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Kinetic selectivity in metal-organic
framework chemical sensors
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Selective detection of specific volatile organic compounds (VOCs) is crucial for
health, safety, and environmental applications, but current sensors suffer from
poor selectivity and struggle to measure specific VOCs in the presence of
interfering compounds and water vapor. To address this issue, we introduce
the kinetic selectivity achievable in nanoporous crystals, specifically metal-
organic frameworks (MOFs), into the domain of chemical sensors. In well-
selectedMOFs, similar molecules can have diffusivities that differ by orders of
magnitude. Measuring these diffusivity values is challenging since conven-
tional methods based on rapid changes in atmosphere composition cannot be
used in a sensing context. A temperature-perturbation method is developed
for thin-film capacitive sensors with aMOF dielectric layer to enable diffusivity
measurements in a fixed atmosphere. Our approach enables a single sensor to
differentiate and quantify VOCs at ppm concentrations, even in mixtures
containing high water vapor concentrations, outperforming a state-of-the-art
ten-element sensor array.

Sensors capable of selectively monitoring specific volatile organic
compounds (VOCs) would enable applications in breath-based disease
diagnosis1–3, distributed air quality measurements, checking food
freshness, and monitoring exposure to toxic chemicals. In all applica-
tions, specific VOCs must be measured at ppm concentrations in the
presence of other VOCs and water vapor4. Current sensors cannot
effectively differentiate between the VOC of interest and interfering
compounds5,6.

Nature’s approach to detecting VOCs, i.e., olfaction, does not
suffer from the same limitations. The smells we experience are trig-
gered by VOCs binding to sensory neurons in the olfactory mucosa. In
this process, both the affinity of a VOC for the mucosa and the diffu-
sion to the receptor sites play a crucial role.While equilibrium sorption
measurements have received the most attention7–9, the importance of
mass transfer is clear10,11 since changes in diffusion rates through the
mucus layer explain some periodic10 and age-related12 variations in
olfactory sensitivity. The interplay of equilibrium and kinetic sorption
characteristics determines the spatiotemporal encoding of the

response pattern across the olfactory epithelium, enabling dis-
crimination between VOCs.

To achieve more selective VOC sensors, surface coatings with
well-defined adsorption sites have been used. For instance, metal-
organic frameworks (MOFs), crystalline adsorbents with precisely
defined pore sizes and functionalities, have been shown to capture
VOCs efficiently13–18. Nevertheless, even though MOFs can display
pronounced adsorption preferences, aiming only for a specific VOC in
a complex mixture while completely avoiding interfering co-
adsorption is too optimistic.

Results
Kinetic selectivity sensing
So far, sensors functionalized with MOFs or related adsorbents have
exclusively relied on equilibrium adsorption to achieve selectivity.
Nevertheless, in crystalline nanoporous materials, particularly those
with narrow pore windows, differences in adsorption kinetics can be
much more pronounced than differences in equilibrium uptake for
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similar adsorbates. Even molecules with comparable equilibrium
uptakes can have diffusivities that differ by orders of magnitude,
especially when they vary slightly in size19. In this work, inspired by the
role of mass transfer in the olfactorymucosa, we introduce the kinetic
selectivity achievable in nanoporous crystals into the domain of che-
mical sensors. This measurement concept paves the way for designing
highly selective sensors that can be adapted to meet the demands of
specific use cases.

Reliably measuring transport diffusivities in nanoporous crystals
presents a significant challenge20,21; doing so in a sensor is even more
daunting. Conventional experiments rely on monitoring the transient
uptake or release from the adsorbent following a sudden change in the
adsorbate concentration (i.e., by moving between two points on an
isotherm). In a VOC sensor surrounded by a fixed atmosphere to be
analyzed, the non-equilibrium conditions required for measuring
adsorption kinetics must be achieved differently. Since, for a given
VOC concentration, the uptake in a nanoporous adsorbent is a func-
tion of temperature (Fig. 1a-b), a sudden temperature step also dis-
rupts the equilibrium. For example, rapidly heating an adsorbent from
T 1 to T2 at a fixed analyte concentration p1 triggers desorption until a
new equilibrium uptake value q2 is reached (Fig. 1c). When the tem-
perature change is sufficiently rapid, the time constant of the

desorption transient (τ1) reflects the diffusivity of the analyte in the
adsorbent at temperature T2. For a well-defined adsorbent geometry
such as a MOF thin film, diffusivity values can then be extracted by
fitting the desorption transient with a suitable model. Solving Fick’s
equation for one-sided diffusion of the analyte out of the sensor’s
adsorbent layer yields

q tð Þ=qi +Δq Tð Þ � 8
π2

X1
i=0
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withqi the initially adsorbed amount,Δq Tð Þ the total amount desorbed
(the difference between the equilibriumuptakes q1 andq2 atT 1 andT2,
respectively),D thediffusivity of the analyte in the adsorbent atT2, and
l the film thickness22,23.

