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ABSTRACT: Cellulose based superabsorbent hydrogels
were spin coated and chemically crosslinked on Quartz
Crystal Microbalance plates to obtain a thin superabsorb-
ent layer. The hydrogel network was obtained by cross-
linking hydroxiethylcellulose (HEC) and Carboxymethyl-
cellulose (CMC) by the difunctional Divinylsulfone (DVS).
The presence of the polyelectrolyte CMC was found to be
responsible for the material high sorption sensitivity to
changes in ionic strength and pH of the external solution,
due to the Donnan type equilibrium established between
the internal of the gel and the external solution. Since the
hydrogel was synthesized in the form of a thin layer, there
is negligible barrier to water diffusion through the mate-
rial, which results in a fast swelling response to changes in

the external solution properties. The device was immersed
in a flux of water solution, where the ionic strength was
continuously changed. The fast change in the equilibrium
sorption capacity of the spin coated hydrogel were con-
verted to an electrical signal by the apparatus. The time
lag of the response was comparable to the inverse of the
quartz oscillation frequency (approximately 107 s), and
the accuracy in the weight change measurement was of
the order of the nanogram. FTIR microscope analysis was
used to determine the presence of hydrogel and its distri-
bution on the QCM plate. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 106: 3040-3050, 2007
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INTRODUCTION

Polyelectrolyte hydrogels, which display a sorption
capacity in water and water solutions as high as 1 L/
g of dry polymer, can be used to produce sensors and
actuators, owing to their swelling sensitivity to varia-
tions of ionic strength and pH of the external solu-
tions.

The high sensitivity of thin hydrogel layers to
changes of external environment results in a high
quality of the kinetic response of such a device.
Recent research studies have been concerned with the
enhancement of the swelling capability and response
rate to external stimuli. This has been achieved by
downsizing the hydrogel or by means of open micro-
porosity within the material. The response rate can be
significantly enhanced by downsizing the hydrogel
since the diffusion rate is inversely proportional to
the square of the characteristic length.' This ap-
proach has led to the development of microgel nano-
particles, which exhibit a very fast response to exter-
nal stimuli.*® Their use is currently being exploited
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for several applications,” such as drug delivery,
3

biosensors,!! soft actuators/valves,'? and catalysis.1

The second approach relies on the open porosity
within the hydrogel to increase the surface area to
volume ratio, thereby enhancing the diffusion rate of
water within the material. Various methods have
been developed to produce microporous hydro-
gels.!*'” The use of lyotropic surfactants leads to a
wide variety of morphologies, such as layerlike archi-
tectures, “cauliflower” structures, and gel sheets or
platelets with a pore size spanning from hundreds of
nanometers to micrometers depending on the type of
monomers and surfactants used. Ikada et al*
showed that by using freeze-drying it is possible to
obtain a controlled open porosity. Other techniques
are based on the segregation of the solvent from the
polymer network during the polymerization pro-
cess.”’ Chen et al.**** have developed a bubbling tech-
nique to obtain an open porosity within polymer gels
based on the entrapment of CO, bubbles within the
polymer network during its formation. The entrap-
ment of the CO, gas is obtained by finely adjusting
the bubbling time to the gelation time. In this way it
is possible to modulate both pore size and structure
by fine tuning these two variables. Porous hydrogels
show high swelling capacity and faster swelling
kinetics when compared to solid hydrogels.
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However, the large majority of swelling kinetic
studies on hydrogels have been performed gravimet-
rically,”*’ which does not lend itself to closely moni-
tor the rapid mass changes when the external envi-
ronment conditions are changed. The piezoelectric
quartz crystal microbalance system (PQCM), in turn,
allows an on-line monitoring of the hydrogel mass
change to be implemented, thus providing a good
measurement accuracy.

Biodegradable and organic materials are used as
chemical or physical layers for many applications in
modern sensors and actuators.>**® In particular, when
a chemical reaction takes place at the surface of a sen-
sor, there is a change of mass, which can be converted
into an electrical signal by piezoelectric quartzes.

