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Metal-organic frameworks (MOFs) have received much attention for their potential as chemical sensors,
owing to unparalleled tunability of their host—guest response, high uptake and structural flexibility.
However, because of the limited compatibility between MOF properties and sensor transduction
mechanisms, very few MOFs have successfully been integrated into practical devices. We report the
fabrication of the first strain-based sensor constructed from MOF nanoparticles deposited directly
onto a membrane-type surface stress sensor (MSS) architecture, which exhibits unprecedented
response times on the order of seconds and ppm-level sensitivity towards volatile organic
compounds (VOCs). Finite element analysis is used to demonstrate that the sensor response is a result
of analyte-induced strain in the MOF receptor layer. We show that an array of four types of MOF

nanoparticles allows for clear discrimination between different classes of VOCs and even individual
Received 24th July 2020 . L . ) . .
Accepted 6th August 2020 gases, using principal component analysis of their response profiles. This work opens up the
possibility of VOC sensing using a wide range of MOFs, beyond those that are electrically conducting

DOI: 10.1039/d0ta07248¢ or those that form oriented thin films, with the added advantages of high sensitivity and rapid
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Introduction

Sensing of volatile organic compounds (VOCs) is critical to our
perception of the environment around us,' monitoring of
harmful emissions,” and healthcare analytics,® and so is
required for a wide variety of current and future technologies.*
Sensors based on metal-organic frameworks (MOFs) offer great
potential, in particular towards selectivity, owing to their
precisely defined pore structure and chemistry.>® The modular
nature of MOFs allows them to be tailored with highly specific
host-guest interactions to adsorb small molecules with higher
uptake and selectivity than conventional materials such as
polymers, zeolites and porous carbons.>'® Luminescence and
other optical transduction modes are most widely reported in
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response compared to existing MOF strain-based sensors.

the literature of MOF-based sensing;"* however, for practical
usage other modes that integrate more easily with existing
electronics are more viable.*'> Whilst there have been a handful
of encouraging reports of electronically-responsive MOFs,**”
MOFs can be ideal candidates for strain-induced chemical
detection because of the deformations of coordination space
within their crystal structures caused by host-guest interactions
and their increased flexibility compared to conventional inor-
ganic  materials.>*®?"  Micro-electro-mechanical systems
(MEMS) sensors coated with thin films consisting of
different MOFs such as ZIF-8 (ZIF, zeolitic imidazolate frame-
work; ZIF-8 = Zn[2-methylimidazolate],) and HKUST-1 (HKUST,
Hong Kong University of Science and Technology; HKUST-1,
Cus[benzentricarboxylate],[H,O];) have been shown to
successfully respond to water, alcohols and other VOCs, with
sensitivity limits that exceed other mass-sensitive sensors.?>?
However, several challenges remain, including improving the
ease of receptor layer preparation, selectivity, sensitivity and
response time.>*** Often, parameters act against one another;
e.g., a thicker film may lead to increased sensitivity but at the
cost of response time, owing to the time taken for analytes to
diffuse through the MOF. In addition, the perceived necessity
for well-adhered and defect-free, oriented thin films to effec-
tively transmit analyte-induced strain to the sensor surface puts
limits on the range of MOFs that can be used and introduces
stringent, often laborious requirements to MEMS device fabri-
cation.>* On the other hand, a much wider range of MOFs can
now be easily synthesized in colloidal or nanoparticular form.>®
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Nanoparticles (NPs) have been shown to be effective and simple
to deposit via spray coating as receptor layer materials in MEMS
sensors,” > and size reduction has been shown to improve the
mechanical stability of multilayer NP coatings.*® Therefore, the
integration of MOF NPs into MEMS devices would open up
development of practical MOF-based sensors beyond those that
form oriented thin films or are electronically conductive and
lead to a new class of robust, selective receptor materials.

