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Abstract

The reversible and reproducible phase transition behavior of “stimuli-responsive” or “smart” hydrogels enables their use as materials for
chemical and pH sensors in liquids. Using the quartz crystal microbalance (QCMB) technique, the principal behavior of hydrogel coated
single sensors in dependence of changes in pH is presented. The general sensor properties of polyelectrolytic hydrogels, the detectior
possibilities and limits, and the response time of such sensors were investigated and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing better qualitative and quantitative resulf§. But the
fundamental development in chemical sensors must be the
The qualitative and quantitative analysis of multicompo- significant extension of the substantial base of sensitive ma-
nent media present in a lot of industrial processes such asterials. Three relevant kinds of these have been reported in
of the chemical, bio technological, pharmaceutical, environ- the literature. The first type uses ceramics or glasses such
mental, and food industry will be most commonly realized as chalcogenide glasses as sensor matei@lsvhile in
with expensive laboratory techniques, for example, chro- the second kind, common polymers, e.g. poly(vinyl chlo-
matography and infrared spectroscopy. These methods areide), including plasticizer and different active substances
unfavorable because the personnel must be highly qualifiedwere used4]. Other less wide-spread polymeric sensor ma-
and the analyses usually cannot be done in real time. Toterials are, for example, poly(ethylene glycol)—polystyrene
solve these problems in many special applications, chemicalresin bead derivative with various indicator molecytsor
sensors are very attractive. Looking at the current develop-LiTaO3 [6]. However, the relatively small substantial base
ments in chemical sensors one can distinguish the follow- for chemical sensors in liquids restricts the application areas
ing three important directions which aim at the improve- of such devices significantly. Potentially better suitable are
ment of qualitative and quantitative recognition of such sen- smart materials, which show drastic changes in their prop-
sors. Probably, the trend tried most often are higher-order erties in dependence of special environmental parameters.
or higher-number sensors to increase the number of dataAs the first smart material class, the conductive polymers
acquisition channels, and thus the information conféht [7] were introduced. Combinations of these sensor materi-
Higher-order are sensors which are disposing about a trans-als in one sensor array are also descrifgd Using these
duction principle with more than one data acquisition chan- materials in sensor arrays, a lot of beverages such as beers,
nel or transducer. Higher-number sensors are arrays fromwines, and milk can be classified, and also several ions can
a number of single sensors with different sensitivities. The be determined quantitative[{].
second direction is the improvement of multi-dimensional  Another class of smart polymers are “stimuli-responsive”
data processing such as using neural networks for obtain-or “smart” hydrogels. These materials change their vol-
ume, mass and elasticity reversibly in response to a change
mpondmg author. Tels49-351-46332025; in the properties of the liquid phagg such as temperature
fax: +49-351-46339055. [10], pH value[11], solvent compositiotfil2], or salt con-
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a number of chemical and biochemical species, for exam-
ple, metal iond14], surfactant§15,16], urea[17], specific
antigend18], and glucos§19]. Smart hydrogels, utilized as
actuator—-sensor systems can be used for the automatic reg
ulation of a liquid flow. It could be shown, that the flow rate
of a liquid through a hydrogel-based valve depends on the ;
properties of the fluid, like pH, temperature, and concen-
tration of organic compounds in watf0,21] Automatic
microvalves controlled by pH valu@2] and electronically
controllable microvalveg23] have been presented. How-
ever, only in the recent a micro machined pH sensor based
on smart hydrogels with a short insight of the sensor behav-
ior has been presentéa4]. ;

The aim of this paper is the investigation of the suitability | - R ‘
of the microgravimetric transducer principle of quartz crys- e i : i ' £ Ow s
tal microbalance (QCMB) for hydrogel-based liquid sen-
sors. The behavior of a polyelectrolytic smart hydrogel in : , ,

g. 1. SEM photograph of a thin hydrogel film coated at an oscillat-

IFS erendence on changes in pH value, th(_a p055|_b|l|t|es ancﬁg quartz. The surface is homogeneous. Only a few discontinuities are
|Im|tS Of hydrOge| Coated QCMB Sensors Wl" be dISCUSSGd. Observab|e’ which are caused by the dust partic|esl

