MOF-composite sensors to eliminate the QCM positive frequency shift
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ABSTRACT

In a quartz crystal microbalance (QCM) Sauerbrey equation can usually be applied in the ideal scenario and when
the QCM frequency shift goes to the negative direction. In some cases, however, the requirements to achieve the
ideal condition are not fulfilled and thus leading to QCM positive frequency shift phenomenon. Herein we have
also observed that a porphyrin-based metal organic frameworks (MOF), namely MOF-525(Zn), QCM sensor also
exhibits the positive frequency shift phenomenon when exposed to xylene isomers, which could be caused by the
loose attachment of the MOF nanoparticles on the QCM surface. Therefore, in the presence of the analytes, the
bonding between the MOF and the QCM surface is disturbed and higher analyte concentration also leads to the
increase of the sensitive layer stiffness, resulting in higher positive frequency shift. However, such a phenomenon
can be completely eliminated by simply adding polymer to MOF nanoparticle sensors to strengthen the bonding
of MOF nanoparticles to the QCM surface. Through this study we have shown that adjusting the amount of
polymer is very crucial to completely reverse the positive frequency response. Otherwise, it appears a critical
analyte concentration of gas analytes where the QCM frequency shift changes its direction from negative to
positive response. Lastly, the same strategy has also been used to other MOF-based QCM sensor systems where
their sensitive layer is built from other MOFs, namely MOF-525 and NU-902, and ethanol is used as the analyte to

prove the generalizability of this simple approach.

1. Introduction

Quartz Crystal Microbalance (QCM) is a mass-sensitive transducer
that works based on the inverse piezoelectric effect where an applied
voltage on the QCM causes a mechanical vibration in the quartz crystal.
QCM has then been widely used as a mass-sensitive sensor because of its
high sensitivity, low cost and fast-response time [1]. When QCM is used
as a mass-sensitive sensor, an inverse and linear relationship can usually
be observed between the change of the analyte mass and the sensor
frequency. Such a relationship has been well-described through Sauer-
brey Eq. (1):

Am = %Af @

in which Am is the amount of adsorbed mass, Cqcum is the QCM mass
sensitivity constant, n is the resonance frequency overtone and Af is the
change in the QCM frequency when an analyte is adsorbed on the QCM.
However, this only occurs if the whole system of the QCM sensor, which
consists of sensitive layers and analytes, can oscillate synchronously [2].
Therefore, to realize this objective, the sensitive layer should uniformly
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cover the QCM surface as a thin and rigid film [3]. If these requirements
are not fulfilled, a deviation from the Sauerbrey equation could be
observed and, in some cases, could also lead to the enhancement instead
of the reduction of the crystal frequency as indicated by the positive
frequency shift of the QCM [2,3]. There are then various factors that
could cause this phenomenon such as the absence of a rigid and uniform
QCM sensitive layer film, viscoelastic loading onto the QCM surface and
the elasticity change of the sensitive layer during analyte adsorption
process [3,4].

The phenomenon of the QCM positive frequency shift has then been
reported in various cases. For example, this phenomenon has been
observed in QCM sensors that are applied for humidity sensing. In this
case, a number of different materials have been reported to construct the
QCM sensitive layer that can induce such a behavior such as ZnO
nanoparticles [5,6], ZnO nanowire [7], ZnS nanowire [4,8], polymer
composites [9] and protonated polyethylenimine-graphene oxide
nanocomposite [10]. A QCM positive frequency has also been observed
in a sensor that was fabricated by using CuO nanostructures as the
sensitive layer to detect trace amount of hydrogen cyanide gas [11]. In
addition, this phenomenon is also observed when micron-sized
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polyelectrolyte multilayered-covered mesoporous TiO, nanoparticles
was adsorbed on a QCM surface [12].

In this article, we aim to investigate the QCM positive frequency shift
phenomenon that was also observed when the QCM sensitive layer was
fabricated by using metal-organic frameworks (MOF) and a simple
method to address such issue. During the last two decades, there has
been a growing interest in the development of MOF for various purposes
such as gas storage and adsorption processes since they are tailorable,
highly porous and have high surface area [13,14]. Because of these
properties, they are also suitable to be used as a sensitive layer of a QCM
sensor where the change of mass will be induced by the adsorption and
desorption process of certain molecules inside their porous structure
[15-17]. However, since most of the MOFs are produced as nano-
particles, one of the major challenges in fabricating a robust MOF-based
sensor lies in the effectiveness of turning them into a thin film that can
oscillate synchronously with the QCM sensor. When this requirement is
not fulfilled, the positive frequency shift phenomenon could also be
observed in a MOF-based QCM sensor. We then propose that this effect
could be simply eliminated by fabricating a composite consisting of the
MOF nanoparticle and a polymer to increase bonding of MOF nano-
particles to the surface.

2. Materials and methods
2.1. Materials

Benzoic acid, zirconyl chloride octahydrate (ZrOCl,.8 H0) and zinc
chloride (ZnCl;) were purchased from Merck. Meso-tetra(4-
carboxyphenyl)porphyrin (H4TCPP) was purchased from BLD Pharma-
tech GmbH, Germany. Acetone, dimethylformamide (DMF) and hydro-
chloric acid 37 % were purchased from VWR. PEBAX polymer was
kindly provided by Arkema GmbH (Diisseldorf, Deutschland).