To transduce the temperature-triggered desorption transient into
an electrical signal, we propose a thin-film capacitor with a MOF
dielectric layer and an ultra-thin, gas-permeable top electrode
(Fig. 1d)24. Thismetal-insulator-metal (MIM) configuration enables high
sensitivity due to the exclusion of parasitic substrate contributions to
the measured capacitance25. At the low VOC concentrations relevant
for sensing, the capacitance measured at equilibrium is linearly pro-
portional to the adsorbed quantity of an analyte, regardless of the VOC
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Fig. 1 | Thermal perturbation of the adsorption equilibrium and transient
capacitive measurement. a Illustration of the temperature dependence of
adsorption isotherms. b Zoom-in on the low-concentration isotherm region most
relevant for sensing. The arrows indicate two ways to transition between equili-
brium states with adsorbed amounts q1 and q2. c Perturbation of the adsorption
equilibrium by a sudden temperature step triggers desorption upon heating and
adsorption upon cooling. While the change Δq Tð Þ is equal for the heating and
cooling steps, τ2 is longer than τ1 because diffusion is thermally activated.
d Schematic representation of a thin-film capacitor featuring a nanoporous

dielectric layer and a gas-permeable top electrode with l film thickness and w film
width. e Simulated adsorbate distribution profiles in a nanoporous film with an
arbitrary thickness of 1μm at different time points after initiating desorption. The
top part illustrates individual capacitance contributions by adsorbate (full green
circles). f Comparison of normalized mass and capacitance transients during des-
orption. The capacitancemeasured at equilibrium is approximately proportional to
the adsorbed quantity. The largest divergence occurs at t1=2 � 3 s1/2, when the
adsorbate distribution is the most inhomogeneous (cf. panel e).
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dielectric constant (SI Figure S1). To illustrate that this relationship
holds during out-of-equilibrium measurements, i.e., when the adsor-
bate distribution is non-uniform over the thickness of the adsorbent
film, the response of an equivalent circuit composed of capacitors in
series was considered (Fig. 1e). These simulations reveal only a minor
deviation between the capacitance and mass transients (Fig. 1f).
Therefore, using Eq. 1 to fit a measured capacitance transient accu-
rately estimates the analyte diffusivity (errors < 1%) and the change in
adsorbed amount (error ~5 %).

Identification and quantification of single analytes
To demonstrate MOF-based kinetic selectivity sensing, ZIF-8 was
selected since this material has a high affinity for VOCs and thin film
deposition strategies are well-developed26,27. ZIF-8 has a three-
dimensional cage-and-window pore space in which the narrow win-
dow aperture controls diffusion. Moreover, because of its flexibility,
ZIF-8 does not exhibit a sharp size cut-off for VOCs that can enter the
pores. This is beneficial since larger molecules can still enter, yet their
diffusivity strongly depends on their size and thus can be used to
discriminate between VOCs.

Single-analyte sensing experiments were performed by first
exposing a MIM capacitor with ultra-thin gold electrodes and a ZIF-8
dielectric layer to an analyte atmosphere and subsequently heating the
sensor rapidly from 24 to 40 °C (Fig. 2). The markedly different capa-
citance transients illustrate the significant variation in diffusion
kinetics of the adsorbates in ZIF-8, with water diffusing the fastest and

