEM, Zeiss Merlin field
emission) equipped with an energy dispersive spectrometer
(Bruker, EDS) was used for the examination of the modified
electrode surfaces.

Modification of EQCM electrodes with pNIPA gel

Before the polymerization process, the EQCM Au/TiO2 elec-
trodes were treated with hot piranha solution to remove organ-
ic pollutants, rinsed with water, and then dried with ethanol.
Then, the electrodes were placed in a special home-made
Teflon case (see Fig. 1). Next, the electrodes were immersed
in a degassed aqueous solution containing NIPA monomer
(0.693M), crosslinker monomer (7 mM, BIS), and an initiator
of the polymerization (10 mM, APS). Additionally, the solu-
tion contained NaNO3 (0.2 M) as the supporting electrolyte.
The radicals needed for starting the polymerization were
formed continuously by doing 60 cyclic polarizations of the

Au electrode between −0.1 and −1.1 V vs. the Ag/AgCl elec-
trode at a rate of 100 mVs−1. To monitor in situ the growth of
the polymer film, we used an electrochemical quartz crystal
microbalance. The electrode modified with gel was immersed
into deionized water for 1 day to wash away the residual
chemicals. During the washing time, water was exchanged
several times.

Results and discussion

In Fig. 2a, representative voltammograms obtained with a
EQCM electrode in a solution containing NIPA monomer
(without linker) and supporting electrolyte before (dashed
line) and after addition of APS (solid line) are presented.
Typical frequency shifts obtained in the solution during the
voltammetric cycling are presented in Fig. 2b. Figure 3a and b

Fig. 1 Scheme of electrochemical measurement system. Silver chloride
reference electrode (R), working gold EQCM electrode (W), and Pt wire
as counter electrode (C)
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Fig. 2 a Consecutive voltammograms obtained during modification of
electrode surface in deoxygenated solution containing either NIPA
monomer with initiator (solid line) or without initiator (dashed line). b
Frequency shift, Δf, during modification of electrode surface in
deoxygenated solution containing either NIPA monomer with initiator
(solid line) or without initiator (dashed line)
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presents voltammograms and frequency shifts during the pro-
cess of polymerization in solution containing NIPAmonomer,
BIS crosslinker, and supporting electrolyte before (dashed
line) and after addition of APS (solid line), respectively. No
current peak was observed at dashed line voltammograms in
Figs. 2a and 3a. Simply in the absence of APS no faradaic
current was seen. After addition of the initiator, APS
voltammetric peaks appeared and the polymerization reaction
started, see frequency changes in Figs. 2b and 3b. According
to Sauerbrey’s Eq. (1), these frequency shifts in the quartz
crystal corresponded to the changes in polymer mass on the
crystal surface. The decrease in the resonant oscillation fre-
quency in the quartz crystal was well correlated with the cyclic
electroreduction of the peroxydisulfate ions. Interestingly, for
a polymer layer without the crosslinker, the decrease in fre-
quency was much slower. After 60 voltammetric cycles, the
total shift of frequency was circa 1400 Hz (see Fig. 2b), while
for the polymer layer containing the BIS crosslinker the total

shift of frequency reached 3500 Hz (see Fig. 3b). It seems that
the bigger change in the quartz frequency in the case of the
crosslinked polymer can reflect a bigger amount of attached
polymer to the surface and the more extensive hydration of the
polymer nets due to bigger spaces between the polymer
strands.

N-Isopropylacrylamide is a thermoresponsive polymer
exhibiting a volume phase transition at 33 °C. That volume
phase transition was examined on the EQCM electrode sur-
face. For this purpose the electrode was placed in water in a
thermostated vessel. Temperature was changed from 20 to
45 °C.

Typical frequency shift obtained for a EQCM electrode
covered with a layer of non-crosslinked pNIPA polymer is
plotted as a function of temperature/time in Fig. 4a. In the case
of uncovered electrode, an increase in temperature leads to a
small increase in frequency of quartz crystal by circa 300 Hz.
However, in the case of an electrode modified with pNIPA
polymer, the volume phase transition (taking place at 33 °C)
led to a quick, substantial frequency increase to value circa
1000 Hz and stayed at this level. This increase corresponds to
a loss of weight on the electrode surface. Next, the solution
was cooled to 20 °C. Already, the temperature decrease to
32 °C caused the regaining of the initial frequency value.
Simply the polymer chains became hydrated and swelled
again and the mass on the electrode surface increased.
Temperature of the volume phase transition appeared to be
different in the heating and the cooling processes. Similar
effect was observed in the investigation of the pNIPA volume
phase transition by, e.g., differential scanning calorimetry
[32]. It is presumably due to the formation of intra- and inter-
chain hydrogen bonds in the collapsed state.