2.2. Sensor preparation and performance evaluation

2.2.1. MOF-525(Zn) synthesis and characterization

In order to obtain MOF-525(Zn), a non-metalated MOF-525 was
firstly synthesized by using benzoic acid as the modulator during the
reaction following the previous procedure [18]. In a typical synthesis
condition, 750 mg of ZrOCl,.8 H20 and 9 g of benzoic acid were firstly
dissolved in a Pyrex vial containing 50 mL. DMF by sonicating the sus-
pension for about 10 min. Once a clear solution was obtained, the so-
lution was then placed inside a convective oven and heated at 100° C for
two hours. Afterwards, the solution was cooled down to room temper-
ature and 250 mg of the porphyrin ligand (H4TCPP) was then added and
the solution was further sonicated for about 5 min to completely
dissolve the ligand. The solution was then heated in a convective oven at
100° C for 24 h. Once the reaction finishes, the MOF-525 was collected
by centrifugation (7000 rpm, 6 min) and washed with DMF and acetone.
It has been reported that some ligated benzoates could still remain
within the framework after the washing process [19]. Therefore, after
the washing process, about 200 mg of MOF-525 was immersed in a
mixture of 20 mL DMF and 1 mL of 8 M HCl in an oven at 100° C for
24 h. Afterwards, the product was cooled down to room temperature,
centrifuged and washed with DMF and acetone. The MOF-525(Zn) was
obtained by employing a post-metalation process on MOF-525. In a
typical MOF-525 post-metalation process, 100 mg of MOF-525 was
suspended in a 20 mL DMF containing 1.68 mmol of ZnCl,. The sus-
pension was then placed in a convective oven and heated at 100° C for
24 h. Once the reaction finishes, the product was filtered and washed
with DMF and acetone.

The successfulness of the post-metalation process was then proven by
observing the change of the UV-Vis spectra of the digested samples of
MOF-525 and MOF-525(Zn). Both samples were firstly digested with
1 M NaOH and their UV-Vis spectra were recorded by using Cary 5000
UV/Vis Spectrophotometer equipped with Cary Universal Measurement

Accessory (UMA). In addition, the crystallinity of the MOF-525(Zn) was
also checked by collecting its powder X-Ray diffraction (PXRD) pattern
using D8 A25 Da-Vinci Bruker XRD. The measurement took place be-
tween 20 of 3-20°.

2.2.2. Fabrication of QCM sensor based on MOF-525(Zn) and MOF-525
(Zn)-PEBAX composite

All the sensors were prepared by using a 25 MHz QCM HC-49S sensor
having a dimension around 8 x 2 mm. A closer look of this QCM sensor
is given in the Fig. S1 in the Supplementary Information. For the MOF-
525(Zn) sensor, the nanoparticle was firstly suspended in ethanol with
concentration of 1 mg mL . The suspension was then sonicated to
obtain a homogeneous suspension. Afterwards, by using a plastic tube
(diameter 1 mm), the suspension was drop-casted on top of the QCM
sensor. The drop-casting process was repeated until the required amount
of MOF film mass change was obtained. This was observed by contin-
uously monitoring the frequency change of the QCM sensor during the
drop-casting process.

Meanwhile, for the MOF-525(Zn) composite sensor, the MOF-525
(Zn) was firstly suspended inside a 2 wt% ethanolic PEBAX solution.
The mass ratio between MOF-525(Zn) and PEBAX was controlled to be
1:1 and 9:1. As in the case of MOF-525(Zn), the suspension was then
drop-casted on top of the QCM sensors and the process was repeated
until the required amount of MOF-525(Zn)-PEBAX composite on the
QCM sensor was obtained, which was also checked by continuously
observing the frequency change of the QCM sensors. During the prepa-
ration of MOF-525(Zn) and MOF-525(Zn)-PEBAX composites, we
attempted to keep the amount of materials on the QCM sensors to be
identical by maintaining the frequency change of the QCM sensors to be
around 9KHz.

2.2.3. Evaluation of the sensor performance

The performance of the MOF or MOF-composites sensors used in this
study were evaluated by adsorption of four different analytes, namely
xylene isomers (ortho-, meta- and para-xylene) and ethanol utilizing a
25 MHz QCM sensor array. The schematic diagram of the experimental
setup is then given in Fig. 1. As illustrated in the schematic diagram,
during the experiment, the vapor concentration of the xylene isomers or
ethanol as the analyte was adjusted between 10 and 7000 ppm or be-
tween 10 and 4000 ppm, respectively, by controlling the flow rate of the
analyte vapor and the nitrogen gas with mass flow controllers (MFC)
that is used to dilute the analyte before it was introduced into the QCM
array. In this study, controlling the analyte concentration introduced
into the QCM array is crucial to observe the behavior of the QCM sensors
at different analyte concentration.