hexane the slowest (Fig. 2b). For all VOCs, diffusion out of the ZIF-8
layer took longer than the time required to apply the thermal pertur-
bation, indicated by the red-shaded timewindow in Fig. 2b. Using Eq. 1
to fit each transient enabled the extraction of a diffusivity value and a
pre-exponential factor corresponding to the desorbed quantity, fur-
ther referred to as amplitude. Thesediffusivities closelymatched those
obtained by independent concentration-step measurements using
quartz crystal microgravimetry (QCM) (SI Table S1). For fast-diffusing
compounds, in this case, water, thewhole capacitance transient occurs
during the temperature perturbation, and the time constant reflects
the heating rate rather thandiffusion inZIF-8. Themeasureddiffusivity
values differed by orders of magnitude between VOCs and showed
little concentration dependence in the ppm regime relevant for sen-
sing (Fig. 2c). The observed trends are consistent with previously
reported diffusion behavior of short-chain alcohols and alkanes in ZIF-
828,29. Therefore, acetone, 1-propanol, 1-butanol, andn-hexane could be
readily differentiated using a single kinetic selectivity sensor. Current
sensors, which typically output only the capacitance change at equi-
librium, cannot provide selective analyte detection since all tested
VOCs and water can give rise to an equally large equilibrium sig-
nal (Fig. 2d).

The concept of kinetic selectivity sensing demonstrated for ZIF-8
can be readily extended to othermaterials within theMOF family, such
as ZIF-7. In ZIF-7, which has a similar cage-and-window structure but
slightly smaller pore apertures, the diffusivities of the VOCs are up to
two orders of magnitude lower than in ZIF-8 (SI Figure S2). Leveraging
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Fig. 2 | Single-analyte measurements. a Schematic representation of the mea-
surement setup. b Normalized capacitance transients measured for various ana-
lytes upon thermally induced desorption. The red-shaded time window indicates
the response time of the heater. For fast-diffusing compounds, such as water,most
of the capacitance transient occurs within this time window, and accurate diffu-
sivity values cannot be extracted. The black lines represent the fits to Eq. 1. cKinetic
selectivity sensing outputs obtained by fitting the transient sensor signal with Eq. 1:
(top) diffusivity values at 40 °C and (bottom) capacitance change upon the tem-
peratureperturbation.ΔC Tð Þ is themeasured capacitance change upon heating the
sensor from 24 to 40 °C at the indicated analyte concentration. C0 is the capaci-
tance of the sensor with a fully activated ZIF-8 layer measured at 24 °C.
d Equilibrium response to VOCs at different low concentrations. ΔC xð Þ is the
capacitance change upon exposing the sensor at 24 °C to the indicated analyte

concentration. C0 is the same as in panel (c). e Equilibrium capacitance as a func-
tion of 1-propanol concentration and sensor temperature. f Zoom-in at the low
concentrations in panel (e). Because the isotherms diverge, the measured capaci-
tance amplitude (green arrow) is concentration-dependent. The lines represent the
fits to a Freundlich isotherm equation. g, Predicted andmeasuredΔC Tð Þ=C0 values
for 1-propanol at different concentrations and temperature steps. The four data
points for each concentration correspond to ΔC Tð Þ=C0 values predicted and
measured for different temperature steps: 24 to 40 °C, 24 to 30 °C, 30 to 50 °C, and
50 to 22 °C. The response is predicted well for low concentrations, up to the iso-
therm inflectionpoint.hPredictedand applied concentrations for a series ofmodel
VOCs for a temperature step of 24 to 40 °C. In all panels, the lines between the data
points are shown to guide the eye, except in panels (b, f), where the lines are fits.
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the diversity of MOF structures will enable shifting fast-diffusion
molecules into a measurable range and promises further possibilities
to improve selectivity by combining sensors based on different
materials.

In addition to discriminating between VOCs, their concentrations
could be quantified based on the amplitudes extracted from the
capacitance transients (ΔCðTÞ=C0). Whereas a single isotherm
describes the response of an equilibrium-based sensor, the amplitude
measured by a kinetic selectivity sensor depends on the difference
between the two isotherms at the initial and final temperatures of
the thermal perturbation (Fig. 2e, f). Because these two isotherms
diverge in the low-concentration region, the measured amplitude is
concentration-dependent (Fig. 2f). Hence, once a VOC is identified, the
relationship between the measured amplitude and the atmospheric
concentration enables the quantification of the latter. Since this rela-
tionship is determined by the adsorption properties of the MOF layer,
the sensor amplitude output can be modeled by a mathematical
description of the VOC isotherm and its temperature dependence (see
Methods). This approach enables the prediction of (ΔCðTÞ=C0 values
for different temperature steps (Fig. 2g) and works irrespective of the
VOC dielectric constant or polarity (Fig. 2h).