The membrane-type surface stress sensor (MSS) consists of
a Si-based membrane suspended by four piezoresistive beams,
composing a full Wheatstone bridge.>® This architecture
generates potential difference upon changes to the strain state
of the membrane, with approximately 100 times greater sensi-
tivity than conventional piezoresistive microcantilevers, and
can be extended to multiple sensor arrays.** To induce strain on
the membrane, a receptor layer bound to the membrane must
undergo strain in response to an analyte. Modelling has pre-
dicted that receptor layer materials with higher Young's moduli
tend to give better signals.>"*

Amongst a wide range of MOF NPs available, ZIFs exhibit
mechanical properties somewhat intermediate within the MOF
class of materials: they are stiffer than so-called “breathing”
MOFs such as MIL-53 and pillared-layer MOFs, but still exhibit
measurable flexibility in their crystal structure upon gas
uptake.***” Encouragingly for their potential sensing perfor-
mance, it has been shown that particle size reduction to the
nanoscale can result in rather linear gas adsorption
isotherms,*® and improved mechanical properties.* In addi-
tion, gas diffusion coefficients of bulk MOFs are often several
orders of magnitude lower than that in air;***' therefore, it
could be reasonably expected that the meso- and macro-pores
within a superstructure of MOF NPs will act as channels for
analytes to rapidly diffuse through the whole receptor layer.
Indeed, it has been shown using environmental ellipsometry
that alcohol adsorption in thin films composed of ZIF-8 NPs
takes just 20 s.*> However, prior to this work it remained to be
seen whether receptor layers built from MOF NPs would be able
to induce sufficient strain in the MEMS sensors, in order to
realize effective VOC sensing.

We herein report for the first time the fabrication and
performance of a new MOF-MSS sensor based on NPs of the
canonical ZIF family of MOFs (Fig. 1).** We first demonstrate
the facile sensor fabrication using ZIF-8, which exhibits
hydrophobic pores with the sod network topology.** We observe
selectivity in its range of responses to 26 VOCs, with rapid
response times of 1-30 s and ppm level sensitivity, and show
that the sensor response is consistent with a mechanism of
adsorbate-induced strain in the ZIF crystal lattice. Exploiting
the versatility of the MSS architecture and the diversity of
available MOF NPs, we use spray-coating to fabricate a 2 x 2
array of ZIF-8, ZIF-7 (Zn(benzimidazole),, sod), ZIF-65-Zn (Zn(2-
nitroimidazole),, sod) and ZIF-71 (Zn(4,5-dichloroimidazole),,
rho). The chemical diversity of these MOFs manifests itself in
a wide range of sensing profiles, which enable clear discrimi-
nation between a range of different VOC classes and individual
gases via principal component analysis.
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Fig.1 Schematics of the novel MOF-MSS construction (a) and strain-
based sensing concept (b). MOF nanoparticles (NP) are deposited
directly on the Si surface of the MSS device. Adsorption of volatile

organic compounds (VOC) results in strain in the MOF receptor layer,
which is detected as a change in electronic output (Vo).

Materials and methods
Synthesis and characterisation

All chemicals are purchased from Tokyo Chemical Industry Co.
Ltd, Sigma-Aldrich Co., Wako Pure Chemical Industries, Ltd,
Kanto Chemical Co. Ltd and Nacalai Tesque, Inc. ZIF-8 NPs were
synthesized following a literature protocol,* washed thrice in
methanol to remove residual byproducts and resuspended in
alcohol. ZIF-7, ZIF-65-Zn and ZIF-71 NPs were synthesized
following similar literature routes (see ESI Section S1 for full
detailst).** Chemical composition, particle size and phase
purity of bulk samples were confirmed by powder X-ray diffrac-
tion (XRD), Fourier transform-infrared (FT-IR), scanning electron
microscopy (SEM), dynamic light scattering (DLS), zeta potential,
Brunauer-Emmett-Teller (BET) surface area and thermogravi-
metric analysis (TGA) before and after activation under similar
conditions used for sensor preparation (see ESI Section S2-S77).
Nitrogen gas sorption isotherms (ESI Section S6f) indicate
significant mesoporosity and/or macroporosity in addition to the
expected MOF microporosity, in line with previous reports.**-*

Sensor preparation

Materials were deposited directly onto the MSS membrane without
any adhesive layer. For selectivity and VOC discrimination experi-
ments, four methanolic suspensions of different ZIF NPs were
deposited onto an MSS membrane array by spray coating 30 layers;
a stage on which the MSS chip was mounted was held at 100 °C to
rapidly evaporate the carrier solvent, and promote sintering and
adhesion of the NPs to the surface. For investigation of sensitivity
and response time, a ZIF-8 NP suspension was deposited on
a single MSS membrane by inkjet deposition; an inkjet spotter
(LaboJet-500SP) with a nozzle (IJHBS-300), which were purchased
from the MICROJET Corporation, were utilized. The ZIF-8 NP
suspension was loaded into the inkjet module, and up to 2500
sequential droplet depositions were performed. The inkjet stage
was heated at 80 °C to control evaporation.