The change of the QCM frequency shift was then continuously
recorded during the experiment and presented here as the Af ratio,
which describes the normalized amount of the adsorbed analyte against
the mass of the sensitive layer. This value is given by the equation:

_f A

Af ratio(%) = x 100 (2)
fo N
MFC-1 [5,
o=
N Y
=

Analytes

Fig. 1. The schematic diagram of the experimental setup.
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where fy is the QCM frequency of an empty sensors, f; is the final QCM
frequency after it was drop-casted with MOF nanoparticles or MOF
composites and f is the measured QCM frequency after the adsorption of
an analyte takes place.

3. Results and discussions
3.1. MOF-525(Zn)-based sensor performance to detect xylene isomers

Before assessing the performance of the sensors to adsorb various
xylene isomers, we firstly characterized the MOF-525(Zn) nanoparticle.
As has been previously stated, the MOF-525(Zn) was synthesized using a
post-metalation method of MOF-525. The PXRD pattern of MOF-525
(Zn) and the calculated PXRD pattern for MOF-525 is then given in
Fig. 2 (A). As can be seen, the PXRD pattern MOF-525(Zn) is identical
with the calculated PXRD pattern of MOF-525. This is expected since the
post-metalation process is not expected to change the topology of MOF-
525 as its parent MOF. The success of MOF-525(Zn) fabrication is then
proven by observing the transformation of the UV-vis spectra of the
digested samples before and after the post-metalation process, as given
in Fig. 2 (B). From the result, it can be seen that spectra of the digested
MOF-525(Zn) is significantly different from MOF-525 and consistent
with the previous result of post-metalation process of MOF-525 with Zn
[20]. Therefore, it can be safely inferred that the MOF-525 has been
successfully post-metalated to be MOF-525(Zn).

Having successfully synthesized the MOF-525(Zn), we attempted to
use it as a sensitive layer material of a QCM sensor. In order to realize
this, the ethanolic suspension of MOF-525(Zn) was drop-casted on a
25 MHz QCM sensor and then exposed to various xylene isomers at
different concentrations, with the results are presented in Fig. 3.

From the result, it can be seen that the frequency shift of the QCM
fabricated with MOF-525(Zn) as the sensitive layer when exposed to
xylene isomers as the analyte goes to the positive direction rather than
negative response. Higher QCM positive frequency shift is also observed
as the analyte concentration of the xylene isomers is increased. These
results then indicate that the Sauerbrey equation cannot be applied in
the case when the MOF-525(Zn) is used as the sensitive layer of the
QCM.

As previously stated, such a phenomenon is not peculiar to this case
but has also been observed in other cases [4-8,10,12]. In 1985, Dybwad
has predicted such a positive frequency by modelling the QCM as a pair
of coupled oscillators [21,22], as illustrated in Fig. S2(A), which leads to
the equation (S1). Johannsmann and Frank have also used a similar
approach to yield an algebraically different but essentially identical
equation from Dybwad’s equation when they studied the capillary aging
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phenomenon of glass spheres upon contact with a QCM surface [23] and
adsorption of micron-sized particle on a QCM surface [12]. In this case,
they predict that a coupled oscillator model can be quantitively calcu-
lated based on the equation (S2). From both models, a discontinuity
exists that divides the QCM frequency shift into two contrasting trends,
as illustrated in Fig. S2(B), namely when k = maw? or when the w is equal
t0 Wparticte; in which k, m and wpqriicte are the elastic constant, mass and
frequency of the particle attached to the QCM, respectively, and o is the
frequency of the QCM. Therefore, in the case where wparicle > > o, the
frequency shift of a QCM is negative as predicted by Sauerbrey equation.
Such a situation occurs where the particle is strongly attached unto the
QCM surface so they can move synchronously together. In this scenario,
the increase of contact stiffness between the particle and the QCM sur-
face, namely k, will non-linearly decrease the QCM frequency change
but its value will remain negative. In contrast, when @ > > ®paricle, @
positive frequency shift in the QCM is observed and the trend increases
non-linearly with higher k value. This happens when the particle is
loosely attached to the QCM surface.

Furthermore, the QCM positive frequency shift has also been
explained by Hunt and co-workers by describing the phenomenon
through the equation (S5) [24,25]. In this case, a positive frequency shift
in the QCM can happen when the second term in the bracket of the

Ay

equation, namely 7%, is dominant and gives a positive result, where Au

and V; are the change in the selective layer stiffness, and the acoustic
wave velocity, respectively. From this equation, it can also be predicted
that the QCM positive frequency shift will take place when the contact
stiffness of the particle and the QCM surface increases, namely when
Hperturbed iS greater than punperurbed-

