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ZEOLITE CRYSTAL LAYERS COUPLED TO PIEZOELECTRIC SENSORS:
MOLECULAR RECOGNITION DEVICES

YONGAN YAN AND THOMAS BEIN®
Department of Chemistry, University of New Mexico, Albuquerque, NM 87131, USA

ABSTRACT

Microporous zeolite crystals were successfully coupled onto the gold electrodes of
quartz crystal microbalances (QCM). A self-assembled monolayer of thiol-alkoxysilane
coupling agent on the gold surface was used as the interfacial layer to promote adhesion of
the zeolite crystals to the QCM. The resuiting, densely packed single layers of zeolite
crystals were stable to at least 625 K. Transient sorption behavior of organic vapor
pulses, dynamic vapor sorption isotherms and nitrogen sorption isotherms at liquid
nitrogen temperature were examined to characterize the zeolite-coated QCMs. Depending on
the type of zeolite coating, the resonance frequency response to vapor pulses could be
increased up to 500-fold compared to the bare QCM. The regular micropores (0.3-0.8
nm) of the QCM-attached zeolite crystals were found to control molecular access into the
extensive intrazeolite volume. Selectivity of the frequency response in excess of 100:1
toward molecules of different size and/or shape could be demonstrated. An additional
recognition mechanism based upon intrazeolite diffusion rates was also established.

INTRODUCTION

Much effort has been devoted to design coatings for microsensors!:2.3 such as
optical waveguides, chemically sensitive field effect transistors, chemiresistors and
acoustic wave devices. Our recent development of molecular sieve-based composite films
has introduced a novel means for controlling vapor/surface interactions.1:4:5.6 A sensor
coated with molecular sieve crystals discriminates different molecules according to their
sizes and shapes, with the ability to fine-tune pore opening sizes in the range of 0.3-1.2
nm. Our previous work was focused on zeolite/glass microcomposites derived from sol/gel
suspensions and coated on surface acoustic wave devices.

In this study we demonstrate the selective adsorption behavior of well-defined
single layer zeolite crystal coatings on the gold electrodes of quartz crystal microbalances
(QCM). The coupling agent 3-mercaptopropyltrimethoxysilane, HS(CH2)3Si(OCH3)3, was
used as a bifunctional molecular precursor for anchoring zeolite crystals to the gold
electrode. Gold shows strong specific interactions with thiol groups that permit formation
of self-assembled monolayers in the presence of many other functional groups.”-8 Figure
1 summarizes the idealized process of the formation of a zeolite-coated QCM. We note that a
small degree of hydrolysis of the methoxy groups and condensation of the thiols could lead to
the deposition of some oligomers on the surface. Due to the vastly different dimensions of
the zeolite crystals and the interface layer, this will not have a noticable effect on the
structure of the film. A related system consisting of SnOgp/cationic disilane/zeolite
arrangements has been reported for the self-assembly of redox chains at electrodes.®

The QCM consists of a piezoelectric quartz substrate with electrodes deposited on
opposite surfaces of the crystal. Mass changes Am (in g) on the surface of the QCM cause
proportional shifts Af of the fundamental resonance frequency F, according to

Af = -2.3x10°6F2 Am/A
where A is the electrode surface area (in cm2). Therefore the 9 or 5 MHz QCM is capable
of detection of mass changes at the nanogram level.10.11 Two types of surface area are
present on the zeolite-coated QCM electrodes: the external surface area which consists of
the zeolitic external surface and the interfacial surface exposed to the gas phase, and the
internal zeolite surface area. Access to the zeolite interior is controiled by the pore
opening size of the crystalline material. If 90% of the electrode is covered by 5 um
crystals of CaA zeolite, the ratio of No sorption at liquid nitrogen temperature on the

internal and external surface would be expected to be over 1000.12 This value provides an

Mat. Res. Soc. Symp. Proc. Vol. 233. ©1991 Materials Research Society
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Eigure 1. Anchoring of zeolite crystals on gold surface via the thiol-alkoxysilane coupling
interfacial layer.

estimate for the possible discrimination/selectivity of organic vapors to be expected on the
coated QCM.

EXPERIMENTAL SECTION

Materials. Sodium zeoclite Y with SiO2/AloO3 molar ratio of 4.74, and silicalite with SiO2
content > 99% were obtained from Union Carbide and used as received. Potassium A zeolite
was obtained by exchange of 4A zeolite (Alfa) with 1N aqueous solution of KCl and
subsequent filtering and washing with water. HS(CH2)3Si(OCH3)3 (Aldrich) was used
without further purification. Toluene and hexadecane (Fisher) were stored over
dehydrated 3A 2eolite, and deoxygenated by bubbling N2 for 30 minutes when employed as
solvents for the formation of organosilane-thiol monolayers.