2. Experimental 3. Results and discussion

2.1. Materials 3.1. Characterization of the polymer films

As pH sensitive material, a network based on poly(vinyl ~ The surface topography of the polymer films was char-
alcohol) (PVA) and poly(acrylic acid) (PAA), both from acterlzgd by scanning electron microscopy (SEM). For
Aldrich, was used. The polymers were dissolved separately €ross-linked PVA/PAA the surface is smooth and homoge-
in distilled water under stirring at 8@€ (PVA 15wt.% and neous Fig. 1). The few blisters are caused by dust particles.
PAA 7.5wt.%). The solutions were then mixed in such a Quantitative determination of the surface topography of the
manner that 80 wt.% were PVA and 20 wt.% PAA. The so- PVA/PAA films in air was obtained by using atomic force
lution was stirred for 1 h at 60C and diluted with distilled ~ Microscopy (AFM) Eig. 2). Again, it is clearly visible that
water to a total amount of solubilized polymer of 5wt.%.

The resulting homogeneous solution was ready for the coat- 2.00
ing process.

Quartzes (AT, frequency 10.2MHz, diameter 14 mm)
were obtained from Quarz—Technik Mduller, Germany.
Key-hole patterned gold electrodes (100-200 nm thickness,
5mm diameter) on a chromium adhesion layer (10 nm
thickness) were evaporated using a B30.3-T device from
Malz & Schmidt.

2.2. Coating and polymerization procedure 1.00

The PVA/PAA solution (5wt.%) was spin coated onto
one side of the resonators (Spincoater Model P6700, Special
Coating Systems, Inc.) with 4500 rpm for 60 s. The coating
procedure produced a uniform film across the complete res-
onator surface. Thereafter, the polymer film was dried for 1 h
at 45°C. The cross-linking reaction was thermally induced
at 130°C for 30 min. To remove uncross-linked polymer, an =
extraction step was performed. However, the adhesion of the 1.00 2_00%m
cross-linked layer on bare quartz is worse than on gold. This
will not influence the performance of the sensor, becausean oscillating quartz. The PVA/PAA film is very homogeneous. Maximal

(_ju‘_a to the energy trapping effect, the oscillation motion is . ness deviations are 4.7 nm and the roughfisis very small with
limited to the area covered by the gold electrode. 0.36nm.

Fig. 2. AFM-photograph of the surface of a thin hydrogel film coated at
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the dry films are very homogeneous. Maximal thickness de- E (pH2) = 4.2, andE (pH11) = 1.24 MPa, respectively.

viations are 4.7 nm and the mean roughnRgs= 0.36 nm These data show the response of the mechanical properties

is very small. From this finding it can be concluded that the of the hydrogel towards pH changes. Unfortunately, these

surface roughness of the swollen film will not influence the values cannot be used in the following discussion, because

sensor signal. the relation of the shear modulus of thin layers to Young's
The optical thickness of the polymer films was investi- modulus of bulk gels is unknown.

gated by surface plasmon resonance spectroscopy (SPR).

For cross-linked PVA/PAA films the thickness of the dry 33 Characterization of a hydrogel coated quartz in

film is 450 nm. After the extraction step, the dry thickness gependence of pH value

was reduced by about 15% to 390 nm. The thickness of the

polymer film swollen in water (pH 7) was 1pm. This op- 3.3.1. Experimental setup
tical thickness gives an idea of the order of magnitude of  The electrical admittancd, of the quartz resonators were
the film thicknesses. measured with a network analyzer (Advantest R3753H or

Agilent E5100). When the real part &fis plotted versus
the frequency, one obtains a Lorentzian shaped curve (res-
onance curve). The maximum of the curve lies at the reso-
nance frequency, of the resonator, and the half bandwidth,
w is proportional to the damping. In the following, only the
changes of and w accompanying changes of the pH will
be discussed. The frequency shift is defined as a complex
quantity, Af* = Af +iAw/2 (i> = —1) because the pres-
ence of a layer will in general cause of shift of the center
of resonance curveAf) and a change of the half bandwidth
(damping,Aw). The pH of the solution was measured with

a Metrohm 6.0224.100 pH electrode. The temperature was
monitored using a temperature sensor type PT 100.

