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ABSTRACT: The development of novel molecular sieves opens opportunities in the development of more sensitive analytical
devices. In this paper, metal organic frameworks (MOFs), specifically ZIF-8 and ZIF-93, are grown on fiber optic based surface
plasmon resonance (FO-SPR) sensors. FO-SPR has enabled sensitive sensing capabilities in biomedical settings and the addition
of an MOF coating opens the way for the sensing of volatile organic compounds (VOCs) in gaseous media. FO-SPR probes were
homogeneously functionalized with ZIF-8 and ZIF-93 in each case using two different precursor solutions to obtain a sequential
nucleation and growth phase. The difference in MOF nucleation and growth kinetics of the two solutions was directly monitored
by the FO-SPR system. The two established MOF-FO-SPR sensors were then subjected to sensing experiments with several
alcohol vapors to establish their sensing capabilities. Vapors with mPa partial pressures, ppm concentrations, could successfully be
detected, e.g, an LOD of 2.5 ppm for methanol detection was acquired. The difference in recognition behavior of the
hydrophobic ZIF-8 and more hydrophilic ZIF-93 recognition layers can be exploited to yield qualitative information regarding

the vapor composition.

Volatile organic compounds (VOCs) have been associated
with various acute and long-term health issues. Nonethe-
less, they are linked to virtually every form of human activity,
being released from building materials, packaging, clothing but
also being produced during industrial processes and transport
activities. Despite their ubiquity, most VOCs are not directly
detectable at relevant concentrations by our olfactory system
and therefore often go unnoticed. Consequently, there is a
great interest in the selective monitoring of VOCs. Currently,
gas chromatography with mass spectrometry is the method of
choice when quantitative and qualitative analysis is required.
The high capital costs associated with this approach and the
difficulty of performing real-time on-site measurements
demands reliable alternatives.' ® Hand-held devices employing
photoionization detectors are nowadays used for on-site VOC
analysis yielding a total measure of the VOC amount while no

qualitative information on the nature of the VOC can be
obtained.”*

The difficulty in detecting VOCs lies with their typical low
partial pressure, low boiling point, and low surface tension
which minimizes their adherence to sensor surfaces.’
Functionalization of the sensor surface with an adsorptive
layer enriches VOCs from the atmosphere at the sensor surface
by several orders of magnitude enabling detection of minute
amounts. The incorporation of molecular recognition into such
an absorptive layer would add qualitative information.
Crystalline molecular sieves might be considered good
candidates for such absorptive layers. Whereas zeolites have
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Figure 1. Schematic representation of an MOF-FO-SPR probe, not drawn to scale. The probe consists of an optical fiber with a diameter of 400 ym
with the inner TECS cladding and the outer protective cladding removed from the end. The lower refractive index of the TECS cladding compared
with the glass core ensures the trapping of light. The 39 nm thick gold layer necessary for the SPR phenomenon is covered with an MOF which
functions as a recognition layer. The atoms in the floating methanol molecules are oxygen (red), carbon (black), and hydrogen (white).

been extensively studied as selective sorbents, they require
thermal activation to open up the pore system prior to use.'~ ">
Such thermal activation is incompatible with most sensor
designs. In contrast, the crystalline microporosity of metal—
organic frameworks (MOFs) can be evacuated under mild
conditions. MOFs consist of metal ions or a metal oxide cluster
interlinked by polydentate linkers into a crystalline 3D
framework. Variations in both metal and organic linker have
led to a very diverse group of materials being reported so far. As
host—guest interactions between MOFs and VOCs can be of
various nature, the MOF layer has the potential of not only
serving as an adsorption layer but also as a recognition layer,
providing selective adsorption toward specific analytes.'*~"°