Selective detection in mixtures
Each adsorbate diffusing into or out of the MOF layer contributes to
the transient sensor signal. The kinetic selectivity sensing concept is
based on deconvoluting the signal contributions of VOCs that diffuse
at different rates and identifying these compounds based on their
characteristic diffusivities in the MOF. For this approach to work, no
interactions between the diffusing molecules should occur, as this
would affect their diffusivity values. In other words, the sensor signal
measured in a mixed atmosphere should be the sum of the single-
analyte signals measured at the corresponding concentrations. To
illustrate that this condition is met at the low concentrations relevant
for sensing, binary mixtures (acetone–hexane and 1-propanol–1-buta-
nol) were studied. Bi-exponential fits of the desorption transients
measured in these mixed atmospheres demonstrated that the signal
could be described as the sum of two single-analyte signals (Fig. 3a)
and yielded ΔC Tð Þ=C0 and diffusivity values close to those obtained
from single-component measurements at the same concentra-
tions (Fig. 3b).

To further confirm that co-adsorbed VOCs diffuse independently
in ZIF-8, the multi-analyte measurements were analyzed using the
Maxwell-Stefanmodel, which describes binarymixture diffusion based
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Fig. 3 | Kinetic selectivity in sensing binary and ternary mixtures. a Transient
signal measured in a binary VOC mixture (150 ppm of acetone, 10 ppm of hexane)
during desorption triggered by a temperature step from 24 to 40 °C. The symbols
and solid lines correspond to the measured data and fits, respectively. The mea-
sured data could be accurately described as the sum of two single-analyte signals.
The red band is the same as in Fig. 2b.bKinetic selectivity sensing outputs obtained
in binary VOCmixtures: (top) diffusivity values at 40 °C, and (bottom) capacitance
change upon the temperature perturbation. The dashed lines correspond to the
single-analyte data shown in Fig. 2d. The single- and multi-analyte data overlap,
confirming that the VOCs diffuse independently in the MOF at these concentra-
tions. cClassificationof themeasured analytes basedon their diffusivity values. The
colored bands are the 95% confidence intervals determinedbasedon log(D) values.
In each band, data points from single- and multi-analyte measurements are shown
together: single-analyte data (circles), binary mixture data (squares), binary mix-
ture plus 10 % relative humidity (triangle pointing up), binary mixture plus 30 %
relative humidity (triangle pointing down), binary mixture plus 50 % relative

humidity (diamond). d Predictions of ΔC Tð Þ=C0 for the components in binary
mixtures of acetone–hexane, acetone–1-propanol, and 1-propanol–1-butanol.
e Transient signal measured in a ternary mixture (150 ppm of acetone, 10 ppm of
hexane, relative humidity ranging from 10 to 50%)duringdesorption triggered by a
temperature step from 24 to 40 °C. Even though adsorbed water dominates the
equilibrium response, its fast diffusion out of the MOF (cf. initial steep drop in the
transient signal)makes it possible to eliminate humidity interference via the kinetic
selectivity approach. In this plot, the transient signal was not shifted (seeMethods);
hence, the response time is 6 s (red-shaded window). f Kinetic selectivity sensing
outputs obtained for ternary mixtures (150 ppm acetone, 10 ppm hexane, and
relative humidity levels ranging from 10 to 50 %) by fitting the same bi-exponential
diffusion equation as used in panel B: (top) diffusivity values at 40 °C, and (bottom)
capacitance change upon the temperature perturbation. The dashed lines indicate
the values obtained in single-analyte measurements performed at the same VOC
concentrations.
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on three diffusivity terms. Two of these terms indicate the interaction
of the diffusing molecules with the porous framework, and the third
reflects interaction effects between the mixture components (SI
Note 1, SI Table S3)30. When interactions between the diffusing mole-
cules occur, the interaction termbecomes smaller than thediffusivities
of the individual components. In contrast, in our case, the interaction
term is 500 times and 5 times larger than the slowest component in the
acetone-hexane and 1-propanol–1-butanol mixtures, respectively,
which indicates that the diffusion of each VOC is practically unaffected
by the presence of the other component. This result can be rationa-
lized based on the framework topology of ZIF-8, which consists of
cages separated by narrow windows. The diffusion rate through the
pores is determinedbymolecules jumping through thesewindowsone
at a time, while molecules can easily pass each other in the cages31.

Because analytes diffuse independently of each other and their
diffusivities in the MOF are practically constant at low concentrations,
all tested VOCs canbedifferentiated and identified (Fig. 3c).Moreover,
also in binary mixture measurements, VOC concentrations could be
quantifiedbasedon the extracted amplitude valuesΔCðTÞ=C0 (Fig. 3d).
As expected for a multi-exponential fit, the quantification accuracy
improved for larger diffusivity differences between the two compo-
nents and amplitude ratios closer to one.