The QCM sensor used for our measurements con-
sists of a thin quartz disc with circular electrodes on
the lower side of the quartz. This is known as ““one-
side cell.” In this system the contact with the solu-
tions is circumscribed only to one face of the quartz
crystal, to decrease the extent of liquid damping and
getting rid of effects connected to conductivity and
dielectric constant.>* Because of the piezoelectric
properties of quartz, a voltage between these electro-
des leads to a shear deformation of the constituent
crystal. Sauerbrey et al.*® have described the relation
between a mass deposition on the quartz surface and
the resulting shift in the fundamental oscillation fre-
quency of the quartz. If a physical or chemical layer
exists on the upper surface of the quartz, the reso-
nance frequency of the quartz decreases proportion-
ally to the number of absorbed molecules, so that a
mass change of the layer on the crystal can be meas-
ured in terms of changes in frequency.

With the view to obtain sensors or actuators device
with a fast response to changes in the external solu-
tion characteristics, a thin layer of polyelectrolyte
hydrogel was deposited on the surface of quartz plate
by spin coating. When the water solution contacts the
sensing element, the gel absorbs water and increases
its mass: frequency change is thus observed, and cor-
related to the hydrogel mass change. To verify the
principle, the solution ionic strength was changed
several times, from low to high values, to observe the
signal variations of the designed apparatus. Fast res-
ponses to changes in external solution ionic strength
changes were always observed, and a final accurate
value of the weight variation was also obtained.

Moreover, the proposed technique makes it possible
to perform kinetic studies on hydrogel performances
following the experiments all through their length,
without the need to carry out any gravimetrical mea-
surements, thus reducing the errors related to the peri-
odically removing of samples from its location.

In this study cellulose polyelectrolyte-based hydro-
gels chemically crosslinked with divinylsulfone were
used.
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EXPERIMENTAL
Materials

Cellulose based hydrogels were prepared using aque-
ous solution mixtures of carboxymethylecellulose so-
dium salt (CMCNa) and hydroxyethylcellulose (HEC),
crosslinked with the use of divinylsulphone (DVS).
CMCNa and HEC are both cellulose ethers, where the
substituent groups are methylcarboxylic groups and
oxyethylene chains respectively, (Fig. 1). The degree
of substitution and the relative distribution of sub-
stituents in C-2, C-3, and C-6 position has a large
affect on the equilibrium sorption properties of these
polymers.

CMCNa, HEC, and DVS were purchased from
Aldrich Chimica s.r.l. Milano and were used as re-
ceived.

The NaCl for tests at different ionic strength and
the KOH used as a catalyst were also purchased from
Aldrich, Milano.

Hydrogel production

The materials investigated in this work were obtained
by chemical crosslinking of carboxymethylcellulose
sodium salt (CMCNa) and hydroxyethylcellulose
(HEC) stabilized in a 3-D network. The procedure for
the preparation of hydrogels at low polymer con-
centrations, together with the analysis of the degree
of crosslinking of the polymer network, has been
reported elsewhere.’**” According to this procedure,
the reaction is performed in an aqueous solution at
2% polymer concentration by weight (CMCNa/HEC
weight ratio 3/1). Divinylsulfone (DVS) is added to
the solution as a crosslinking agent at a concentration
equal to 0.04M. After complete mixing, KOH is added
to the solution as a catalyst at concentrations up to a
0.02M. The crosslinking reaction begins when the so-
lution viscosity rapidly increases and it takes place in
approximately 24 h. Since the products consist of

cellulose derivatives

CMCNa
HEC

R=-H. -CH,COONa

R=-H, CH-CH-0H,

- CH;CH>0 CH>CH>0H,

- CH,CH,0 CH>CH»0 CH,CH>0 CH,CH>;O0H

Figure 1 CMCNa.
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partially swollen gels, a purification procedure is re-
quired to remove from the hydrogel the KOH, the
unreacted DVS, and all the other impurities. Purifica-
tion is carried out by washing the material several
times in distilled water, until the equilibrium sorption
capacity is reached (i.e., until the sample weight
remains constant). Finally, the hydrogel is desiccated
in air at room temperature.