Sensing

Selectivity tests using the spray-coated ZIF-8-MSS were per-
formed under ambient temperature using the saturated

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Responses of the ZIF-8-MSS to saturated vapours at ambient temperature: (a) first three ON—-OFF cycles for 26 VOCs, coloured according
to class (alcohols — purple, carbonyls — green, arenes — orange, alkanes — blue, other — grey); representative response profiles (0—150 s) for
methanol (170 000 ppm), ethanol (86 000 ppm), acetone (300 000 ppm), acetic acid (11 000 ppm), toluene (38 000 ppm) and hexane (190 000
ppm), are shown in, are shown in (b—q) respectively. (h) Relative mean response magnitudes calculated from three measurements for each gas;
error bars represent two standard deviations. Colours correspond to those used in (a).

vapours of 26 VOCs, including those a range of alcohols,
carbonyls, arenes and alkanes (see ESI Section S8 for details,
including absolute concentrations of saturated vapours).
Gases were introduced to the sensor for 30 s via a custom-
built setup and purged with nitrogen gas for 30 s. Four
injection-purge (ON-OFF) cycles were performed for each
gas and data were recorded at a sampling rate of 20 Hz by
applying a bridge voltage of —0.5 V to the Wheatstone bridge.
Discrimination tests for the VOCs using the 2 x 2 MOF-MSS
array were performed in an identical manner. Sensitivity and
response time were investigated using the inkjet-deposited
ZIF-8-MSS for 12 VOCs under conditions of constant
temperature and humidity using a separate setup (see ESI
Section S97). Gases were diluted to 2%, 5% and 10% of their
saturated vapour concentrations and humidified at 0%, 10%,
40%, and 70% relative humidity (RH) prior to injection. Ten
injection (10 s) - purge (10 s) cycles were performed for each
measurement. Limits of detection were determined from the
mean reversible response of cycles 2-4, divided by the elec-
trical noise inherent in the MSS device (approximately
1 uVv 3 to give the signal-to-noise ratio. The effective limit of
detection was then estimated by dividing the concentration
of analyte present by the signal-to-noise ratio.

Principal component analysis (PCA)

The responses of the 2 x 2 MOF-MSS array were analysed
following the methodology of Shiba et al. (see ESI Section
S1071).?® Briefly, the features of each response profile were
decomposed into four parameters, defined as the rise rate,
plateau rate, recovery rate and response magnitude. Param-
eters from the latter three of four cycles were used as inputs
for PCA using Origin software, which determined the
projection weights for a set of orthogonal principal compo-
nents to maximise the total response variance.

This journal is © The Royal Society of Chemistry 2020

Results and discussion
MOF-MSS sensor concept

We fabricated a MOF-MSS by spray-coating ZIF-8 NPs directly
onto one of the membranes of the MSS array. Its response to the
saturated vapour of 26 VOCs is shown in Fig. 2a (for details see
ESI Section S117). All gases were found to elicit a measurable
response within seconds, including a range of alcohols,
carbonyls, arenes, and alkanes. The irreversible signal—which
we attribute to residual molecules that remain in the MOF pores
on the timescale of these experiments—apparent in the first
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Fig. 3 Limit of detection (LOD) of a 2100 droplet nanoparticle ZIF-8-
MSS sensor fabricated by inkjet deposition towards various analytes
determined at 25 °C and humidity levels from 0% RH (light blue) to 70%
RH (dark blue). MCH = methylcyclohexane; EtOAc = ethyl acetate;
prop.acid = propionic acid.
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cycle for most gases is largely absent from the second cycle
onwards. Whilst these irreversible signals in the first cycle can
be also caused by the enhanced concentration of VOC vapours
in the head space of the vial prior to the measurements, they are
not included in the following analyses.