Anchoring of zeolite crystals to gold surfaces. The vacuum-deposited gold electrodes on the
AT-cut 5 MHz QCM's acquired from ICM-Crystal Division (Oklahoma) were used for zeolite
coating, porosity characterization, and selectivity studies with different organic vapors.
The gold substrates were plasma-cleaned before use. The anchoring of zeolite crystals to the
gold surface invoived two steps: formation of an interfacial monolayer and exposure to a
zeolite suspension in toluene or acetonitrile. The interfacial monolayer was spontaneously
formed by immersing the gold substrate into 1.0-5.0 mM 3-
mercaptopropyltrimethoxysilane solution in dry hexadecane or toluene.!® The monolayer-
covered substrates were stirred overnight with zeolite suspensions in toluene or
acetonitrile.

(a

The response of the zeolite-coated QCM's to different organic vapors was examined
with the apparatus schematically shown in Figure 2. This instrument consists of a gas inlet
and signal output system. A carrier gas (He or N2), purified by passing through a
molecular sieve trap, continuously purges the injection port and detector cell. All zeolite-
coated QCM's were heated to 473 K to remove water prior to use. IR spectroscopic and
sorption measurements established that this treatment reduces the water content below

gas outlet
detector block
injection port X
eating path A oscillator
detector crystal
if v ¢ reference crystal
gas purifer

| frequency mixer |}

carrier gas inlet T~
s Wmeteu [integrator ]

Eigure 2, Schematic diagram of the apparatus for transient sorption of vapor pulses by
zeolite coated QCM
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detection level. The organic sample (0.5 wl) is injected through a temperature-controiled
injection port, whose temperature is 30-50 K higher than the detector block to ensure fast
evaporation and avoid condensation. The vapor leaving from the injection port is then
detected by a coated QCM crystal in a 1 ml sealed cell. The frequency variation was
monitored by heterodyning the detector signal against a reference oscillating circuit
through a frequency mixer, and converting the frequency to an analog voltage. The
frequency output was simultaneously monitored by a frequency counter (HP 5384A) and
recorded by an integrator (HP 3380A). The QCM-response to vapor pulses was compared
with that of a thermal conductivity detector (TCD) in series with the QCM (Sigma gas
chromotagraph).

(b)

Vapor sorption isotherms were measured at 373 K with the above arrangement that
was modified for vapor flow. The injection port was replaced by a direct inlet for a
nitrogen flow with different vapor concentrations prepared in a diffusion cell with mass
flow controllers. Nitrogen adsorption isotherms were obtained at 77K in a second gas
dosing system with computer-adjusted mass flow controllers (UNIT). The nitrogen partial
pressure in helium was adjusted over the range of 0-0.899.

RESULTS AND DISCUSSION

SEM micrographs of the zeolite-coated gold surfaces show that this coating process
provides uniform crystal distributions on the entire substrate surface. The coating phases
also display the crystalline habit of the bulk materials. We note that the coating process is
independent of the slide orientation in the suspension, i.e, whether the slide is oriented
vertically or at an acute angle. It was also observed that no zeolite crystals attached on the
fresh gold surface without the silane-thiol interfacial layer For the thermally treated
slides, a fraction of the zeolite coating can survive low power ultrasonication. When the
zeolite-coated QCM was heated to 530 K, no detectable mass change was observed after re-
equilibration in air.

The transient adsorption of a group of different organic vapor pulses on zeolite 3A, Y
and silicalite-coated quartz microbalances was studied. The pore opening sizes of these
microporous coatings vary from the partially potassium blocked, 8 oxygen-membered ring
of 3A zeolite (0.3 nm), to 10 membered silicalite (0.55 nm), and sodium Y zeolite with
12-membered rings (0.75 nm). The Si/Al ratios differ from 1.0 for A zeolite, 2.4 for Y
zeolite, to ca. 100 for silicalite. The intrazeolite surface changes from hydrophilic to more
hydrophobic in the same sequence.!4 Figure 3 shows the frequency response shifts of the
silicalite-coated QCM upon sequential injection of 0.5 pl of different organics. For
comparison, the signal responses of the thermal conductivity detector (TCD) and of the bare
QCM to the same injections are also illustrated. The TCD traces show that the tails observed
in the QCM response to many vapors are not due to the mixing time constant of the QCM cell.

It is obvious that the QCM frequency responses to the probe molecules differ
drastically. The frequency shifts typically increase when the probe molecular diameters
decrease. If the response of the silicalite layer to water (0.265nm) and isooctane
(0.62nm) is compared, the discrimination ratio of the molecules admitted and rejected
from the coatings is in excess of 100:1. It is observed ‘that in the case of molecules with
kinetic diameters smaller than the zeolite pore size, the organic vapors are desorbed more
slowly from the QCM cell as indicated by the TCD response (The TCD was mounted in series
with the QCM). It is therefore suggested that the desorption tails resuit from the activated
diffusion/desorption process of the probe molecules from the constricted microporous
system. Molecules with sizes close to those of the zeolite pores desorb more slowly than
smaller ones. The response magnitude and the sorption-desorption kinetics are a function
of the amount of vapor in the pulse, the velocity and temperature of purge gas, and
treatment of the coated QCM. At identical conditions, the peak shapes exhibited by the
microporous system reflect physical properties of the probe molecules, such as molecular
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Eigure 3, Transient sorption of vapor pulses on silicalite-coated QBM at 373 K.

shape, size and polarizability. Therefore, this response pattern offers an additional means
of molecular identification.