From the above models, it could be inferred that the first and main
requirement to obtain a QCM negative frequency shift is to strongly
attach the sensitive layer on the QCM surface. When this condition is not
fulfilled, the QCM frequency shift will be affected by the stiffness change
of the selective layer. In the case of MOF-525(Zn) sensor, it could be
firstly hypothesized that the sensitive layer stiffness of the MOF-525(Zn)
increases in the presence of xylene isomers. Such an increase in stiffness
could be mainly caused by the non-rigid or loose attachment between
the MOF-525(Zn) and the QCM surface. As can be seen from the Fig. 4
(A), the top surface of the QCM is not fully covered by the MOF-525(Zn)
nanoparticles, which is also corroborated by observing the QCM cross-
section as presented in Fig. 4(B) that shows the absence of a homoge-
neous film. Therefore, it could be assumed that the drop-casted MOF-
525(Zn) nanoparticles are rather being scattered as agglomerated
nanoparticles on the QCM surface rather than forming a thin film. A
further and closer inspection on the agglomerated nanoparticles on the
QCM, as presented Fig. 4(C), also shows that, although the nanoparticles
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Fig. 2. The PXRD pattern of MOF-525(Zn) and the calculated pattern of MOF-525 (A) and the UV-Vis spectra of the digested samples of MOF-525 and MOF-525(Zn)

(B). The micrograph of MOF-525(Zn) is given as an inset and the scalebar is 1 um.
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Fig. 4. The micrograph of the top surface (A), cross-section (B) and the agglomerated nanoparticles (C) of MOF-525(Zn) sensor. The scalebar is 5 pm, 10 ym and

20 um, respectively.

are closely packed together, they are not closely attached to each other.

These conditions might contribute in MOF-525(Zn)-QCM surface
bond loosening. It should be noted that, even though the negative QCM
frequency shift was observed when the MOF-525(Zn) was firstly drop-
casted on the QCM surface, this does not mean that the firstly estab-
lished bond between the MOF-525(Zn) and the QCM surface cannot be
disturbed or is strong enough to withstand perturbation when an analyte
is introduced into the system. In this case, it could only be assumed that
when the QCM surface was initially drop-casted with MOF-525(Zn), the
resonance frequency of the MOF-525(Zn) (wpqrricte) is greater than the
resonance frequency of the QCM so that the first term in the bracket of
the equation (S5) is more dominant than the second term resulting in a
synchronous oscillation of the MOF-525(Zn) sensor.

However, once the xylene isomers were fed into the system, the
initially established bond between the MOF-525(Zn) and QCM surface

might be disturbed. Such a disturbance might come from two possibil-
ities. The first possibility could be contributed from the intrusion of the
xylene isomers at the interface of MOF-525(Zn) and the QCM surface. In
this case, the xylene isomers might loosen the initial bonding between
the MOF-525(Zn) and the QCM surface resulting in a looser attachment
of the MOF-525(Zn) to the QCM surface in comparison to the initial case.
Secondly, it might also be the case that the MOF-525(Zn) interacts
strongly with the xylene isomers so that such an interaction disturb and
loosen the initial bonding between the MOF-525(Zn) and QCM surface.
Such a case could be similar with the case when a QCM positive fre-
quency shift is observed when an antibody experiences a conformational
change upon the adsorption of its specific target [25]. Both cases could
lead to the reduction of the MOF-525(Zn) resonance frequency (@particte
in equation (S2) and (S4)). Consequently, in comparison to the initial
condition, the @particte is now lesser than the QCM resonance frequency
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so that the operating regime of the MOF-525(Zn) QCM sensor is now
changed from the inertial to elastic loading region where a positive
frequency shift is observed and its value is affected by the stiffness of the
sensitive layer [12]. In this case, the second term in the bracket of the
equation (S5) also becomes more dominant than the first term.

Since the MOF-525(Zn) sensor now operates in the elastic loading
regime, the frequency shift will also be affected by the stiffness of the
sensitive layer, namely higher positive frequency shift is expected with
increasing stiffness. This is then reflected when one looks at the result as
presented Fig. 3 (D). It can be seen from the result that the QCM fre-
quency shift becomes more positive as the xylene isomers concentration
increases. This could clearly indicate that, as the xylene isomers con-
centration gets higher, the stiffness of the sensitive layer also increases.
In this case, the xylene isomers might act as a bridge that intensifies the
contact between the already-loosened-MOF-525(Zn) and QCM surface
[23]. Therefore, the higher the xylene isomers concentration, the more
bridges will be established between the already-loosened-MOF-525(Zn)
and QCM surface. This condition will then result in a higher-pressure
condition experienced by the QCM. Consequently, the k and Ay value
in the equation (S1) and (S5), respectively, also gets higher when more
xylene isomers are introduced into the system, which is then clearly
reflected by the more positive QCM frequency shift at higher xylene
isomers concentration.

This result has also been corroborated when we attempted to fabri-
cate a MOF-525(Zn) sensor by employing a 5 MHz gold QCM with the
results are presented in the Fig. S3 (A-C) in the Supplementary Infor-
mation. In contrast to the trend obtained in the 25 MHz QCM sensor, the
MOF-525(Zn) on the 5 MHz gold QCM sensor exhibits a negative fre-
quency shift. Moreover, it can also be observed that higher analyte
concentration analyte also leads to a more negative QCM frequency shift
before it reaches the plateau that indicates the saturation of the

A 15
1_
0.5+
S A .
2 52210 ppm
T =0.5+ ‘o 37’§zg‘m
L ° 500 ppm
w =14 * - 1000 ppm
< « © = 2000 ppm
-1.54 = © = 3000 ppm
3 === = 4000 ppm
-24 ° - 5000 ppm
« » = 6000 ppm
-25 i . + © * 7000 ppm
0 10 20 30 40
Time (minutes)
C 0.5