Different classes of VOCs give rise to quite distinct response
profiles. Water and alcohols, such as methanol (Fig. 2b) and
ethanol (Fig. 2¢) give amongst the highest output voltages and
profiles that typically reach saturation within 30 s. Molecules
with carbonyl functionality, such as ketones, esters and amides,
including acetone (Fig. 2d), as well as chloroform and tetrahy-
drofuran also give large responses. The response of acetic acid
(Fig. 2e) is unusual amongst the VOCs studied in that it is
almost entirely irreversible on these timescales. We expect that
this is due to the known instability of ZIFs in acidic conditions,
which may degrade the receptor layer. Aromatic compounds,
such as toluene (Fig. 2f), elicit intermediate responses that
typically do not reach saturation within 30 s, whilst linear
alkanes, including hexane (Fig. 2g), give rise to small responses
that rapidly reach saturation and then decrease. We attribute
the different saturation rates to the different diffusivities of
these class of VOCs in ZIF-8; larger molecules will generally pass
through the structure more slowly. We also note that the
responses of the ZIF-8-based MSS do not necessarily correlate
with previously reported** isotherms. Clearly, the response is
a complex function of many factors, including host-guest
interactions, diffusion through the receptor layer, mechanical
properties and analyte-induced framework distortion. These
factors are influenced by the structure of the MOF receptor
layers on different levels, including composition, network
topology, porosity (both within and between NPs), and particle-
particle and particle-MSS interactions.

Optimisation of response magnitude and time

In order to determine the detection limits of the ZIF-8-MSS, the
response magnitude and time were first optimized by investi-
gating the effect of receptor layer volume (see ESI Section S127).
Devices were fabricated by inkjet deposition between 100 and
2500 droplets of a ZIF-8 NP suspension onto the MSS
membrane. A device fabricated from 2100 inkjet droplets
exhibited the best compromise between high output voltages
and fast response times for selected gases from the five VOC
classes investigated previously (methanol-alcohol, acetone-
carbonyl, toluene-arene, heptane-alkane and water-other).
Notably, for most receptor layer volumes, the response times for
methanol, acetone and heptane were found to be less than 5 s,
whilst for toluene and water they were consistently below 30 s.
The device deposited with 2100 droplets was therefore chosen
for the subsequent investigation of detection limits.

Detection limits

The sensitivity of the 2100-droplet ZIF-8-MSS was determined
for 12 VOCs under variable humidity at 25 °C (Fig. 3). The
sensor response typically decreased as the gases were diluted
from 10% to 5% and then 2% saturated vapour. To calculate the
limit of detection (LOD), the VOC concentration corresponding
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to 2% saturated vapour was multiplied by the ratio of 1 pVv (the
noise inherent to the MSS architecture; the experimental noise
level can be higher depending on the measurement condi-
tions)****> and the average output voltage of three ON-OFF
cycles. The sensor exhibited LODs for most gases well below
10 ppm and sub-ppm LODs to some, including 1-hexanol and n-
heptane. Interestingly, sensitivity appears to improve with
increasing humidity in some cases, suggesting that cooperative
analyte-water interactions may be beneficial to the sensing
mechanism. Increasing temperature typically results in reduced
output. This is most likely because the receptor layer becomes
softer*® and the adsorption capacity of the MOF decreases.”” It
should be also noted that longer exposure to the vapors than the
current cycles can yield even higher signal levels than the pre-
sented results, especially for the gas species with low concen-
trations. Such trends can be observed in some response signals
that are not saturated in the current cycles. Accordingly, the
detection limits depend also on the measurement conditions as
the saturated signal levels are determined by the partial pres-
sure of each gas in the case of chemical gas sensors based on the
gas-solid equilibrium, including the present MOF-MSS as well
as common chemoresistive sensors.***’