To explore the limits of the kinetic selectivity approach, sensing
experiments were performed in humid binary VOC mixtures. These
application-relevant conditions aredemandingdue to themuchhigher
concentration of water compared to VOCs. In addition, for capacitive
sensors, this challenge is exacerbatedby thehighdielectric constant of
water (εr = 80.2 at 20 °C vs. 1.89 for hexane). For instance, despite the
hydrophobic nature of ZIF-8, the small quantity of adsorbed water at
50 % relative humidity dominates the sensor’s equilibrium capacitance
response and drowns out the VOC signal (Fig. 3e, f). Yet, because of its
small size, the diffusivity of water in ZIF-8 is at least four orders of
magnitude larger than that of VOCs32, making it possible to eliminate
humidity interference via the kinetic selectivity approach. For
instance, when measuring ternary mixtures of 150 ppm acetone, 10
ppm hexane, and relative humidity levels ranging from 10 to 50 %,
water already fully desorbed during the temperature step (24 to
40 °C), while the VOCs needed significantly longer to reach the new
equilibrium. Therefore, the resulting capacitance transient at 40 °C
was nearly identical to the measurement for binary VOC mixtures in
dry conditions (SI Figure S3) and could be accurately described as the
sum of two single-analyte signals. Again, acetone and hexane could be
identified based on the extracted diffusivities, which were nearly
identical to the values obtained from single-component measure-
ments at the same concentrations (Fig. 3f). Quantification of each
VOC’s concentration based on the extracted amplitude values
ΔCðTÞ=C0 proved possible as well, albeit with small deviations com-
pared to the single-analyte measurements at the same concentra-
tions (Fig. 3f).

An equilibrium-based sensor, even a hypothetical perfectly
selective one, cannot identify, let alone quantify, more than one ana-
lyte since all analyte contributions are lumped into a single output
value. To analyze VOC mixtures and attempt to overcome the selec-
tivity issues of current VOC sensors,multiple such elements have been
arrayed together in so-called electronic noses33. In theory, when
enough orthogonal information is present in the combined output of
such a sensor array, an analyte of interest can be detected in the pre-
sence of interfering compounds. To benchmark the selectivity
achievable using a single kinetic selectivity sensor, the same VOCs
were analyzed using a commercial electronic nose comprising an array
of tenmetal oxide semiconductor sensors (SI Figure S4). Interestingly,
even in single-analyte measurements, the electronic nose failed to
differentiate acetone, 1-propanol, 1-butanol, and n-hexane (SI Fig-
ure S5). The successful differentiation of these VOCs by a single kinetic
selectivity sensor, even at ppm concentrations and in mixtures

containing highwater vapor concentrations, illustrates the potential of
the proposed approach.

In summary, we introduced the kinetic selectivity achievable in
nanoporous crystals for the first time into the domain of chemical
sensors. Basedon a temperature-perturbationmethod, VOCdiffusivity
values could be measured in a fixed atmosphere, and a single kinetic
selectivity sensor could differentiate and quantify these analytes at
ppm concentrations, even in mixtures containing high water vapor
concentrations, outperforming a state-of-the-art electronic nose.
Harnessing the structural diversity of MOFs in kinetic selectivity sen-
sors will enable the development of highly adaptable sensor arrays,
opening the door to a wide range of VOC measurement applications
that have previously been limited by the lack of selective sensors.

Methods
Transient capacitance simulations
The out-of-plane concentration gradients were calculated by assuming
Fickian diffusion in a plane sheet with infinitely large lateral dimen-
sions compared to its thickness ( < 1 µm). Unobstructed diffusion from
the top surface (without surface barriers) and no diffusion from the
bottom surface were taken as boundary conditions. The diffusivity of
the adsorbent was 10-14 m2 s-1. The local capacitance was calculated
from the concentration profiles using effective medium approxima-
tion (Bruggeman model) and exhibited a linear relationship. The
measured (macroscopic) capacitance was approximated by slicing the
nanoporous film into individual layers (1000 in total) and calculating
impedance by using an equivalent circuit consisting of capacitors
connected in series.