Af ratio (%)
1
o A
1 1

|
N
1

-2.54

-3

-3.5 T T T

Time (minutes)

40

adsorption capacity. There are then two plausible explanations in this
case that could be related with the previous phenomenon of the positive
frequency shift. First, as the QCM frequency used in this particular case
is significantly lower than the previous one, the @paricie of the MOF-525
(Zn) could be higher than the w of the QCM. Second, the attachment of
the MOF-525(Zn) nanoparticles on the gold QCM surface in this
particular case is better than the case of the silver 25 MHz QCM. Both
conditions then fulfill the requirement for the QCM to operate in the
inertial loading region resulting in a QCM negative frequency as pre-
dicted in the Sauerbrey equation.

Since the loosening bond between the MOF-525(Zn) and the QCM
surface might be the major cause of the QCM positive frequency shift in
the previous case, the main strategy to reverse the trend is to strengthen
such bonding so that the @pqricle is always higher than the , even when
the xylene isomers concentration in the system is increased, in order to
ensure the harmonious oscillation of the sensor. To address the above
challenge, we attempted to fabricate a composite sensor that was based
on the MOF-525(Zn) and a polymer. In this case, we chose PEBAX as the
polymer because of its rubbery nature. We hypothesized that the
rubbery nature of PEBAX could be beneficial since it could act as a glue
to provide a stronger attachment between the MOF-525(Zn) and the
QCM surface. The first composite sensor was then fabricated by mixing
MOF-525(Zn) and PEBAX in a weight ratio of 9:1 and the performance
result of this sensor towards all the xylene isomers is given in Fig. 5.

As presented in the result, it can now be seen that not all the
experiment conditions result in a QCM positive frequency shift. When
the feed concentration of the xylene isomers is below 1000 ppm, the
reduction in the QCM frequency can be observed. This means that the
composite sensor now operates in the region of inertial loading instead
of elastic loading [12]. This trend, however, starts to reverse when the
xylene isomers concentration is increased above 1000 ppm. As can be
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Fig. 5. The MOF-525(Zn)-PEBAX (9:1) composite sensor performance to detect o-xylene (A), m-xylene (B), p-xylene (C) and the trend of the QCM frequency change

against xylene isomers feed concentration (D).
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seen, the reduction in the QCM frequency firstly takes place in the first
few seconds after the introduction of the xylene isomers. Afterwards,
during the stabilization period, the QCM frequency quickly returns back
to the positive direction. Interestingly, the positive frequency shift of the
composite sensor can also spontaneously return back to the negative
direction at the beginning of the cleaning period before finally reaching
the initial baseline. When the trend of the QCM frequency shift is plotted
against the feed concentration of the xylene isomers, as presented in
Fig. 5 (D), it can be clearly observed that a critical analyte concentration
does exist where the QCM frequency shift is reversed from negative to
positive.

From these results, the positive impact of having polymer as an
additional material for the sensor to reverse the QCM frequency shift is
obvious, although the impact is still limited. In this case, it could be
firstly hypothesized that at low xylene isomers concentration (below
1000 ppm), the wpqrricte is always higher than the o, including when the
xylene isomers are in the system. During this period, the interaction
bond between MOF-525(Zn) and the QCM surface is not significantly
disturbed, which might be contributed from the polymer that acts as a
glue to make a stronger attachment between the MOF-525(Zn) and the
QCM surface. This could then be seen from the micrograph of the surface
of the MOF-525(Zn)-PEBAX (9:1) composite sensor as presented in Fig. 6
(A). Although some scattered agglomerated nanoparticles can still be
seen on the QCM top surface, its top surface is relatively smoother than
the top surface of MOF-525(Zn) sensor, which might indicate the exis-
tence of a PEBAX polymer on the QCM surface.

Despite this, as presented in Fig. 6 (B), the existence of a homoge-
neous film cannot still be clearly seen through the cross-section of the
MOF-525(Zn)-PEBAX (9:1) composite sensor. In addition, the physical
appearance of the agglomerated nanoparticles of the MOF-525(Zn)-
PEBAX (9:1) composite sensor, as presented in Fig. 6 (C), also does
not show any significance difference in comparison to the MOF-525(Zn)
sensor. Such a condition might then contribute to the QCM positive
frequency shift phenomenon that is observed when the xylene isomers
concentration is increased above 1000 ppm. In this case, even though
the bond interaction between the MOF-525(Zn) and the QCM surface in
the MOF-525(Zn)-PEBAX (9:1) composite sensor is stronger than in the
case of MOF-525(Zn) sensor, such a bond could still be disturbed at
higher xylene isomers concentration. Moreover, it could also be the case
that some MOF-525(Zn) nanoparticles might not be bonded with PEBAX
to the QCM surface. The bonding of these loose MOF-525(Zn) nano-
particles and the QCM surface might be disturbed at the beginning when
the analyte is introduced but its impact might still be masked by the
dominance from first term in the equation (S5). When the analyte con-
centration is further increased, its impact is more pronounced and now
the second term in equation (S5) starts to dominate the trend of the QCM
frequency shift.