Sensing mechanism

The MOF-MSS response was shown to be consistent with
a mechanism of adsorbate-induced strain in the MOF receptor
layer using Finite Element Analysis (FEA). The response is linear
with respect to strain and depends on the Young's modulus, Eg,
and, to a lesser extent, on the Poisson's ratio, v¢, of the MOF
receptor layer (see ESI Section S137). It increases with receptor
layer thickness up to a threshold value before decreasing at
greater thickness. The thickness at which the response is
maximised decreases as Er and v¢ increase. Using representative
values for Ef%*° and v¢* of ZIF-8, the highest responses are
calculated for receptor layer thicknesses between 8 pm and 10
um. This range agrees favourably with the thickness calculated
for the optimised 2100-droplet ZIF-8-MSS, which is 10.4 pm (see
ESI Section S147). FEA further indicates that it takes a strain of 1
x 107* to 2 x 107" in a ZIF-8-MSS with such a thickness to
generate the range of observed responses, ie., 1-10 mV
(Fig. S31at). For example, methanol induces an output voltage
of 10 mV in the 2100-droplet sensor (Fig. S28t), whilst the
response of the spray-coated sensor to 1-butanol is around 5 mV
(Fig. S347). This is broadly consistent with previous analysis by
powder XRD, which shows that full adsorption of 1-butanol
induces a strain of 1.8 x 10~ in the lattice parameter of ZIF-8.5
Such a lattice strain is just an order of magnitude greater than
the calculated strain in the ZIF-8 receptor layer overall. We
attribute this difference to inhomogeneous coverage and
imperfect interparticle and particle-surface adhesion, which are
important to strain transduction in the sensor device and
remain to be optimized in future work.

Multichannel array sensing

Despite reasonable selectivity that differentiates somewhat
between VOCs, cross-sensitivity means that ZIF-8 is unable to

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Crystal structures of (a) ZIF-7, (b) ZIF-8, (c) ZIF-65-Zn and (d)
ZIF-71. ZnNy4 tetrahedra are shown in blue; C, H, N, O and Cl atoms are
shown in grey, white, blue, red and green, respectively. Methyl H atoms
are not shown for clarity. Sample morphologies and device appear-
ance of the 2 x 2 MOF-MSS array: (e—h) SEM images of representative
NPs of ZIF-7, ZIF-8, ZIF-65-Zn and ZIF-71, respectively (scale bars =
200 nm); (i) optical micrograph of the MSS array spray-coated with
(clockwise from top left) ZIF-7, ZIF-8, ZIF-71 and ZIF-65. Each
membrane is 300 um in diameter.

Table 1 Compositions, nets and pore aperture diameters (d,), and
pore diameters (dp,) of four ZIFs used in the 2 x 2 MOF-MSS array

MOF Composition Net do/A dy/A
ZIF-7 Zn(benzimidazole), sod ~3 4.3
ZIF-8 Zn(2-methylimidazole), sod 3.0 11.6
ZIF-65-Zn Zn(2-nitroimidazole), sod 3.2 10.4
ZIF-71 Zn(4,5-dichloroimidazole), rho 4.2 16.5

unambiguously discriminate between multiple analytes. We
adopted an multichannel array approach previously demon-
strated for chemoresistive carbon nanotubes® and 2-D MOFs,"*
and exploited the versatility of the MOF-MSS concept to spray-

View Article Online

Journal of Materials Chemistry A

coat a 2 x 2 array of MSS channels*+** with NPs of four ZIFs,
ZIF-8,** ZIF-7,% ZIF-65-Zn and ZIF-71 ** (Fig. 4). These particular
MOFs were chosen because of their variety in composition,
network topology, pore aperture, and diameter (Table 1); which
may be expected to affect the adsorption of gases according to
size, shape and/or functionality in different ways, thus leading
to a diversity of responses and thus improved VOC
discrimination.

Simultaneous sensing experiments using the MOF-MSS
array reveal a wide variety of responses of the four ZIFs to 26
VOCs (Fig. 2h and 5; see also ESI Section S157). The relative
responses of the sod structures ZIF-7, ZIF-8 and ZIF-65 are
qualitatively similar, reflecting the similarity in their network
topologies and pore apertures. However, certain differences are
apparent in, for example, response magnitudes (e.g., acetic acid)
or the relative responses of related compounds (e.g., methanol
vs. ethanol; acetic acid vs. acetone). Like in ZIF-8, arenes and
linear alkanes elicit medium and low responses, respectively, in
ZIF-7 and ZIF-65-Zn. It is particularly interesting that the
responses of ZIF-65-Zn to both alkanes and arenes tend to
decrease as molecular size increases. Its pore aperture is slightly
bigger than the other sod analogues; perhaps this allows for
more linear discrimination between compounds. The relative
responses of ZIF-71 are qualitatively different to its sod
analogues. Arenes and alkanes elicit higher responses, whilst
methanol and ethanol give rise to lower responses. In this case,
the response to alcohols appears to increase with increasing
size of the molecules. ZIF-71 also gives a more uniform response
across all VOCs. We tentatively attribute this to the openness of
the rho net, which increases the reversibility of gas sorption
compared to the other ZIFs, all of which exhibit the denser sod
net. The relative decrease in response to short chain alcohols,
such as methanol and ethanol, may be due to the hydrophobic
nature of the dichloroimidazolate linker.