Hydrogel deposition on the quartz plate

The spin coating apparatus consists of a rotor with a
hole on its upper surface connected to an air-pump.
The quartz is positioned on the hole so that when the
air-pump is turned on the quartz sticks to the rotor.
Thus, a drop of the hydrogel precursor solution
(before the KOH catalyst addition to the polymer-
DVS solution) is placed on the quartz, and the rotor is
turned on for thirty seconds at 4000 rpm to cover the
entire quartz surface as a thin layer. Since at this
stage, the gel is still uncrosslinked, the crosslinking
catalyst is placed on the hydrogel precursor solution
covering the quartz surface. The quartz is thus stored
in a covered humidity box for 24 h, to allow crosslink-
ing to be completed and to prevent the desiccation of
gel layer. After the crosslinking reaction has taken
place, the resulting hydrogel is washed while on the
quartz plate, and it is then desiccated in air atmos-
phere at room temperature.

FTIR measurements

FTIR measurements were performed using a Perki-
nElmer Spectrum One mid-IR spectrometer equipped
with a TGS detector. For FTIR microscopy a Spotlight
microscope accessory (PerkinElmer) equipped with a
multiarray MCT detector was attached to the FTIR
spectrometer. The hydrogel coated quartz crystals
were placed on a computer controlled motorized
stage, which was set to move in the x-y plane with a
step of 25 um. At each position in the two-dimen-
sional grid 8 interferograms were averaged at a reso-
lution of 4 cm ™! per each spectrum with an aperture
able to cover a cross-sectional area equal to 25 x 25
um?. The spectra were recorded in reflection modality
and rationed against a background collected on a
bare quartz crystal surface.

Infrared spectra of CMCNa and HEC were
recorded by means of an horizontal ATR-accessory
(SenslIR technology). The IRE was a 3 mm diameter
three-reflection diamond microprism. In order that
the sample could be made to adhere to the prism sur-
face an aqueous cellulose suspension was placed on
the ATR crystal and the solvent was allowed to evap-
orate. The spectra of the dried polymer were acquired

Journal of Applied Polymer Science DOI 10.1002/app
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at 4 cm ™! resolution and 8 interferograms were accu-
mulated and averaged for each trace.

The “Liquilab’ apparatus

A lay-out of the quartz device is reported in Figure 2.
Crystals consists of 1 cm diameter dishes and have
the contacts on their lower surface, while the upper
surface is covered with a gold layer. The quartz used
for the measurements has a constant equal to 82,379
x 107 g/Hz, that is a frequency change of 1 Hz cor-
responds to a mass change equal to 82,379 x 10 g.
A photograph of the measurement cell is reported in
Figure 3. The quartz crystals are immersed in water
or water solutions and rubber tubes are used to estab-
lish the water flux. A frequency transducer is posi-
tioned on the bottom of the apparatus. The quartz is
fixed in the cell by means of two o-rings, one in the
upper face and one in the lower face.

The water flux is obtained by means of a peristaltic
pump. A picture of the measurement device is
reported in Figure 4. The experimental set-up is
assembled in a modular structure, which allows a
specific adaptation on user requirements. All system
components are arranged in a thermostatic box. Con-
trol of the set-up and data visualization, as well as
data storage, are performed by dedicated software.
The measurement device is produced and distributed
by ““Liquilab.”

Gold layer

a) Upper surface

Contacts

b) Lower surface

Figure 2 Images of the quartzes used in the measures.
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Figure 3 The cell of Liquilab 21. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

RESULTS AND DISCUSSION
Hydrogel deposition analysis

To perform the QCM measurements, the apparatus
chamber was first filled with distilled water, and a
constant water flux was maintained in the chamber to
allow the hydrogel to reach the equilibrium sorption
value. At this stage the hydrogel is also purified from
all impurities, such as unreacted DVS, KOH catalyst,
and traces of uncrosslinked CMCNa and HEC.