Sample preparation
ZIF-8 thin films were deposited onto gold-coated silicon wafers as
previously described25,27. The film thickness was measured using
ellipsometry (Woolllam iSE). The crystallinity of the deposited mate-
rials was verified using grazing-incidence X-ray diffraction (PANalytical
Empyrean equipped with a Cu-tube and a PIXcel detector). Circular
gold top electrodes (12 nm thick, 0.2–1mm in diameter) were depos-
ited using shadow masks on an Angstrom thermal evaporator at a
deposition rate of 0.5 Å/s. Themeasurements were performed onMIM
capacitors with a 180 nm thick ZIF-8 layer and 0.4mm diameter cir-
cular top electrodes. Samples for QCM measurements were prepared
by depositing 280nm thick ZIF-8 films on Au-coated 5MHz AT-cut
QCMsensors (AWSensors) using the sameZIF-8filmgrowthprocedure
as for the capacitive sensors.

QCM measurements were performed on an AWSensors X4
QCMD (QCM with dissipation monitoring) instrument with four
custom-made high-temperature cells that can be read out in parallel.
Au-coated 5MHz AT-cut QCM sensors (AWSensors) were used. The
frequency of the resonance and the bandwidth of the peak (Half-Width
at HalfMaximum) were recorded for the fundamental frequency, n = 1,
and six overtones: n = 3, 5, 7, 9, 11, and 13. The layers were considered
rigid, and the Sauerbrey equation was applied to calculate the average
and 95 % confidence interval of the specific mass (m, ng cm−2) of the
layer34. All experiments were performed at 24 °C. Equilibrium iso-
therms were collected by exposing the sensor to a series of stepwise
increasing analyte concentrations in a continuously flowing carrier gas
N2, covering a concentration range from0.005%p/p0 to 60% p/p0. The
total vapor flow was kept constant to avoid effects in the QCM signal
due to pressure changes. The equilibrium amount adsorbed of the
analyte was calculated from the frequency shift when the signal had
stabilized. Transient uptake and release response curves were col-
lected following the frequency shift over time when inducing a con-
centration shift in the measurement chamber.

Kinetic selectivity sensing measurements were performed at
100kHz using a Keysight E4980AL LCRmeter. The measurements were
performed in an environmental cell with a temperature-controlled stage
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(Linkam THFS600E-PB4). A gentle contact to the top electrodes was
provided using a thin gold wire (50 µm) glued to the needle probe with
silver paint (Leitsilber 200, Ted Pella). The thermal time constant of the
setup for a typical heating step from 24 °C to 40 °C was about 6 s
(dT=dt =2.5K s−1), which limited the fastest measurable diffusivity to
6× 10�15 m2 s−1 for a 180nm film and to 5 × 10�14 m2 s−1 for a 500nm film
(see SI Figure S6 formore details and bandwidth plots). To approximate
the instant T-step in the modeling of kinetic parameters, the diffusion
transients were shifted by subtracting the first 3 seconds (thermal time
constant, SI Figure S7). In a typical sensing experiment, the sensor was
first exposed to pure nitrogen gas until reaching a stable baseline value
ðC0Þ. A desired VOC concentration was then introduced in the envir-
onmental cell using the VOC supply unit. The kinetic measurements
were performed once the sensor signal stabilized, typically by heating
from 24 to 40 °C. After the new equilibrium was reached, the reversi-
bility of desorption was evaluated by cooling the sample from 40 to
24 °C. The intrinsic capacitive thermal response of the Au/ZIF-8/Au
device, ΔCðTÞ=C0 =6× 10�5 1/K, measured separately in pure nitrogen,
was found to be instantaneous and could readily be compensated for in
the sensing experiments (SI Figure S8). For all VOCs, Eq. 1 was used to fit
the capacitance transients and extract diffusivities and amplitudes. In
the case of water, this approach was not followed because it diffuses
several orders ofmagnitude faster in ZIF-8 than the thermal response of
the heater (D= 2× 10�11 m2 s−1 at 40 °C, corresponding to the time
constant of 5:4× 10�4 s for 180nm thick film)19. In multi-analyte mea-
surements, the accuracy of the fit improved for larger diffusivity dif-
ferences between the two components and amplitude ratios closer to
one. To assess the impact of the concentration ratio, experiments with a
fixed 1-propanol concentration (25 ppm) and varying acetone con-
centrations (30–580 ppm)were performed. Despite the small difference
in diffusivities (6:6× 10�15 m2 s-1 for acetone and 1× 10�15 m2 s−1 for 1-
propanol) and up to a 10-fold difference in amplitude (values for single
components), the error in estimated diffusivity and ΔCðTÞ=C0 values
remained below 20% and 15%, respectively.

