engineering
proceedings

Proceeding Paper

Advanced Quartz Microbalance Sensors for Gas-Phase
Applications: Effect of Adsorbate on Shear Bond Stiffness
between Physical Transducer and Superlattice of Latex

Nanoparticles *

Ivanna Kruglenko *, Sergii Kravchenko, Petro Kruglenko, Yulia Burlachenko, Iryna Krishchenko,
Edward Manoilov and Borys Snopok

Citation: Kruglenko, I.; Kravchenko,
S.; Kruglenko, P.; Burlachenko, Y.;
Krishchenko, I.; Manoilov, E.;
Snopok, B. Advanced Quartz
Microbalance Sensors for Gas-Phase
Applications: Effect of Adsorbate on
Shear Bond Stiffness between
Physical Transducer and
Superlattice of Latex Nanoparticles.
Eng. Proc. 2022, 4, x. https://doi.org/
10.3390/xxxxx

Academic Editor: Francisco Falcone
Published: 1 November 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors.
Submitted for possible open access
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

Department of Optoelectronics, V.E. Lashkaryov Institute of Semiconductor Physics, National Academy of

Sciences of Ukraine, 41 Pr. Nauki, Kyiv, Ukraine; kravchenko@isp kiev.ua (S.K.); emaill@gmail.com (P.K.);

burlachenko@isp.kiev.ua (Y.B.); email2@gmail.com (I.K.); emaill@gmail.com (E.M.);snopok@isp.kiev.ua (B.S.)

* Correspondence: kruglen@isp.kiev.ua

t Presented at 9th International Electronic Conference on Sensors and Applications, 1-15 November 2022;
Available online: https://ecsa-9.sciforum.net.

Abstract: New sensitive architectures built on soft surface architectures or nano-sized blocks also
require a rethinking of the principles of operation of traditional physical recording methods. Here
we report an experimental study of complex loadings for classical quartz crystal microbalance
(QCM) that appear on the surface with flexible spatial organization and variable coupling by which
the interface architecture is connected to the transducer. Sensitive layers are superlattices formed
on 100 nm LB1 latex nanoparticles self-assembled during the contact line deposition in evaporating
sessile droplets with or without nonionic surfactant TWEEN®20. It was shown than QCM resonance
frequency change is not primarily determined by the adsorbate mass alone (as for LB1&TWEEN®
20 mixture), but rather by the link by which interfacial architecture is bound to the transducer (as
for LB1 superlattice). A model has been proposed and substantiated in which the manifestation of
anti-Sauerbrey behavior is associated with changes under the action of water vapor in the charac-
teristics of the contact area of intra-film 3D mountainous deposits with the transducer surface. The
possibility of a gaseous analyte not only to change the loading of QCM, but also the features of the
mechanical behavior of the mass associated with the surface opens the way to the creation of a new
class of highly selective sensors of especially dangerous or critically important analytes. Due to the
selective effect of the analyte on the processes of interfacial friction in the contact layer between the
sensitive architecture and the sensor substrate, a contrast pattern of response to the target analyte
can be formed. This is due not so much to the large magnitude of the response itself, but to the fact
that the change in the analytical signal is opposite to the “usual” Sauerbray-like shift of the resonant
frequency.

Keywords: quartz crystal microbalances; complex loadings; latex nanoparticles; nanoparticle
superlattice; anti-Sauerbrey behavior; adsorption

1. Introduction

Quartz crystal microbalance (QCM) is one of the oldest and most predominant tech-
niques utilizing the electro-mechanical resonance phenomena in bulk piezoelectric reso-
nators occurring in MHz range. Because of the small size of QCM transducers, the sim-
plicity of their construction and operation, their low weight and price, small energy con-
sumption, high sensitivity (0.1-1.0 Hz cm? ng™), stability and broad market availability

Eng. Proc. 2022, 4, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/engproc



Eng. Proc. 2022, 4, x FOR PEER REVIEW 2 of 7

QCM-based acoustic sensors represent a popular analytical tool for high precision analyt-
ical mass sensing with real-time capability and label-free detection principle.