Various optoelectronic approaches can be considered as a
detection method in sensor development. Specifically for VOC
detection surface plasmon resonance (SPR) offers some
desirable properties (vide infra). In SPR, changes in refractive
index (RI) of the environment around a thin metallic layer, e.g.,
gold, silver, copper, etc. result in a shift in the resonance
wavelength.'”~"” With future sensing applications in mind, a
fiber optic SPR (FO-SPR) design will be used (Figure 1). In
this approach, the principal FO-SPR probe consists of a
stripped optical fiber coated with a layer of gold of only a few
tens of nanometers thick. Light is efficiently guided through the
optical fiber until it reaches the gold coated fiber tip where the
surface plasmons are generated. This configuration yields
flexibility in measurement design and enables physical
separation of the electronics from the sensing area. The latter
is important when VOCs are to be detected in hard to reach
places, hazardous environments, or when there is a real risk for
explosion. Compared with other SPR designs such as prism-
based devices, the FO-SPR approach can easily be miniaturized
as it does not contain moving components. Also, the simple
design makes it perfectly suited for field use. Additionally, the
active sensing area can be made replaceable and disposable,
even when gold is used, as the amount of metal is minimal (5.1
X 10° ym® or 9.8 ug). In comparison to silver or copper, the
chemical stability of gold avoids oxidation under typical
conditions. In a biological setting, the FO-SPR already has
proven itself as a highly sensitive sensing system, e.g, for the
identification and quantification of bacterial DNA or
therapeutic drug monitoring, using antibodies and aptamers
as recognizing agents.ls_

In this study, MOFs are deposited as recognition layer on top
of the gold layer. More specifically two zeolitic imidazolate
framework (ZIF) materials, ZIF-8*° and ZIF-93,>* were
explored for the detection of alcohol vapors. Alcohols were

chosen as they are commonly used as solvents, fuel additives,
etc. and have a strong similarity but differ sufficiently to
correlate sensor output to molecule properties. Out of the
many possible MOFs, ZIFs were selected to target VOCs for
their small pore sizes as well as their high chemical
stability.”>~>* With the final design, ppm (parts per million)
concentrations can repeatability be detected in a quantitative
manner.

B EXPERIMENTAL SECTION

Fabrication of ZIF-8-FO-SPR Sensor. FO-SPR probes
were prepared and the SPR wavelengths were acquired
according to the methods described by Pollet et al,* see also
Supporting Information. First, a ZIF-8 seeding layer was
deposited on the golden sensing area from a fresh methanolic
(methanol, Sigma-Aldrich, >99.8%) synthesis solution (6 min)
containing 21 mM Zn(NO;),-6H,0 (Sigma-Aldrich, 98%) and
198 mM 2-methylimidazole (Sigma-Aldrich, 99%) (mIm).”’
Next, a thin ZIF-8 layer was grown from the seeding layer using
a fresh methanolic synthesis solution (12 min) containing 3.67
mM Zn(NO;),-6H,0, 132 mM 2-methylimidazole (mIm), and
99 mM sodium formate (Sigma-Aldrich, 99%). Between every
step, the SPR probe was thoroughly washed with ethanol
(Sigma-Aldrich, >99.8%). The final SPR wavelength of the
ZIE-8 coated FO-SPR sensor was 578 + 9 nm when kept in air.
All steps were done at a constant temperature of 20 °C. A
schematic representation of the MOF-FO-SPR sensor is given
in Figure 1.

Growth of ZIF-93 on an FO-SPR Probe. Similar to the
deposition of ZIF-8, ZIF-93 was deposited onto the FO-SPR
probe using two different synthesis mixtures. First, the
nucleation of the seeding layer was promoted via a 61 mM
Zn(NO;),-6H,0 and 225 mM 4-methyl-S-imidazolecarboxy-
aldehyde (mImca) (Maybridge, 97%) methanolic solution (6
min). Further growth of the ZIF-93 layer was done using a
methanolic solution containing 3.67 mM Zn(NO;),-6H,0, 150
mM mImca, and 99 mM sodium formate (6 min). After rinsing
with ethanol and air-drying, the SPR wavelength was checked
and the second growth step was repeated until the SPR
wavelength in air was approximately 600 nm.