VOC supply
VOC vapors were supplied using an in-house built dosing setup. The
setup consisted of two mass flow controllers (MFCs, EL-FLOW Bron-
khorst). The first MFC delivers a nitrogen carrier flow through a bub-
bler filled with an analyte to produce the saturated VOC vapor. The
second MFC delivers a pure nitrogen stream to dilute the saturated
vapor and adjust the vapor concentration to a desired value. The vapor
concentration is defined as p=p0, where p and p0 are the actual and
saturated vapor pressure of the analyte, respectively. For dielectric and
gravimetric measurements, the bubbler was kept in a thermostatic
bath at 21.0 °C, and the sample temperature was 24.0 °C. Hence, the
reported p/p0 is at 24.0 °C and was calculated according to the satu-
rated vapor pressures at bath and sample temperature. The dosing
setup reliably produces p/p0 values between 2 and 80%. A dilution
module was used for reaching lower concentrations, for which a vapor
with p=p0 = 2.5–5% was fed into the module and diluted with pure
nitrogen by adjusting the gas flows through the MFCs. Binary and
ternary mixtures were produced by mixing single-component vapors.

Phenomenological model for ΔCðTÞ=C0 prediction
The equilibrium response of ZIF-8 sensors was linear in the log-log
plots (SI Figure S9) and can be accurately approximated by a
Freundlich-like equation R Tð Þ=b Tð Þ � xn, where R =ΔCðxÞ=C0 is sensor
response, b is the partition coefficient, and n describes the hetero-
geneity of adsorption (n ≤ 1). For a fixed temperature perturbation, the
amplitude can be calibrated by measuring partition coefficients at the
initial and final temperatures. For real-world sensing applications, it
might be desirable to maintain the initial temperature at ambient
conditions (e.g., to save power). Since, in that scenario, the initial
temperature might fluctuate, we propose a phenomenological model

to describe the temperature dependence of the partition coefficient
and account for arbitrary temperature steps:

b T2

� �
= b T 1

� �
exp h

1
T2

� 1
T 1

� �� �
ð2Þ

where h is a thermodynamic (fit) parameter. Twodatasets are necessary
to estimate the fit parameters (b,n,h) accurately: (i) dataset with
varying concentration for a fixed temperature step, and (ii) dataset with
varying temperature step with fixed concentration. For ZIF-8 sensors,
the proposed model gives excellent agreement with the experimental
amplitude values in the tested temperature range (from 22 to 50 °C).

Electronic nose benchmark measurements
The Portable Electronic Nose PEN3 from Airsense Analytics (Schwerin,
Germany) was selected as a representative example of current elec-
tronic nose technology. The PEN3 unit integrates ten different metal
oxide sensors operating between 350 and 500 °C. Single- and multi-
analyte mixtures were provided the same way as in the kinetic selec-
tivity sensing experiments, except that dried air (dewpoint of −40 °C)
instead of nitrogenwas used as a carrier gas to ensure optimalworking
conditions for the electronic nose. Before eachmeasurement, purging
was continued until a stable baseline was obtained for each sensing
element. Dosing experiments involved consecutive concentration
steps concentrations ranging from 0.2 to 209 ppm of the VOCs
(15–200ppmacetone, 1–209 ppm 1-propanol, 0.2–202 ppm 1-butanol,
and 5–175 ppm n-hexane), and 5–50 %rH water. The electronic nose
sampled the provided mixture at 40ml/min. For each concentration
step, an equilibration time of 15minutes was allowed, followed by
purging for at least 15min to zero the response of the sensor elements.
The measured data was processed using PLS_Toolbox (Eigenvector
Research, Inc., Washington, USA) in a MATLAB environment (The
MathWorks, Inc, Massachusetts, USA). The input data matrix com-
prised, for each of the measured 52 single-analyte samples, the
responses of each of the 10 sensors as variables. As a preprocessing
step, the data was mean-centered for each sensor. Venetian blinds
cross-validation with a 10/90 data split was employed. The principal
component analysis (PCA) model included three principal compo-
nents, capturing 47.24 %, 32.61 %, and 12.44 % of the variance in the
original dataset, respectively. Based on this model, 95 % confidence
intervals were determined and indicated as ellipses on the scores plot.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Supplementary
Information and the Source Data File. Source data are provided with
this paper.
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