After equilibrium swelling was reached, the ionic
strength of the water solution flux was increased slightly
by adding increasing amounts of NaCl. Simultaneously,
the same water solution change was performed in a sec-
ond measuring chamber, in which was placed the same

pump controller

water flux velocity

Figure 4 Liquilab 21 apparatus. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 5 Image of the not yet crosslinked gel after depo-
sition on the quartz plate (%2000, accel. volt. 3 kV, WD
7.7).

quartz crystal, without any gel positioned on it. In such
a way it is possible to know the frequency change due
to the change of liquid properties.

A morphological examination of the hydrogel film
deposited on the quartz crystals was performed by
means of scanning electron microscopy (SEM).

A SEM micrograph of the hydrogel film deposited
on the quartz crystal before the crosslinking reaction
is reported in Figure 5.

The layer shows a reasonably uniform thickness,
even though some gel accumulation has taken place in
specimens (see “B”" arrows). Formation of cracks have
also been observed after deposition (see label A).

Micrographs performed after crosslinking reaction
does not show any significant difference in hydrogel
distribution (see Fig. 6).

Figure 7 shows a micrograph of the dry gel after
washing in distilled water. The quartz was immersed
in water and then kept in air for 24 h to desiccate the
gel. Regions in which the gel thickens, forming lumps
(see A arrows), are visible together with areas in which
(see B arrows). C arrows show the straight lines prob-
ably caused by the crystal substrate of quartz, while D
arrows indicate the advancing lines of the gel during
the spin coating. However, a predominantly uniform
hydrogel distribution was observed on quartz crystal
in the configuration preceding the sorption test.

Further information about chemical composition
and morphology of the spun layers was acquired on a
bigger scale by FTIR spectroscopy. Figure 8(a,c) show
the visible image of a 4 x 4 mm? area of the hydrogel
coated quartz surface, respectively, as prepared and
after perfusion with pure water. The two areas do not
coincide perfectly due to the difficulty in placing the
round-shaped crystal in the same position and with
the same orientation on the microscope stage, after

Journal of Applied Polymer Science DOI 10.1002/app
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removing it for washing. Nevertheless it is clear that
a correspondence higher than 80% exists between the
pixels scanned before and after the treatment. Using a
25 um step an infrared map represented by 161 x 161
spectra for the selected area was acquired. The two
spectra obtained averaging the resulting 25,921 infra-
red spectra acquired before and after water perfusion
are shown in Figure 9. CMC signals are particularly
evident in both traces consistently with the higher
percent of this component in the mixed hydrogel.
The ATR-FTIR spectrum of CMCNa is reported in
Figure 10 for comparison. It shows characteristic cel-
lulose peaks around 1000-1200 cm ™', arising from the
ether C—O—C stretching vibrations, while the band
around 1410 cm ! is ascribable to CH, bending
modes. The bands near 3400 cm ™' are representative
of O—H stretching vibrations while two absorption
signals at 1591 and 1325 cm ™' are associated to asym-
metric and symmetric stretching of COO™ groups.
The two spectra in Figure 9 look like merely differ-
ently scaled versions of the same spectrum except for
the slight shoulder around 1650 cm™". This indicates
that the hydrogel chemical composition does not
change owing to the perfusion treatment except for
some slight decrease in water content, responsible for
the band at 1650 cm ™' (bending mode).

Even though reflection spectra should be used with
caution for quantitative analysis, especially when
both specular and diffuse reflectance account for the
signals recorded, the different intensities of bands in
these traces reveal that a loss of sample occurred dur-
ing the washing procedure. The single wavenumber
two-dimensional maps, shown in Figures 8 (b,d), also
demonstrate that some hydrogel was lost when the
sample was perfused with pure water. These maps
were obtained by plotting the intensity of the ab-
sorption at 1596 cm ' over the scanned surface, using

Figure 6 Image of the humid crosslinked gel on the
quartz plate (x8500, accel. Volt. 5 kV, WD 8.7).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Image of dry crosslinked gel on the quartz plate
(x10,000 accel. volt. 5 kV, WD 7.8).