Crystallographic Characterization. Grazing incidence
angle X-ray diffraction (XRD) patterns were collected on a
Panalytical X’pert Pro diffractometer. XRD simulations with
Rietveld refinement were performed using the software
Mercury.”® All data was processed using MATLAB version
2015b (The MathWorks, Inc.) except for the statistical
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Figure 2. Deposition of ZIF-8 and ZIF-93 on the FO-SPR sensor. Two step MOF depositions are performed in precursor solutions aimed for (1)
nucleation and (2) growth. After 6 min (ZIF-8) and 10 min (ZIF-93), the secondary MOF growth was stopped resulting in a stable SPR signal near

600 nm.

calculations which were performed using Origin 8 (OriginLab
Corp.).

B RESULTS AND DISCUSSION

In order to produce a functional FO-SPR VOC sensor, a thin
MOF layer has to be deposited on the probe surface. To
achieve a homogeneous, defect free ZIF-8 layer on the gold
sensing surface, the deposition of nanosized ZIF-8 seeding
crystals from the synthesis solution was optimized based on a
procedure described by Lu et al.”” Here, the aim was to induce
MOF nucleation rather than growth. Briefly, the FO-SPR probe
was first submerged for 6 min in the growth solution. The
deposition of the ZIF-8 seeding crystals was then followed in
situ by monitoring the SPR wavelength over time (Figure 2).
The nucleation step of ZIF-8 nanocrystals resulted in a fast red-
shift of the 50 nm. As the SPR wavelength positively correlated
with the refractive index (RI) of the local medium surrounding
the SPR probe, this shift reflects the surface nucleation of ZIF-8
crystals. This observation was confirmed by the SEM images
taken of the FO-SPR probe after this initial nucleation step
(Figure S1A). After a wash step consisting of rinsing with
ethanol (EtOH), the FO-SPR probe with ZIF-8 seeds was
introduced in a growth solution optimized for crystal growth
and inhibiting further nucleation by lowering the concentration
of the precursors, lowering the ligand to metal ratio and the
addition of formate as growth modulator; formate competes
with the MOF ligands through its strong interaction with the
zinc ions.””*° Upon immersion of the FO-SPR probe into the
growth solution, the SPR wavelength immediately rose fast
(Figure 2) and after about S min the SPR wavelength exceeded
the measurement range of the used spectroscopic configuration
(550—850 nm). After 12 min, the FO-SPR probe was removed
from the solution resulting in a stable SPR wavelength around
580 nm in air. Although ZIF-8 has a higher refractive index than
the initial growth solution, the measured SPR-wavelengths are
similar because ZIF-8 only partially fills the total SPR sensing
volume resulting in an effective refractive index close to this of
the initial growth solution. Note that complete filling of the
SPR sensing volume is not desirable as (1) the SPR signal
would shift out of the spectral window and (2) mass transport

in the thick ZIF-8 layer would limit sensor response. This
sensor is from now on referred to as a ZIF-8-SPR sensor. Note
that before ZIF-8 deposition the bare FO-SPR sensor in air
(n,,(589 nm) = 1.0003*') showed no measurable SPR
wavelength in the measured spectral range. Figure S1B shows
the surface of the ZIF-8-SPR sensor probe. Clearly, the
individual nanocrystals of the nucleation step were converted
into a homogeneous coating. When using only the growth step
without seeding layer, only a few, relatively large nanocrystals
were deposited on the FO-SPR surface as opposed to the
desired continuous layer (Figure S1C). To ensure that the
employed protocol indeed produced the desired ZIF-8 material,
the same synthesis protocols were used to generate a ZIF-8
coating on a gold coated glass slide. The acquired XRD pattern
matches the reported and simulated XRD pattern of ZIF-8
(Figure 3).”> Note that the thin ZIF-8 layer only gives rise to
weak Bragg reflections. For comparison, we have added the
powder XRD of ZIF-8 powders obtained via a similar synthesis
protocol to the Supporting Information (Figure S8).
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Figure 3. X-ray diffractograms of ZIF-8 and ZIF-93 surface depositions
match the corresponding simulated diffractograms (sim).
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On the basis of these findings for the deposition of a stable
ZIF-8 coating on the gold surface of the FO-SPR probe, an
analogous procedure for the growth of ZIF-93 was developed.
First, a nucleation solution was optimized resulting only in a
small SPR shift due to the deposition of ZIF-93 nanocrystals on
the FO-SPR probe (Figure 2). This was confirmed by SEM
imaging (Figure S1D). Subsequently, a growth solution was
optimized which, like the growth solution of ZIF-8, also showed
a fast, immediate increase in the SPR wavelength. The
secondary growth of the ZIF-93 recognition layer was checked
by removing the fiber from the growth solution and checking
the SPR wavelength in air. In total 10 min, 6 min plus 4
additional minutes in a fresh solution, were necessary to yield a
stable SPR-wavelength around 600 nm in air. The homoge-
neous nature of the ZIF-93 coating was confirmed with SEM as
seen in Figure S1E. Similar to ZIF-8, ZIF-93 was deposited on a
gold coated glass slide and characterized by XRD. The
diffractogram has enough matching peaks with the reported
and simulated patterns to conclude that it is ZIF-93 (Figure
3).** Similarly to ZIF-8, the powder XRD of ZIF-93 can be
found in the Supporting Information (Figure S8).