With increasing zeolite pore size, the sodium Y zeolite coated QCM shows a
significant increase in the frequency response. The frequency response is nearly 500
times that of an uncoated QCM. For the molecules examined in this study, zeolite Y does not
exhibit strong selectivity. This is due to the large pore diameter of Y crystals (0.75 nm).

In order to provide further insight into the nature of sorption of the probe
molecules in the zeolite layers, adsorption isotherms at very low partial pressures p/po
were measured in a stream of diluted organic vapors at 323 K, and with nitrogen at 77 K.
Figure 4 shows the dynamic sorption isotherms of water and isooctane on zeolite 3A, Y and
silicalite-coated quartz microbalances.

Due to its small molecular size and high polarity, the adsorption of water in the
microporous materials at low partial pressure is substantial (Figure 4a). The adsorption
capacity of the coating layers shows a sequence Y zeolite > 3A zeolite >silicalite. This
sequence is consistent with the available microporous volume of the coating material.15 In
this dynamic sorption system the noise of the frequency variation was usually limited to
0.5 Hz, while the frequency response to the vapor sorption was as large as 700 Hz. In
contrast to the behavior of bulk zeolite materials, the adsorption of water on the single-
layer polar zeolite films such as Y and 3A zeolite is characterized by reversible
adsorption-desorption isotherms with fast equilibration at 373 K. Complete desorption of
water can be achieved at 393 K in less than 5 min, and the sorption equilibrium of the
isotherm can be reached in 30s irrespective of the types of zeolite.

The adsorption isotherms of n-decane (not shown) demonstrate both the molecular
sieve effect and the influence of the interaction energy on the sorption capacity in the
microporous materials. In the range of experimental conditions the sorption capacity
shows the sequence silicalite > Y zeolite >> 3A zeolite. If the isotherm shapes are compared,
it is found that at lower partial pressure, the sorption capacity of silicalite is larger than
that of Y-zeolite. This can be attributed to the organophilic character of the silicalite. As a
result of molecular exclusion from the internal pore volume, a very low sorption capacity
of n-decane on 3A zeolite is observed. The ratio of n-decane sorption on silicate and 3A
zeolite as a function of vapor concentration becomes larger at lower concentration. This
observation is in agreement with the muitiple micropore filling mechanism,6:17 j.e. the
highest adsorption potential is involved in the smallest micropores compared with larger
pores and the external surface. Thus the adsorption of vapor at lower pressure would
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Eigure 4, Dynamic sorption isotherms of water (Figure 4a), and isooctane (Figure 4b) on
QMBs coated with silicalite (); Y zeolite (¢ ) and 3A zeolite (A) at 373 K.

preferentially take place in the microporous system over the external surface of the
zeolite. These results suggest that higher molecular size-based selectivity and larger
sorption capacity (sensitivity) compared to amorphous surfaces can be achieved at the
lowest vapor concentration.

On increasing the probe molecular size, effective exclusion of isooctane was
observed on QMBs both coated with silicalite and 3A zeolite (Figure 4b). The sorption
capacity of isooctane in the zeolite Y {iin is smaller than that for water. Such behavior
results partially from the sodalite cages in the Y structure that are not accessible to
isooctane, and partially from less effective packing of the large isooctane in zeolite Y (the
adsorbed amount of isooctane in bulk NaY is about 50% that of water at 298 K14).

1

1500 ZOPO 2500

Sorption amount / (ng/cm?2)
1000

500

—T——T—T—7—
0.0 0.2 0.4 0.6 0.8 1.0
P/Po
Eigure 5. Sorption isotherms of nitrogen at 77K on QMBs coated with silicalite (g ); Y
zeolite (¢ ) ; 3A zeolite (A) and bare QMB (). Open and filled symbols designate sorption
and desorption points, respectively.

Figure 5 shows the corresponding adsorption isotherms of nitrogen at 77 K. The
sorption on QMBs coated with Y zeolite and silicalite exhibits a reversible isotherm with
very little hysteresis, which suggests that no mesopores are present in the coating.
However, it requires a long time (over several hours) to return back to zero nitrogen
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loading at zero nitrogen pressure during the completion of the desorption process. On
QCM's coated with 3A zeolite, a hysteresis was observed over the lower pressure range,
which possibly indicates that some material with pores larger than the parent.3A zeolite is
present in the coating, as complete exclusion of nitrogen at 77K should be expected in this
zeolite. If the sorption capacity of a 3A-coated and a bare QCM is compared, we find that the
zeolite coating does not remarkably increase the external surface area of the QCM's
electrode. Thus the non-selective adsorption in the coatings should be very smalil.

CONCLUSION

The zeolite-coated QCM can be used to monitor microporous adsorption behavior at
very low vapor concentrations in a dynamic flow system. The high vapor sorption capacity
of the microporous coatings and the molecular size and shape-based selectivity at very low
concentrations show that such a combination has great potential for designing highly
sensitive and selective chemical sensors.
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