1848 cm ™! as a reference wavenumber. Image statis-
tics has made it possible to determine that the percent
of pixels associated with absorption values at 1596
cm !, above 0.5 absorbance units, was 7.0. After the
washing procedure this value dropped down to 3.4.
Moreover these single wavenumber two-dimensional
plots reveal that shrinking of the polymer during the
drying process results in the formation of domains
over the surface. The mean diameter of these polymer
rich regions ranges from 0.1 to 2 mm. A three-dimen-
sional surface projection of the region selected in Fig-
ure 8(d) is presented in (e) showing one of these
domains. Apart these highly concentrated regions the
remaining area appears homogenously covered by a
thin hydrogel layer giving rise to an IR absorption at
1596 cm ™! below 0.05 absorbance units.

Equilibrium swelling measurements

Before starting the swelling kinetic measurements,
the equilibrium sorption capacity of the hydrogel was
measured for each of the selected values of the solu-
tion ionic strength.

The equilibrium sorption capacity was then assessed
as the asymptotic limit of the swelling kinetic curve
related to each ionic strength value. Swelling equilib-
rium in distilled water was also measured.

The effect of ion concentration on hydrogel equilib-
rium swelling capacity was studied by equilibrating
desiccated gel samples in solutions at different NaCl
concentrations (0.01; 0.05; 0.15; and 0.5 mol/L). Sam-
ples were then weighted again after 24 h, when equi-
librium swelling was reached. The water solution was
periodically changed with fresh solution to remove
impurities expelled from the hydrogel during the
swelling. All the tests have been performed in quad-
ruplicate. The swelling capacity was expressed in
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Figure 8 FTIR analysis. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

terms of swelling ratio, as:

SR.

where W,, and W, are the wet and dry sample weight,

respectively.

Wy — Wy
Wy

A monotonic decrease in swell ratio was observed
with increasing the ionic strength of the external solu-
tion for all the samples tested (see Fig. 11).

This behavior was related to the polyelectrolyte na-
ture of the polymer chains, since the fixed charges on
the polymer backbone is expected to play an essential
role for the swelling mechanism. This is related to the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Spectra of the hydrogel obtained with FTIR
analysis.

electrostatic repulsion between charges of the same
sign, and to the “Donnan type” absorption contribu-
tion to water sorption, by the generation of an os-
motic pressure into the hydrogel. Both contributions
to hydrogel swelling decrease with increasing the
ionic strength of the solution in contact with the gel.

Kinetic measurements

The QCM working system relies on the use of a thin
quartz crystal, physically or chemically sensitive to a
mass change.>>?%**

A piezoelectric quartz crystal can be represented as
a component of an electric circuit, called Butter-
worth—-Van Dyke (BVD) circuit (see Fig. 12), having
two branches. The kinetic branch represent the oscil-

/L

100 4

80+

60 -

R %

40 -

20+

0 T T /T T T
4000 3500 3000 1800 1600 1400 1200 1000 800

wavenumber (cm™)

Figure 10 ATR-FTIR spectrum of CMCNa obtained with
FTIR analysis.
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Figure 11 Swelling ratio observed increasing the ionic
strength of the external solution.

lating quartz, while the static branch represents the
crystal in a static working mode. The condenser Cy in
the static branch exhibits the capacitance created by the
two electrodes and associated to manufacturing
defects. In the kinetic branch, the inductance L; is
related to the mass of oscillating quartz, while the ca-
pacitance Cj is related to the elasticity of the quartz (it is
a measure of the energy stored in the crystal during
each oscillation). The resistance R; represents the losses
in the quartz, frictional or thermal, and to junction
imperfections. If the quartz crystal is installed into an
oscillator circuit able to exciting the quartz with an elec-
tric oscillating signal, the quartz will begin to oscillate
for the inverse piezoelectric effect. At a certain fre-
quency value, the resonance frequency, the quartz has
only a resistive behavior.

The frequency of oscillation of a quartz crystal
depends on both its total mass and the mass of the
layer (or electrodes) on its surface. When some mole-
cules are absorbed on the surface of a thin film, the
resonance frequency of the quartz decreases propor-
tionally to the number of absorbed molecules. Thus a
mass change of the film on the crystal can be meas-
ured by a measurement of frequency.