Characteristic frequency shift obtained for a EQCM elec-
trode covered with crosslinked pNIPA gel in function of time
is presented in Fig. 4b. A distinct difference between non-
crosslinked and crosslinked layers of pNIPA can be seen.
Firstly, unexpected decreases in frequency to very negative
values, both before the shrinking process and before the swell-
ing process, were observed in the case of crosslinked pNIPA
gel. The frequency minimum reached the values much lower
than the initial frequency. In the case of the shrinking process,
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Fig. 3 a Successive voltammograms obtained during modification of
electrode surface in deoxygenated solution containing either NIPA
monomer with initiator (solid line) or without initiator (dashed line). b
Frequency shift, Δf, during modification of electrode surface in
deoxygenated solution containing either NIPA monomer with initiator
(solid line) or without initiator (dashed line)

�Fig. 4 a Frequency shift of quartz crystal plotted as function of time (for
relation between time and temperature see dotted line in the bottom).
Electrode modified with non-crosslinked pNIPA—solid line,
unmodified EQCM electrode—dashed line. Inset: frequency shift as
function of temperature for electrode modified with non-crosslinked
pNIPA (solid line) and unmodified EQCM electrode (dashed line). b
Frequency shift for electrode modified with pNIPA crosslinked with
BIS (solid line) and unmodified EQCM electrode (dashed line). Inset:
frequency shift as function of temperature for electrode modified with
pNIPA crosslinked with BIS (solid line) and unmodified EQCM
electrode (dashed line)
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it might be caused by formation of tighter net on the surface of
the gel layer in the first stage of the process. As a result, the
electrode could feel a bigger load. Regarding the swelling
process, it might be possible that initially the net absorbs an
excessive amount of water and finally reaches the equilibrium.
The differences in the behavior of both materials (crosslinked
and non-crosslinked) can also reflect the difference in the pro-
cess of changing the volume of thin gel layers. The non-
crosslinked layer of pNIPA hydrogel attached to the gold sur-
face can shrink and swell only in the direction perpendicular to
the surface. Whereas the crosslinked network has a tendency
to shrink and swell in all directions and can therefore generate
extra forces in the system. Finally, the unexpected frequency
minima may reflect the mechanical, vibrating reaction of the
3D net to strong streams of water in and out of the net.

The final values of frequency obtained after the shrinking
process and after the swelling process are in agreement with
our expectations and clearly depict the loss and gain of water
by the crosslinked and non-crosslinked polymers. Apparently,
the amount of water absorbed by the crosslinked polymer is
much bigger compared to non-crosslinked polymer. In the
case of crosslinked polymer, the increase in frequency exceeds
the allowable instrumental output and therefore a plateau is
seen in the plot. The effect presented in Fig. 4 is really very
interesting and indicates that the volume phase transition from
the swollen to the shrunken state and vice versa is not a
straightforward phenomenon. This unexpected behavior of
crosslinked pNIPA layer was well repeatable in the experi-
ments. However, in the literature, for a crosslinked pNIPA
l a y e r o b t a i n e d v i a c h r o n o a m p e r o m e t r i c
electropolymerization, that behavior was not observed [26].
The minima were shown in two other papers [28, 29]. They
were explained in terms of changing the polymer structure and
coupling of the layer to the surrounding fluid. Apparently, the
anomalies visible in the Δf plots are not helpful in the use of
EQCM in the investigation of interactions between the
molecules/drugs and the anchored biomacromolecules under
the conditions of volume phase transition. Fortunately, we
have found that the volume phase transition in non-
crosslinked pNIPA is not accompanied by the above unwant-
ed Δf minima.

The changes in properties of non-crosslinked and
crosslinked pNIPA layers caused by changes in temperature
(involving the volume phase transition) were examined with
the use of an electroactive probe (ferro- and ferricyanide sys-
tem). Two techniques were employed: CV and EIS. The
electroeduction and electrooxidation of ferro- and ferricyanide
ions at a gold electrode is a reversible one-electron reaction.
The electrochemical measurements were performed in a tem-
perature range 20–45 °C, which includes the volume phase
transition of the gel layers. In Fig. 5a and b, typical cyclic
voltammetric curves for non-crosslinked- and crosslinked
pNIPA layers are presented, respectively. In both cases, the

reduction and oxidation peaks presented lower current values
after the volume phase transition (at temperature higher than
33 °C); the drop was particularly substantial in the second
case. It was so because in the swollen state the polymer chains
were separated, and diffusion of electroactive species was not
extensively limited. Contrary, after the volume phase transi-
tion, when the polymer is in the shrunken state, the penetration
of the polymer layer by the electroactive species is more dif-
ficult, so the reduction and oxidation peaks presented lower
current values.