If desired, the thickness of the final coating for both MOFs
can easily be adjusted by varying the duration of the growth
step. For later sensing experiments, the SPR wavelength in air
was aimed to be close to 600 nm to make optimal use of the
spectrometer range. For ZIF-8 and ZIF-93, this corresponded
to a thickness of about 200 nm, measured with SEM (Figure
S2).

Having successfully prepared MOF-coated FO-SPR sensors,
the applicability of these MOF coatings as selective recognition
layers for alcohol vapors was evaluated. For all data presented
in the next paragraphs, the SPR signal will be expressed as RI
change relative to the baseline SPR signal in air. Although there
is a direct relation between SPR wavelength and local R], this is
not a linear relation. Consequently, upon VOC adsorption, the
magnitude of the SPR wavelength shift, with respect to the
baseline, depends on the initial position of that SPR
wavelength. Therefore, the SPR wavelengths were converted
to the corresponding Rls by using a model of light reflection on
isotropic multilayered media, as described in the literature.*>**

To ascertain the most effective operating conditions for the
FO-SPR sensor, the bare FO-SPR probes were calibrated, using
five different pure solvents with different RIs: 1.3270 for
methanol (MeOH), 1.3330 for water (H,0), 1.3604 for EtOH,
1.3800 for n-propanol (n-PrOH), and 1.3913 for n-butanol (n-
BuOH). These values correspond to the Rls at the measured
SPR wavelengths and were calculated using Cauchy or
Snellmejer dispersion formulas of the solvents, as found in
the literature.”*> The measurements were always performed at
the temperature where the corresponding dispersion formula is
valid. In the SPR model obtained from the literature, the
numerical aperture (NA) and the gold layer thickness were
varied. The outcome is presented in Figure S3. A good
correlation (R* = 0.98) between the experimental and fitted
data was obtained for a gold layer thickness of 36 nm and an
NA of 0.22. The thickness of the gold layer was validated by
AFM to be 39 nm, Figure S4. Even though the NA of the SPR
probe itself was 0.39,° the effective NA was determined by the
smallest NA in the whole optical system which in this
experiment is of the bifurcated fiber (NA 0.22).*

To study the capabilities of MOF-FO-SPR sensors, several
lower alcohols were selected to generate organic vapors in dry
nitrogen gas. As a first sorption experiment, four different

alcohol vapors (MeOH, EtOH, isopropanol (iPrOH), and n-
BuOH) were introduced into the measurement chamber over
both MOF-FO-SPR sensors at a relative saturation (p/p,) of
0.077. For direct comparison of the obtained results, the
measured RI change was converted to the fractional volume
occupied by the VOC inside the MOF sensing layer. This was
achieved by converting the general equation for the refractive
index c2)7f microporous substrates filled with a fluid analyte and/
or air:

ng = pn +png’ + (L= p = png”
to the following equation:

p(t) _ Mg (t) — g (0)