The simple relationship that permits to convert a
frequency variation into a mass measurement is the
Sauerbrey’s equation:>

where Af, is the change of frequency, Am; is the mass

change and Cy is the characteristic constant of the
quartz, equal to:

2f3
Cr——F0 @)
"7 Alpu)

where f; = the resonant frequency of the fundamental
mode of oscillating of the crystal;



HYDROGEL-BASED FAST SENSORS AND ACTUATORS

3047

Kinetic branch

Resistance related
to the losses in the

quartz and to
junction Inductance related
imperfections to the mass of
oscillating quartz
R

Co

Capacitance related to the
elasticity of the quartz

Ci

—

Static branch

\ Capacitance created by the two
electrodes and associated to
manufacturing defects

Figure 12 Equivalent circuit for a piezoelectric quartz.

A = the piezo-electrically active area;

p, = the quartz density, 2648 g/cm?’;

p, = the quartz shear modulus, 2947 x 10" g/
cm %,

Sauerbrey’s equation is valid if no appreciable
changes occur to the deposited film properties. There
are situations where the Sauerbrey equation does not
hold. For example, when the added mass is not rig-
idly deposited on the electrodes surface, slips on the
surface or not uniformly deposited on the electrode.
Therefore, the Sauerbrey equation is only strictly ap-
plicable to uniform, rigid, thin film deposits.

A quartz crystal can be excited to a stable oscilla-
tion when it is completely immersed in a liquid. In
this case, the equivalent circuit is the one represented
in Figure 13, called Modified Butterworth—Van Dyke
(MBVD) circuit. Some circuit components present in
Figure 13 are not present in the circuit reported in
Figure 12: L,, and R,, are the inductance and the re-
sistance due to the mass effect, C;, is the capacitance
related to liquid dielectric properties and the quartz
electric contacts, Ry quantifies the liquid conductivity.

When a resonating crystal contacts a Newtonian
liquid, the crystal effective inertia increases as the
result of the vibrating crystal dragging the liquid in a
narrow boundary layer near the surface. Kanazawa
et al. and successive authors**™ have shown that the
change in the resonant frequency of a QCM into a lig-
uid is proportional to the product of the square root
of the liquid density and viscosity:

" o

Afp = F2[(pnu) /(7 % (pyay))
where:

fu = resonant frequency of the unloaded crystal;
pp = density of the liquid in contact with the

crystal;

N = viscosity of the liquid in contact with the
crystal.

Martin et al.** have shown from a piezomechanical

model that the total frequency shift, éfr, for simulta-
neous deposition and liquid damping on smooth
crystals is:

Afr = Afs + Afp + Afx + Afa (4)

where Af, is due to mechanical stress on the crystal
when mounted in a liquid cell and Af, accounts for all

resistance due to the inductance due to the
mass effect

mass effect
LX Ram Ln
Co

I
capacitance related
CL —— to liquid dielectric
properties

Ri1

RL

yAAAY

quantification of the liquid
conductivity

Figure 13 Equivalent circuit for a piezoelectric quartz in
a liquid.
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Figure 14 Frequency signal of the quartz in a measure
performed using a water flux equal to 0.4 mL/s.

nonshear couplings between the liquid and the oscil-
lating crystal.

The stress effect 64 can be minimized by an appro-
priate designed cell (i.e., quartz assembly) and a care-
fully performed measurement. &fx includes effects
related to surface roughness and molecular-level inter-
facial interactions. The values that dfx can assume are
negligible in the measurements described in this work.
The frequency shift &fp is also negligible, as revealed
by experiments at different values of liquid density and
viscosity performed on quartzes with no hydrogel on
their surface. Thus, computating the QCM test results
with the Sauerbrey equation a good agreement has
been obtained with the hydrogel swelling data ob-
tained by gravimetric measurements.***%*®

The first step in sorption test is the sample washing
procedure, performed directly in the cell containing
the quartz. To this end, the cell was filled up with
water and a constant flux of 0.1 mL/s of water was
established by means of a peristaltic pump.