Next technique used to characterize the layer properties
was electrochemical impedance spectroscopy (EIS).
Figure 6a and b presents typical Nyquist plots for modified
electrodes at different temperatures. The semicircle diameter
corresponds to electron transfer resistance of the ferro-/ferri-
cyanide process. At 20 °C, in both cases, electron transfer
resistance was low. For non-crosslinked pNIPA layers, the
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Fig. 5 Voltammograms obtained for oxidation and reduction of ferro-
and ferricyanide system at EQCM electrode modified with pNIPA (a)
and pNIPA BIS (b) at different temperatures. Inset: peak current of
oxidation of Fe(CN)6

4− at modified EQCM electrode in function of
temperature
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increase in temperature affected the resistance value. The
highest increase in resistance took place after reaching the
temperature of VPT. For crosslinked pNIPA layers, the situa-
tion was similar; however, the maximum electron transfer

resistance reached a much higher value of circa 19,000 Ω,
compared to circa 2000 Ω.

To characterize the morphology of the surface of the mod-
ified electrodes, a scanning electron microscope was used.
The gel layers were analyzed in their dry state. Figure 7a
and b presents photos of the electrodes modified with non-
crosslinked and crosslinked pNIPA layers, respectively. In
both cases, the polymer formed planar, thin, and homogenous
layers. The electrode surface was partially uncovered to show
the differences between the bare electrode surface and the
polymer layer. The detached layer was apparently uniform
and its thickness was estimated to be circa 200 nm for non-
crosslinked and 500 nm for crosslinked pNIPA layer.

Conclusions

A quartz crystal microbalance was used to monitor in situ the
electrodeposition of non-crosslinked and crosslinked pNIPA
polymers on the surface of a gold electrode. Electrochemically
induced free radical polymerization was used for synthesis of
the polymer layers. The layers were thin, very stable in time,
and thermoresponsive. The productivity of electrodeposition
of crosslinked polymer was much bigger compared to non-
crosslinked polymer.

To monitor the volume phase transition caused by a change
in temperature, the EQCM technique was used. It can be seen
that non-crosslinked and crosslinked pNIPA layers behaved
very differently. An unexpected change in the quartz frequen-
cy related to the volume phase transition was observed for
crosslinked pNIPA layers; before both shrinking and swelling
processes, the frequency of the quartz dropped to very nega-
tive values. The literature reports on EQCM response on the
phase transition are somewhat confusing. On some curves
there is no minima, on others the minima are not so spectac-
ular [26, 28, 29]. In our investigations, the differences in the
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Fig 6 Impedance spectra obtained at different temperatures for pNIPA
(a) and pNIPA BIS (b) films. Insets: changes in electron transfer
resistance in function of temperature for thin polymer films

Fig. 7 SEM images of EQCM electrode surface covered by pNIPA (a) and pNIPA BIS polymer (b) and partially uncovered by scratching. Insets:
Magnified parts of detached layers
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behavior of both materials (crosslinked and non-crosslinked)
can be related to the difference in the process of changing the
volume of thin gel layers attached to the electrode surface. In a
crosslinked layer of pNIPA, the effect of shrinking and swell-
ing is also present in the parallel direction to the electrode
surface and can therefore generate extra forces in the system.
In addition, the unexpected frequency minima may reflect the
mechanical, vibrating reaction of the 3D net to strong streams
of water in and out of the net. Apparently, the anomalies vis-
ible in the Δf plots (obtained for crosslinked gels) disable a
possibility of using EQCM in the investigation of interactions
between various molecules and biomacromolecules attached
to the electrode surface under the conditions of volume phase
transition. This possibility remains for non-crosslinked
pNIPA, where the volume phase transition is not accompanied
by the unwanted Δf minima.

To examine the consequences of volume phase transition to
electrode processes, cyclic voltammetry and electrochemical
impedance spectroscopy measurements were done. The dif-
ferences in the height of the oxidation/reduction peaks of the
red-ox probe, before and after the shrinking process and be-
tween the non-crosslinked and crosslinked polymers, were
substantial. Correspondingly, the EIS measurements demon-
strated that the charge transfer resistance increased substan-
tially after the shrinking process. The volume phase transition
in the polymer layers was well reversible and the layers were
stable for at least 1 month.
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