Despite a number of successful applications of the Sauerbrey equation for the analy-
sis of QCM data in analytical science, in the last decade there have been more and more
examples of the so-called anti-Sauerbrey behavior of QCM sensors, associated with the
peculiarities of the interaction of target analytes with a sensitive layer [1-5]. Instead of a
decrease in the QCM response as predicted by the Sauerbrey equation, a positive resonant
frequency shift was observed with the increase of mass of adsorbate in many publications.
All of them may be interpreted within the Sauerbrey concept as processes with “negative,
missing mass”, or mass deficit.

Whereas the new generation of advanced sensors is intended to use complex interfa-
cial sensing architectures, future progress in QCM-based instrumentation will require an
increased understanding of the relation between the changes in frequency and the prop-
erties of such more complex loadings. These advancements will have a tremendous im-
pact on the correctness and effectiveness of the QCM instrumentation in future applica-
tions especially for complex sensing architectures based on nanoparticle ensembles. Such
sensitive layers are obtained by various methods, including thermal spraying, layering of
polyions of different signs, LB technology, specific binding of proteins and polysaccha-
rides, as well as precipitation from a solution using solvent evaporation. Recently, drying
methods have become increasingly involved in obtaining thin layers of organic nanopar-
ticles, latex spheres, and even microorganisms. This makes it possible to obtain so-called
nanoparticle superlattices, which are periodic arrays of nanosized inorganic building
blocks, including metal nanoparticles, quantum dots, and magnetic nanoparticles. In this
paper, we will consider the behavior of quartz microbalance transducers when their sur-
face is loaded with nanoparticle superlattices based on latex particles.

2. Materials and Methods

The LB1 nanoparticles of polystyrene latex beads (Sigma-Aldrich) are negative
charge-stabilized colloidal particles with a mean diameter of 100-120 nm, latex density of
approx. 1.005 g/mL and a refractive index of about 1.6 in the visible region. The negative
surface charge is due to the sulfate group terminated polymer chains locate on the particle
surface where they interact with the aqueous phase.

Silver electrodes located on both sides of the QCM transducer were evenly coated
with 20 uL of an aqueous suspension (single drop) of LB1 latex particles or their mixture
with 0.2% TWEEN® 20 surfactant (20 pL) and dried at room temperature for 24 h.

Original multichannel QCM analyzer has been used for investigations. Analyzer con-
tains (i) temperature-controlled measurement camera with the sensors matrix of the flow-
ing type; (ii) quartz generators block (10 MHz); (iii) block of the frequency measurement
and RS232 sequential interface constructed on the base of specialized microprocessor
(AT89C2051); (iv) generator of the gas mixtures; (v) system collection and processing of
the information on the base of personal computer [6-8]. Systems temperature was main-
tained on the 21 + 1 °C level, consumption of the carrier gas (argon) was about 180 mL/min.
The measurement procedure included next stages: gas circulation up to the frequency sta-
bilization of the sensors (+3 Hz); circulation of the vapor-gas mixture; purging by carrier
gas up to the restoration of the initial frequency value of the QCM.

3. Results and Discussion

Nanoparticle superlattices represent a new class of materials with collective proper-
ties that differ from those of bulk phase crystals or isolated nanocrystals. Such new struc-
tures are of considerable interest, in particular, because they can be fabricated using an
extremely simple technological technique, —the drying-mediated assembly drives by the
both specific and nonspecific (entropy driven) interactions of particles under conditions
of volume reduction due to evaporation of solvent. For example, the evaporation of water
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droplets containing polystyrene (PS) particles on the surface usually results in the for-
mation of a compact monolayer coating (for low concentration of particles) or mountain-
ous deposits (for high concentration) [9]. Indeed, unlike the situation when the concentra-
tion of microparticles is low and the contact radius of a water drop decreases throughout
the entire process, the evaporation of a water drop with a higher concentration of micro-
particles is more difficult. The gradual packing of nanoparticles into aggregates is based
on entropy effects, nanoparticles in superlattices spontaneously assemble into local struc-
tures minimizing the free energy of the system. Capillary flows induced by a nonuniform
evaporation fields and fluctuations in liquid composition, shape, surface tension, etc. dur-
ing drying inside the droplet, lead to irregular features with kinetically trapped local
structures. As a result, separate three-dimensional hierarchical structures embedded in a
common organic coating can be formed.