As in the case in MOF-525(Zn) sensor, these conditions could lead to
the increase of the sensitive layer stiffness as the xylene isomers con-
centration in the system becomes higher. In this case, when the

concentration of the xylene isomers is elevated above 1000 ppm, the
Opariicle Starts to become lower than the . As a consequence, the MOF-
525(Zn)-PEBAX (9:1) composite sensor now operates in the elastic
loading region where the QCM frequency shift is affected by the stiffness
of the sensitive layer. This is clearly indicated in the result showing that
as the xylene isomers concentration is increased above 1000 ppm, the
QCM positive frequency shift also becomes higher because of the sen-
sitive layer stiffness increase. Despite this, it can also be seen that, in
comparison to the MOF-525(Zn) sensor, the increase in the QCM posi-
tive frequency in MOF-525(Zn)-PEBAX (9:1) composite sensor is slower
and shows a plateauing tendency. This might suggest that the impact of
the stiffness increase in MOF-525(Zn)-PEBAX (9:1) composite sensor is
more limited than in MOF-525(Zn) sensor because of the strengthening
contribution that comes from the polymer.

Afterwards, when the xylene isomers were swept out from the sys-
tem, it can also be seen from the result that the QCM positive frequency
shift quickly goes to the negative direction before reaching the initial
condition. This then happens because, as the xylene isomers concen-
tration in the system is greatly reduced, the sensitive layer stiffness of
the MOF-525(Zn)-PEBAX (9:1) composite sensor is also reduced and
thus reducing the amplitude of the QCM positive frequency shift. More
importantly, it should also be noted that the frequency shift is not only
reduced in regards to its amplitude, but also goes to the negative di-
rection, suggesting that the @pqrsicte is now higher than the w. Therefore,
as the xylene isomers are removed from the system, the initially strong
interaction between the MOF-525(Zn)-PEBAX(9:1) composite and the
QCM surface is brought back and the composite sensor now oscillates
harmoniously.

This preliminary result shows that employing PEBAX as an addi-
tional material in the sensitive layer of a MOF-based QCM could help to
address the issue of the QCM positive frequency shift. However, the
amount of this polymer has to be significant enough to maintain higher
Opariicle than the o so that the QCM frequency shift always goes to the
negative direction. Therefore, a new composite sensor was fabricated
with higher polymer content by adjusting the ratio between the MOF
and polymer to be equal. The performance result of the MOF-525(Zn)-
PEBAX (1:1) composite sensor to detect xylene isomers is presented in
Fig. 7.

As can be seen in the results, the positive frequency shift as previ-
ously observed in both MOF-525(Zn) and MOF-525(Zn)-PEBAX (9:1)
composites sensor has been completely eliminated. In this case, the
composite sensor gives a negative frequency change as expected in a
normal QCM situation. Therefore, in this case, wparicte is always signif-
icantly higher than the » regardless of the concentration of the xylene
isomers in the system resulting in a composite sensor that operates in the
inertial loading region rather than in the elastic loading one.

The microstructure of the MOF-525(Zn)-PEBAX (1:1) composites
sensor was then investigated and the results are presented in Fig. 8.
Firstly, as can be seen in Fig. 8 (A), the top surface of the MOF-525(Zn)-
PEBAX (1:1) composites sensor is relatively smoother than the MOF-525

Fig. 6. The micrograph of the top surface (A), cross-section (B) and the agglomerated nanoparticles (C) of MOF-525(Zn)-PEBAX (9:1) composite sensor. The scalebar

is 5 um, 10 pm and 20 pm, respectively.
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Fig. 7. The MOF-525(Zn)-PEBAX (1:1) composite sensor performance to detect o-xylene (A), m-xylene (B), p-xylene (C) and the trend of the QCM frequency change

against xylene isomers feed concentration (D).

Fig. 8. The micrograph of the top surface (A), cross-section (B) and the agglomerated nanoparticles (C) of MOF-525(Zn)-PEBAX (1:1) composite sensor. The scalebar

is 5 um, 10 um and 20 um, respectively.

(Zn) sensor. However, the appearance of the top surface of this sensor
might not be clearly different if compared with the MOF-525(Zn)-
PEBAX (9:1) composites sensor. Despite this, a contrasting situation
can be seen upon closer inspection on the cross-section of the MOF-525
(Zn)-PEBAX (1:1) composites sensor. As can be seen in Fig. 8(B), the
formation of a thin film can now be seen in the MOF-525(Zn)-PEBAX
(1:1) composite sensor. This then shows the contribution of the
PEBAX polymer in forming a homogeneous layer on the surface of the
QCM surface. Furthermore, the PEBAX polymer also contribute in
affecting the physical property of the MOF-525(Zn) nanoparticles. As
can be seen in Fig. 8(C), the physical appearance of the agglomerated
MOF-525(Zn) nanoparticles are significantly different with the previous
two cases. In this case, it can be seen that the PEBAX polymer starts to
envelope the nanoparticles and bind them together.