Statistical analysis

Further investigation of the multichannel data by principal
component analysis (PCA) reveals that the 2 x 2 MOF-MSS array

o
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Fig. 5 Response of MOF-MSS array sensor membranes spray-coated with (a) ZIF-7, (b) ZIF-65-Zn, and (c) ZIF-71. Relative mean response
magnitudes are calculated from three measurements for each gas; error bars represent two standard deviations. Colours correspond to those

used in Fig. 2.
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Fig. 6 Principal component analysis of response profile data from the
2 x 2 MSS array of ZIF NPs, using 26 VOCs.

is able to group VOCs by chemical class and even discriminate
between individual gases. PCA is an unsupervised method of
classifying multi-sensor data, which reduces the dimensionality
of the dataset by representing the sensor contributions as linear
combinations of the original variables in typically, two or three
principal components (PCs).”® Noting that the MOF-MSS
response profiles contain a wealth of information beyond the
simple magnitudes of response, we extracted parameters to
describe the reversible response, uptake rate, plateau gradient
and recovery rate of each ZIF in the 2x 2 array as input data for
PCA (see ESI Section $107).2%** It was found that the four classes
of VOCs could successfully be discriminated using just two PCs,
with only small ambiguities in the case of overlaps between
alcohols and carbonyls (e.g., acetone), and arenes and alkanes
(e.g., shorter chain alkanes and dichlorobenzenes) (Fig. 6).
Interestingly, alcohols appear to be subdivided into two groups,
one with the smallest molecules (methanol and ethanol) and the
other with larger molecules. The weightings of PC1 and PC2 were
55.9% and 20.1%, respectively, and together they describe 75.0%
of the total variance. A third principal component (PC3 = 8.2%)
was found to improve the description to 83.2% and, when viewed
with PC1, suggests a much closer grouping of the alcohols (see
ESI Section S161). Within each class, the repeatability of our
measurements is apparent in the ability to clearly discriminate
between different VOCs. This is an advantage for VOC identifi-
cation applications, for which there is prior knowledge of a given
analyte's response. For example, methanol and ethanol are clearly
distinguishable from each other, as are methylethylketone and
acetone, both pairs of which differ by just one CH, group. Alkanes
and aromatic molecules follow clear trends with molecular size,
which could be useful in monitoring separation processes.

Conclusions

We have demonstrated for the first time that MOF NPs as
a receptor layer on the MSS platform can be highly effective for
strain-based chemical sensing. Response times of 1-30 s
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represent an order of magnitude improvement over existing
MOF strain-based sensors (see ESI Section S17f). Sub-ppm
sensitivity towards a range of VOCs again represents an
improvement in strain-based sensing using MOFs, bringing it
on par with hard-to-fabricate photonic crystal thin films,*®
interdigitated electrode devices®® and colorimetric sensors,*
the latter of which was limited in analyte scope to water.
Importantly, we have demonstrated that, in principle, any MOF
that can be made in NP form?®® can now be employed in strain-
based sensing, which allows for an enormous diversity of
chemistries and VOC selectivities. We constructed a 2 x 2 MSS
array using four ZIFs, which have different responses to a range
of VOCs and, when their combined responses are subjected to
PCA, are able to successfully group the VOCs by class and
discriminate between them. Whilst the performance of the re-
ported MOF-MSS is extremely promising, other aspects, such as
particle-particle adhesion, particle-surface adhesion and mes-
oporosity, remain to be optimized in further work. These and
many other factors may affect the sensing performance.
Therefore, fundamental studies in areas such as MOF-guest
interaction energetics, diffusion and flexibility will undoubtedly
aid progress in this regard.
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