3.2. Characterization of pH sensitivity of bulky hydrogels

The polyelectrolytic polymer network PVA/PAA is a pH
sensitive hydrogel, whose sensitivity is caused by the acidic
component poly(acrylic acid). The swelling behavior of the
PVA/PAA bulk gel in HCI/NaOH solutions is shown in
Fig. 3. When increasing the pH value up to thKgpvalue
of acrylic acid (4.7), the hydrogel collapses because the
poly-acid groups are in their non-ionic protonated form. Fur-
ther increase of the pH value causes a swelling of gel since
the carboxylic groups are deprotonated. When decreasing
the pH from basic to acidic the “deswollen” curve is differ-
ent from the “swollen” curve. Both characteristics form a
hysteresis. Only at pH values above 10 and in the shrunken
state up to pH 3 the degree of swelling is independent from
the direction of pH change. This swelling behavior is an uni-
versal phenomenon in pH-responsive ionized hydrogels. As
a reason of this complicated phenomenon, a screening effec
has been discussd#é5]. By increasing the pH by adding
NaOH, the counter ion Hin the gel can be replaced by Na
ions. At higher pH values, the hydrogel includes excess Na
ions, which screen the ionized groups. As a consequence 0
this screening effect, the distribution of the confirmation of

the gel could change to achieve a new swelling equilibrium. P
The Young’'s modulusE, of cross-linked bulk PVA/PAA Zy layer = iy/ pG* tan( /a da)> Q)

behaves inversely to the swelling degrée(pH 7) = 1.38,

3.3.2. Physical background of QCMB

The QCMB technique is well suited to characterize the
properties of thin films, as the complex frequency shift,
tAf* (see above), of the resonator sensitively depends on the
surface mechanical impedance. The mechanical impedance,
Zy,, is defined as the ratio of the shear stress to the result-
ing velocity. For a smooth film of density, thicknessd and
fcomplex shear modulu§* undergoing shear deformation
at the angular frequeney. Zj, is given byEq. (1) [26]

The presence of a layer with the mechanical impedance
16 ' ' ' ' ' ; Z 1ayer Will induce a complex frequency shift f*, Eq. (2)

. k
Af* _i ZM,Iayer @)

4 Jfo JTZM, quartz

] wherefy is the resonance frequency of the uncoated quartz
in air andZy quartzthe mechanical impedance of the quartz
1 itself, Zm, quarz= 8.849x 1P kgm—2s71,

At a first glance one could think that the shear modulus
of a film could be readily determined by measuring™

and applyingegs. (1) and (2)However, there are two prob-
0 2 4 6 8 10 12 lems with this approach. First, due to its transcendal form
PH Value Eq. (1)cannot be solved uniquely f@*. Second, to yield

Fig. 3. Swelling behavior of a bulk PVA/PAA network in its dependence accurate values foG* the errors inp andd must be very
on the pH value and on pH gradient. small. Lucklum et al. have discussed this issue in full detail

o
'
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[27]. Nevertheless, the successful determinatiogdfor a However, we think it will be confirmed that the dimension

variety of systems has been shoi6,28—-34] of hydrogel structures causes the shift of the phase transition
The complex nature oA f* can offer the use of two data  conditions.