Unfortunately, the fabrication of superlattices is still a non-trivial task, since nano-
particles are difficult to manipulate due to the complex nanoscale forces among them,
which also change during the formation of a solid structure. Non-ionic surfactants such
as TWEEN®20 can be used as effective agents to prevent spontaneous aggregation and
increase the kinetic stability of colloidal solutions of polystyrene (PS) particles.

In this paper, we consider a series of samples made simultaneously in the framework
of the scenario outlined above. Superlattices of LB1 and their mixtures with TWEEN® 20
were obtained from highly concentrated aqueous solutions on a smooth (rms roughness
of several nanometers) surfaces of silver electrodes of QCM transducers and silicon wafers
for additional characterization. The deposition was carried out under conditions when the
number of particles in a solution drop was approximately two orders of magnitude
greater than the geometric projection area of the metal electrode (the drop contained ap-
proximately 102 particles, while about 100 particles are required for a monolayer coating
with 100 nm spheres of an area of an electrode 10 mm in diameter). Such conditions
uniquely ensure the three-dimensional nature of the surface structure.

These changes in the frequency of QCM transducers before and after the deposition
of a layer of nanoparticles indicate that for a solution of nanoparticles with TWEEN® 20,
the response of the QCM is in good agreement with the estimates of the mass of particles
in solution made on the basis of information provided by the manufacturer. Indeed, with
the latex density of approx. 1.005 g/mL, the total mass of particles deposited on both QCM
electrodes is in good agreement with responses of approximately “-“ 50 kHz with a typical
sensitivity of about 1 ng/Hz (taking into account the Gaussian-like shape of the sensitivity
profile across the electrode area). It should be noted that the variation in the load for dif-
ferent transducers in this case were insignificant and could be due to the uneven distribu-
tion of mass on the surface. When applying the nanoparticles’ film, a decrease in the fre-
quency of the transducer is observed in full accordance with the Sauerbrey theory.

A fundamentally different behavior is observed for transducers on which an aqueous
solution of highly concentrated latex nanoparticles without TWEEN® 20 was used for dep-
osition. In this case, the measured loading of the sensors varies over a wide range from “-
“40 kHz to almost “+”3 MHz. This behavior is typical for QCM transducers, the operation
of which, for some reason, no longer corresponds to the Sauerbrey model [1]. In most
cases, this behavior is due to the fact that the sensitive layer no longer has a strong me-
chanical contact with the surface of the transducer and its oscillations are out of phase
with the movement of the substrate. Since the responses to gaseous analytes with different
loads were qualitatively similar (the responses with positive loads were characterized by
unstable behavior with the presence of local frequency spikes) we will consider a trans-
ducer with a load of about “-” 40 kHz as a representative of LB1 structures.

In Figure 1a shows the responses of a QCM transducers modified with LB1 and LB1-
TWEEN® 20 mixture when saturated ethanol vapor is blown over their surface. As can be
seen from the figure, the response has a classical shape with a decrease in the resonant
frequency as the adsorbate accumulates on the sensitive element. If we compare these
responses with those for conventional organic coatings such as phthalocyanines, etc., then



Eng. Proc. 2022, 4, x FOR PEER REVIEW 4 of 7

only the magnitude of the response differs—an increase in the response by about an order
of magnitude is observed, which can be explained by an increase in the surface area [10-
12]. The difference in the response for the LB1 and LB1&TWEEN® 20 sensitive layers is
not essential, since it can be caused by the adsorption properties of detergent molecules
or the structure of the film. Approximation of the response shape indicates that the pro-
cess is due to adsorption on the surface and follows the Langmuir model [13,14] well. On
the whole, both structures demonstrate a response follow the Sauerbrey model, which
suggests that the adsorption of alcohol molecules does not change the viscoelastic prop-
erties of the coating or its bond with the transducer surface.
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Figure 1. The typical responses of QCM transducers modified with LB1 and a mixture of LB1 with
TWEEN®20 when saturated ethyl alcohol (a) or water (b) vapors is pumped over their surface.