Having observed the performance and the micrograph of the MOF-
525(Zn)-PEBAX (1:1) composite sensor, it could be safely inferred that

employing the PEBAX polymer as an additional component to form a
composite sensor is beneficial in eliminating the positive frequency shift
in the QCM sensor. The PEBAX has two important roles. Firstly, the use
of PEBAX is crucial in forming a thin and homogeneous layer that cannot
otherwise be achieved when the QCM sensor was only fabricated using
MOF-525(Zn) nanoparticles. In this case, the PEBAX will also act as a
glue between the MOF-525(Zn) and the top surface of the QCM sensor to
strengthen their interaction bonding. Secondly, the PEBAX polymer also
contributes in binding the MOF-525(Zn) nanoparticles together. This
will ensure that the agglomerated particle in the composite sensor could
also oscillate harmoniously without slip. Since the MOF-525(Zn)-PEBAX
(1:1) sensitive layer is now attached strongly on the QCM surface, the
presence of xylene isomers in the system will not disturb this attach-
ment. Therefore, wparsicie is always significantly higher than the w and the
QCM positive frequency shift can be completely eliminated.

However, although the positive impact of fabricating a composite
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sensor by mixing PEBAX polymer with the MOF-525(Zn) nanoparticle in
eliminating the positive frequency shift in the QCM sensor has been
proven to be effective, it should also be noted that the PEBAX contri-
bution in adsorbing the xylene isomers cannot be fully neglected. As
given in the Fig. S4 in the Supporting Information, a QCM that was
fabricated with only PEBAX as the sensitive layer has also shown the
capability of the PEBAX polymer to adsorb the xylene isomers. For
example, for the case of the highest xylene isomer concentration, the Af
ratio in the pure PEBAX QCM sensor for ortho-, meta-, and para xylene
isomers is found to be around 1.88, 2.53 and 2.34, respectively.
As also previously observed with polymeric materials as an affinity layer
in a QCM, this might be caused by the polymer that can also act as a
matrix that has the ability to adsorb and engulf the analyte within its
structure [26]. However, this does not mean that the amount of the
xylene isomers adsorbed in the MOF-525(Zn)-PEBAX (1:1) composite
sensor is only contributed from the PEBAX. This is because the QCM
frequency change in the MOF-525(Zn)-PEBAX (1:1) composite sensor is
higher in comparison to the PEBAX sensor. At the same xylene feed
concentration, the change of the normalized frequency of MOF-525
(Zn)-PEBAX (1:1) composite sensor is found to be around 2.77,

3.18,and 2.79, respectively, and thus corresponding to an increase
of around 47 %, 26 % and 20 %, respectively. Although it could be
argued that such an increase is not as big as expected, it could still be
safely inferred that the presence of PEBAX does not completely block the
MOF-525(Zn) pores so they can still contribute in adsorbing xylene
isomers. Moreover, it could also be the case that the sensitivity of
MOF-525(Zn) towards xylene isomers is not particularly high that could
result in a tremendous change in the Af ratio in comparison with the
PEBAX QCM sensor. This conclusion can be more obvious when we tried
to generalize this technique with other MOFs, namely MOF-525 and
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NU-902, to detect ethanol as will be further discussed below.

3.2. Generalizability of the approach

In order to investigate the possibility to generalize this strategy to
other systems, we then studied three different sensors whose sensitive
layer is fabricated by using MOF-525, MOF-525(Zn) and NU-902 to
detect ethanol. MOF-525 is the non-metalated version of MOF-525(Zn).
Meanwhile, NU-902 is another porphyrin-based MOF that was synthe-
sized using the same starting material of MOF-525 albeit the reaction
was carried out by using different modulator (4-methoxybenzoic acid
instead of benzoic acid) and conducted at lower temperature 80° ¢
instead of 100° C) [27,28]. The purity of both nanoparticles is proven
through the matching PXRD pattern between the as-synthesized and the
calculated pattern, as given in the Fig. S5 in the Supporting Information.
During the study, the ethanol concentration was varied between 125 and
4000 ppm. The performance of the sensors that were purely fabricated
with MOFs nanoparticles as the sensitive layer was firstly investigated
and the result is presented in Fig. 9.

As expected, all the sensors exhibit the enhancement instead of the
reduction of the crystal frequency. This clearly indicates the deviation
from the Sauerbrey behavior, which could be again attributed to the
poor attachment of the MOF nanoparticles on the QCM surface. In this
case, as the ethanol is introduced into the system, the interaction bond
between the MOF nanoparticles and the QCM top surface starts to be
disturbed, resulting in lower wpqgricle than w. With increasing ethanol
concentration, the stiffness of the already-loosened-bonding between
the MOF nanoparticles and QCM top surface increases and thus resulting
in higher QCM positive frequency shift. However, it can also be seen that
when the ethanol concentration is further increased above 1000 ppm,
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Fig. 9. The QCM sensor performance fabricated using MOF-525 (A), MOF-525(Zn) (B) and NU-902 (C) as the sensitive layer to detect ethanol and their trend of QCM