9947000 -

9946000

0,5M

Frequency (Hz)

9945000 —

0,15M

0,1M

T T T T T
0 2000 4000 6000 8000 10000
Time (s)

Figure 15 Frequency signal of the quartz in a measure per-
formed in a solution where the ionic strength is increased
periodically.
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Figure 16 Hydrogel swelling ratio versus time in a mea-
sure performed in a solution where the ionic strength is
increased periodically.

Under this conditions after washing for 24 h the
hydrogel reached the equilibrium sorption capacity,***°
and impurities present in the hydrogel (such as
unreacted polymer, catalyst, unreacted crosslinker), are
removed. The frequency decrease is observed because
of water sorption by hydrogel (see Fig. 14). At this
stage, the ionic strength of the external solution is pro-
gressively changed from 0 to 0.05, 0.1, 0.15, and 0.5M,
and frequency changes are reported in Figure 15.

The frequency increase is observed for each time
interval related to the ionic strength increase, and
from the frequency changes we obtained mass
changes (egs. 1 and 2). Thus, a decrease of the hydro-
gel sorption capacity is registered increasing the ionic
strength of the external solution, as expected for a
polyelectrolyte hydrogel.*® In Figure 16 is reported a
plot of the swelling kinetic at different values of ionic

500
450 m
i —&— QCM measure
& Equilibrium data
350
L
™ 300 -
o
E 250
©
‘?, 200 - _
150 - ‘\.\.
.-
. S— —
100 ~ —
50 T g T v T T . T T T
0,0 01 0,2 0,2 0,4 0,5
lonic strength (molil)
Figure 17 Comparison between the swelling data

obtained in the equilibrium gravimetric swelling tests and
the results obtained by means of the QCM technique.
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Figure 18 QCM results versus equilibrium data.

strength. The data were obtained from Sauerbrey
equation (eq. 1), measuring the frequency change
from the plot and evaluating the mass variation.

Equilibrium sorption capacity in correspondence
of each tested value of ionic strength is reported in
Figure 17. The values are reported both as evaluated
from these measurements and as evaluated perform-
ing swelling tests directly on hydrogel samples
immersed in solutions at different ionic strength,
extracted and weighted after 24 h. In Figure 18 a plot
of QCM results versus equilibrium data is reported,
with the linear fit of data. A good agreement between
both results was observed: the difference observed
between gravimetrically and QCM measures is due to
the terms &fp, Ofx, ofa of eq. (4): however this differ-
ence is less than 7%.

CONCLUSIONS

The possibility to produce macromolecular hydrogel
based sensors and actuators has been tested in this
work, crosslinking a superabsorbent polyelectrolyte
on the plate of a QCM device by a spin coating proce-
dure. The material was a cellulose based hydrogel,
where network chemical stabilization was achieved
using DVS as crosslinker. The analysis of the actual
hydrogel deposition on the plate was performed by
means of FTIR microscopy and SEM analysis. A thin
hydrogel layer deposition with a uniform distribution
was observed.

Being the CMC, one of the network constituents, a
polyelectrolyte, the hydrogels displays a sensitivity to
variations of ionic strength and pH of the water solu-
tion in which it is immersed, and the change in mass
results in a change of the oscillating frequency of the
quartz plate with a fast response (comparable to the
inverse of the oscillation frequency, 10-7 s), and a
final accuracy on the weight variation of the order of
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nanograms. As a proof of principle, a test was per-
formed immersing the hydrogel coated quartz in a
water solution where ionic strength was changed
from low to high values. QCM output data were re-
elaborated and transformed in weight change data by
means of the Sauerbrey theory. To test the accuracy of
this method, equilibrium swelling measurements
were performed gravimetrically on the same hydrogel
coated on the quartz plate, in water solution with the
same ionic strength adopted for the QCM test. A
good agreement between equilibrium swelling gravi-
metric data and the asymptotic values of the kinetic
QCM measurements was achieved.

This method should be also considered as an
improvement in the hydrogel swelling kinetic mea-
surements techniques, as it allows to perform the
measurements keeping the material in water, thus
avoiding all the errors and the time lag related to the
material extraction from the water solution and the
excess water elimination procedure required.
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