In Figure 1b shows the dependences of the response of QCM transducer modified
with LB1 and a LB1&TWEEN® 20 mixture when saturated water vapor is pumped over
their surface. As can be seen from the figure, the response of the sensor coated with a
mixture of nanoparticles and detergent has a classical form with a decrease in the resonant
frequency as the adsorbate accumulates on the sensitive element; moreover, both the
shape of the dependence and the magnitude of the response are similar to those for satu-
rated vapors of ethyl alcohol (Figure 1a). At the same time, the response of the LB1-coated
sensor has a qualitatively different dependence. The initial drop in frequency (I) is re-
placed by its sharp increase (II) after reaching approximately “-“17 kHz; the frequency
increases to a value much greater than the initial reference “zero” baseline, which clearly
indicates a change in the mechanical properties of the surface architecture. Then again at
the stage (III) there is a slightly slower decrease in frequency compared to the initial stage
(I). Purging with carrier gas initially returns the system to the state it was at the end of the
phase (I), reducing the value of frequency drastically through the process (IV). And only
after that is observed a typical desorption process (V), the reverse of the process (I). This
behavior unequivocally testifies in favor of the fact that there is some trigger element in
the system, the operation of which, upon adsorption of a certain amount of water, ab-
ruptly changes the mechanical characteristics of the surface architecture.

In order to clarify the possible structure of such a trigger element, similar samples
were made on the surface of a silicon wafer, photographs of which in an optical micro-
scope are shown in Figure 2. As can be seen from the figure, in the case of the presence of
nonionic surfactant in a mixture with latex nanoparticles, the microstructure represents
separate solid fragments randomly located and oriented on the surface. The fragments
have a fairly large area; significant differences in the optical density of their optical images
are not observed. At the same time, for a film based on LB1 nanoparticles, smoother con-
tours of the formed structures are observed, the shape of which is probably due to the
front of a drying drop controlled by the surface tension gradient. Of greatest interest are
the observed round regions, the structure of which, the distribution of intensities, and the
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color gamut of the rings in white light indicate their interference nature. As is well known,
it is precisely such annular interference maxima and minima that appear around the point
of contact of a convex lens and a plane-parallel plate when light passes or reflects through
the lens (the so-called Newton’s rings).

LBI

Figure 2. Images of surface structures based on superlattices of latex particles LB1 and their mixture
with nonionic surfactant TWEEN® 20 obtained in an optical microscope. The 3D images (built using
the Gwyddion software environment) of the enlarged areas are shown for illustrative purposes only
to more clearly emphasize the symmetry of the optical structure of the image.

In the classical version, the cause of this phenomenon is the constructive interference
and mutual damping of waves reflected from the convex surface of the lens at the glass-
air interface, and a flat plate at the air-glass interface. The appearance of a similar picture
in our case means that in the vicinity of such a microdefect (probably a 3D mountainous
deposits of nanoparticles in the form of a “convex lens”) there are voids located near the
substrate filled with a medium with a refractive index lower than that of the latex struc-
ture (probably air, in the absence of water vapor). If there are saturated water vapors in
the surrounding space, they penetrate and fill these voids. Capillary forces as well as high
surface tension of water contribute to this process and stimulate local disruption of the
mechanical adhesion of the nanoparticle cluster to the substrate. This causes slippage of
the cluster, a change in the rigid connection of a part of the film with the substrate, and
manifests itself in an increase in frequency. All the above features of the behavior of QCM
with a layer of LB1 superlattice are well explained by this model.

4. Conclusions

This paper illustrates the fact that for QCM sensors, important properties of matter
include not only its load, but also internal structure of sensing architecture and their me-
chanical properties. Thus, in reality QCM resonance frequency change is not primarily
determined by the adsorbate mass alone, but rather by the link by which interfacial archi-
tecture is bound to the transducer. In particular, this paper shows that the “transfor-
mation” of Sauerbrey into anti-Sauerbrey behavior of QCM sensors can be associated with
the formation of a mechanical nonlinear contact, accompanied by a change in friction in
the area of the contact area on the surface. Thus, “massive” interfacial ensembles LB1 with
weak interfacial adhesion are able to slide along the substrate under the infusion of water
vapor: a mechanically unbound massive cluster is able to freely move its center of mass
over the surface, violating the laws of classical behavior in the Sauerbrey model. Thus, the
volatile compound is able to change not only the mass load of the quartz microbalance
sensor, but also induce a transition to anti-Sauerbrey behavior owing to rigidity change
or interfacial friction variations under bulk phase sorption or surface adsorption. Such
undocumented capabilities of QCM transducers and sensors thereon open up new possi-
bilities for creating new approaches for forming virtual sensor arrays [15] and creating
more universal protocols within electronic nose technologies [16-22].
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