frequency change against ethanol feed concentration (D).
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the Afratio seems to be plateauing. In this case, it could be hypothesized contribute in the adsorption process.
that the stiffness of the loosened sensitive layer could no longer be The summary of the QCM positive frequency shift phenomena and its
increased with higher analyte concentration. Despite this, since the elimination strategy in both MOF and MOF composite sensor is then
Opariicle is already lower than o, the QCM frequency shift still moves to given in Fig. 11. As can be seen from the illustration, in the beginning,
the positive direction. The same strategy was then applied to eliminate both the MOF nanoparticles and the QCM can oscillate harmoniously
the QCM positive frequency shift, namely by fabricating a composite since in this case the wpqricee is always higher than the w and thus
sensor consisting of the MOF and PEBAX polymer with equal weight resulting in a QCM negative frequency shift. However, as analytes are
ratio and the performance of the composite sensors is given in Fig. 10. introduced into the system, the MOF sensor experiences disturbance on
As can be seen from the result, all the composite sensors now expe- its bonding with the QCM surface. As a consequent, the operating regime
rience the reduction of the crystal frequency and an almost linear rela- of the MOF sensor now changes from inertial to elastic loading regime
tionship can be established between the Af ratio and ethanol feed where wpqriicle is now lower than  and the QCM positive frequency shift
concentration. In this case, wparsicle is always higher than the w because of is observed. This also means that the QCM frequency shift will now also
the strong attachment of the MOF-PEBAX (1:1) sensitive layer on top of be affected by the sensitive layer stiffness, namely higher stiffness leads
the QCM surface. Such a strong attachment cannot be deformed even to higher positive frequency. Such a situation, however, does not occur
when the ethanol is present in the system resulting in a consistent QCM in both MOF-composite sensors since the presence of the analytes is not
negative frequency shift for the whole range of ethanol concentration. significant enough to initiate a disturbance on the attachment between
However, as in the case with the xylene isomers, the pure PEBAX QCM the MOF nanoparticles and the QCM surface. When the analyte con-
sensor also shows some adsorption towards ethanol (Fig. S6 in the centration is further increased, the stiffness of the sensitive layer of the
Supporting Information). In the case of 4000 ppm ethanol, for example, MOF sensor further increases because of the accumulation of the ana-
the Af ratio of the pure PEBAX sensor is found to be around 0.13. lytes at the interface of MOF and the QCM surface or because of the
Despite this, at the same concentration, the Af ratio for MOF-525-, MOF- rearrangement of the MOF nanoparticles on the QCM surface and thus

525(Zn)-, and NU-902-PEBAX (1:1) composite sensor is found to be resulting in a higher QCM positive frequency shift. The same positive
around 0.24, 0.48 and 0.28, respectively, which corresponds to frequency effect is also experienced by MOF-PEBAX (9:1) composite

an increase of the Af ratio around 85 %, 269 % and 115 %, respectively. sensor since now the analyte concentration in the system is high enough
In comparison to the previous case with xylene isomers, the difference of to disturb the attachment of the sensitive layer and the QCM surface,
ethanol uptake between the composite sensor and the pure PEBAX although its impact is not as great as in the case of MOF sensor. Lastly,
sensor is more obvious. This could be caused by the fact that these MOFs only the MOF-composite sensor with sufficient amount of polymer,
are quite sensitive to ethanol as previously reported [29]. Furthermore, MOF-PEBAX (1:1) in this case, can give the QCM negative frequency
this also strengthens our previous hypothesis that the pores of the MOFs across the whole range of the analyte concentrations and eliminate the

are not completely blocked by the polymer so that the MOFs can still QCM positive frequency shift phenomenon because of the strong
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attachment between the sensitive layer and the QCM surface.
4. Conclusions

In conclusion, we have successfully shown in this study that the QCM
positive frequency shift observed in the MOF-based sensor can actually
be reversed by using a simple strategy, namely by fabricating a com-
posite sensor. In the absence of the polymer, the MOF nanoparticles
cannot form a homogeneous thin film on top of the CM surface and a
strong interaction bonding between the MOF and the QCM surface
cannot be established. In the presence of an analyte, this bonding will be
disturbed resulting in lower wpqricte than w. Consequently, the MOF-
based QCM operates in the elastic loading region where the stiffness
increases between the MOF nanoparticles as the sensitive layer and the
QCM surface, which happens at higher analyte concentration, leads to
higher QCM positive frequency shift. When a polymer is introduced to
fabricate a composite sensor, such a perturbation in the bonding could
be minimized because the polymer acts as a glue to strengthen this
bonding. As a result, the MOF composite QCM sensor can now operate in
the inertial loading region where negative frequency shift can be
observed. However, a sufficient amount of polymer must be used to
fabricate the composite sensor because otherwise the wpqrsicle cannot be
maintained to be always higher than the » and the QCM will back
operate in the elastic loading region. In our case, we observe that
fabricating a composite sensor comprising of porphyrin-base MOFs and
PEBAX with 1:1 wt ratio gives satisfactory results to reverse the QCM
positive frequency shift trend that is observed in the non-composite
MOF-based sensor. This strategy might then be translated to other
MOF-based systems where QCM positive frequency shift occurs caused
by the weak attachment between the MOF nanoparticles and the QCM
surface.
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