acquisition channels: The second phenomenon, which is the existence of the

) . . hysteresis behavior only above pH 3.5, is according to the
1. The real part frequency shift, which should be depending yescrined nature of screening effect. In an acidic environ-
at changes of mass and volume of surface load at first pent jn which the range of volume phase transition now is

approach. o placed, an excess of Ndons is not found. Hence, the'™H

2. The change of the damping (imaginary part &f"), counter ions cannot be replaced by the'Nans.

which should be influenced by changes of the shear gy, sensor signals, the frequency shift and change of
modu-lus of the thin hydrogel film. damping, show an interesting behavior. Firstly, it can be seen
that the damping behavior is opposite to the frequency shift

o, ) . in the region of the volume phase transition. This behavior
Generally, the hysteresis in the interesting range of volume iq in accordance with the prediction Bfy. (1) An increase

phase transition at polyelectrolytic hydrogels suggests that;, ihe surface load of a quartz crystal should induce a de-
these hydrogels are not usable for pH measurements becausgase of the resonance frequency. However, the observed
the degree of swelling depends on the direction of the pH frequency shift increases with increasing mass and volume.
change. , i At a first glance, this behavior apparently contradicts the ex-
Fig. 4 presents the frequency and damping behavior of oteq behavior. Essentially, the hydrogel density decreases
the PVA/PAA loaded quartz depending on the pH value. The o4y it it swells and thus increases its volume and mass.

characteristics of the hydrogel loaded quartz crystal consid- 5g 4 consequence, the effective surface load decreases dur-
erably differ from the results at bulk hydrogels. Firstly, the ing the swelling process.

hysteresis behavior of the swelling process is significantly Furthermore, the behavior of the damping shift is likewise

modified. The range of volume phase transition is displaced complicated. Obviously the changes@f and alsq induce
from about pH 3 to 10 towards pH 1.5 to 3.5. This re- _ juerall damping decrease.

gion does nqt show any influence of the screening effect. 1,4 suitability of the PVA/PAA coated quartz as a pH
The hysteresis behavior can be only observed at pH valuesggnsqr will be destined by their repeatability of the sensor
higher than pH 3.5. The shift of phase transition conditions signals. Such behavior is shown fiig. 5 in the pH range
towards the hysteresis free range is essential for the use 0fyt'5 553 45 which possess no hysteresis characteristics.
PVA/PAA coated quartz crystals as pH sensors because thisy erations of pH value result in the highest maximal repeat
could offer the possibility to obtain reproducible sensor sig- orror which is for the frequency shift abot920 Hz, and
nals without dependence of the direction of the pH change. ¢, ihe change of damping 1610 Hz. The differences of the
An explanation of the displacement of phase transition con- _,,«oiute values shown Figs. 4 and Ean be explained with
ditions is very difficult. An inf_lqence of the dimension of .4 Gifferent measuring techniques appliEi). 4 relates to
hydrogel structures at the position of the volume phase tran'changes of the real part of the admittari£&) of the quartz

sition is known for temperature sensitive hydrod@s, 36} crystal, wherea§ig. 5relates to changes of the modulus of
As a possible reason of this phenomenon a strong depen-y«

dence of the interaction parameter of polymer network on
concentration was discussed. Further investigations in future
works will allow a conclusive interpretation of this effect.

3.3.3. Behavior of coated hydrogel film

The sensor resolutions of the two measurement values
are different because the change of damping is higher than
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Fig. 4. Behavior of a hydrogel coated oscillating quarik; ) frequency Fig. 5. Sensor characteristics and repeat accuracy of a PVA/PAA coated

shift; (A, ) damping shift. quartz in the range of pH 2.55-3.45.
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the frequency shift. The sensor signal resolution which are swelling of hydrogel layer, is about 500 ms. Decreasing the
obtained amounts for a confidence interval of 95%: pH value, which causes a shrinkage of the PVA/PAA film,
results in a response time of about 800 ms. The difference
between both cases is small.

Therefore, hydrogel coated quartz crystals are suitable for

In the pH range of 2.55-3.45 these resolutions are equalf€alization of real-time measurements in liquids.
measurement precisions of about pH 0.002.
As a relevant conclusion, both signals, the frequency and
damping shift, can be used as acquisition channels to map# Conclusion
the changes of the properties of a hydrogel film coated
on a quartz crystal. The sensor characteristics are slightly ~The microgravimetric principle of quartz micro balance is
non-linear, but more point calibrations should be applied for Well suited for a precise investigation of the behavior of thin
obtaining true measurement results. hydrogel films. It is possible to use hydrogel coated quartz
The response time of hydrogel-based sensors is goveme(prystals as liquid sensors to observe special state values of
by the kinetics of the volume change of hydrogels which is liquid media in real-time. Two data acquisition channels can
based on diffusion phenomena. be used for the recognition of the sensor behavior. Firstly,
To initiate a volume phase transition of hydrogels, two the frequency shift is a function of changes in mass and
transport mechanisms have to be considered. Firstly, thevolume of thin hydrogel films. Furthermore, the change of
initiating stimulus such as hydrogen ions must be trans- d@amping depends on the changes in elasticity of hydrogel

ported into the polymer network. This modifies the proper- film.

e frequency shift: (12 + 0.62) kHz/pH;
e change of damping: (2867 + 1.085) kHz/pH.

ties of the swelling agent inside the gel. Such penetration
happens through a permanent diffusion of solvent into
the hydrogel. The typical magnitude of diffusion coef-
ficients D is ~10 °cn?s™1 [37]. Second, the swelling

PVA/PAA coated quartz crystals can be used for pH
measurements in the range up to pH 3.5. In this region,
measurements with a precision larger than pH 0.005 are
realizable. However, it cannot be excluded that ions, par-

or deswelling process starts and the diffusion character-ticularly cations, will influence the sensor behavior. Such
istics change towards the so-called cooperative diffusion Cross-sensitivities must be investigated for the special ap-
mechanism. As a result of the additional polymer chain pl|cat|qn case.
transportation, the cooperative diffusion coeffici@doop The investigations have shown that for polyelectrolyte hy-
decreases te+10~7 cn?s~L. However, the swelling pro-  drogels afew of volume phase transition phenomena must be
cess is faster than the deswelling process. This behaviorréspected. Firstly, the screening effect induces a hysteresis
can be attributed to an increase in solvent permeability Pehavior, which limits the range with repeatable character-
of gels with Swe”ing_ On deswe”ing the gel the perme- istic. For PVA/PAA hydrogels the influence of the Screening
ability effect is decreased and slows down the shrinking €ffect is only negligible up to pH 3.5. Secondly, a shift of
process. phase transition condition towards smaller values was ob-
The response time can be observe8iin 6, which shows served. The nature of this phenomenon is not yet consistently
alterations of pH between approximately 3.1 and 1.8. The explicable. If such effects observable for other polymer sys-

response time for an increase of pH value, which induces atems, particularly non-ionic hydrogels, then this effect is a
general behavior of thin hydrogel structures.

It might be tempting to extract quantitative information
about the shear modulus of the hydrogel layers by combin-
ing the SPR and the QCMB results. However, as for these
systems the relation of optical and acoustical thickness is
not fully understood, the discussion will be postponed to a
future work.

We believe that the QCMB technique is a general suit-
able transduction principle for the use of hydrogels as sen-
sor materials for the liquid sensors. Furthermore, because
smart hydrogels offer a lot of sensitivities across substance
and ion concentrations in liquids, they will play an impor-
tant role in the liquid sensors in nearer future. The volume
phase transition behavior of such gels and the fast response
times of thin hydrogel structures can allow the development
of high sensitive and real-time likely measurement devices.
Fig. 6. Response time of a PVA/PAA coated quartz sensor when applying By using an ,array consisting Of,dlﬁ,erent hydrogel-based
pH steps between 1.84 (0.01M HCI) and 3.19 (acetate buffer with high S€NSOrs, multi-compound measuring instruments—so-called
ionic strength). electronic tongues—could be realized.
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