P (17 = 1)1 = )

where n.g(t) is the effective refractive index of the total MOF
analyte system as measured by the SPR sensor at time ¢, p,, and
pr are the volume fraction occupied by the analyte and the
MOF framework n,, n; and n,, are the refractive index of the
analyte, the MOF framework, and air, respectively. The
maximum volume fraction which could be occupied by the
analyte (p,,,,) was assumed to be the volume fraction not
occupied by the MOF framework (1 — py), ie., the total pore
volume fraction. The outcome can be seen in Figure 4 for ZIF-
8 and ZIF-93. In theory, control measurements on bare FO-
SPR sensors should be included; however, the bare SPR sensor
does not show any visible SPR activity in the measured spectral
window as the RI of the surrounding vapor is too low. In
theory, alcohol condensation on the SPR probe surface could
result in a measurable SPR response; however, the relative
saturations of the applied vapors are so low that condensation is
ruled out under the measurement conditions. When the graphs
of Figure 4 were compared, two significant differences between
both MOF coatings were observed. First, the volume fraction
occupied by the VOCs in the ZIF-93 recognition layer was
about 1 order of magnitude lower than for ZIF-8 as a
recognition layer for all alcohols except for MeOH. It is known
that ZIFs with carbonyl substituted ligands show a high
hydrophilicity due to the strong hydrogen bonding capabilities.
In contrast, ZIFs lacking polar groups on their ligand show a
high hydrophobicity.”® This difference in hydrophilic—hydro-
phobic interactions with analytes was also at the origin of the
second significant difference between both MOF-FO-SPR
sensors. Whereas ZIF-8 prefers the most apolar alcohol (n-
BuOH) over EtOH and MeOH, this sequence was reversed for
ZIF-93. Additionally, iPrOH adsorption in both ZIF-8 and ZIF-
93 was much slower to the linear alcohols. This is the result of
sterically hindered diffusion in the small pores of both MOFs,
which have a diameter of 3.4 A for ZIF-8 23 and 3.58 A for ZIF-
93.% These findings showed that both chemical and structural
interaction between the VOC and the MOF structure can be
exploited as recognition properties for sensing purposes. In
order to relate the VOC relative saturation (p/p,) to the
corresponding SPR signal, the response of the MOF-FO-SPR
sensors was measured at 10 different relative saturations
ranging from 0.0012 to 0.25. Each series of measurements was
repeated on three distinct MOF-FO-SPR probes. Specifically,
two different alcohols were tested, namely, n-BuOH and
MeOH. An example of the measured response using a ZIF-8-
SPR sensor for n-BuOH is shown in Figure SA. At low p/p,, it
takes tens of minutes to reach steady state due to the low
concentration gradient between the MOF and the surrounding
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Figure 4. Volume fraction occupied by the indicated analyte from a
vapor phase (p/p, = 0.077) in reference to the total sensing volume,
calculated from the SPR-response of the ZIF-8-SPR (top) and ZIF-93-
SPR (bottom) sensors.
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Figure S. SPR responses of a ZIF-8-SPR sensor for 10 partial pressures
of n-BuOH, ranging from 0.0012 to 0.25 with an incremental factor of
3.16, converted to RI (A) and differentiated to dRI/dt followed by the
application of a low-pass filter (B).

air. For sensing applications, this is too long. Therefore, instead
of measuring the absolute RI shift, the instantaneous change in
RI shift (dRI/dt) was measured enabling response in less than
half a minute as the most significant changes occur fast after the
introduction of the alcohol vapor. To increase the signal-to-
noise ratio of the dRI/dt, a low-pass filter was used to remove
the high-frequency noise (see the Supporting Information).
The obtained dRI/dt signal for n-BuOH is shown in Figure SB.
For MeOH, similar graphs were obtained albeit the speed of
adsorption was considerably faster.

Besides using the adsorption kinetics to determine the p/p,
of a VOC also the desorption kinetics as well as the steady-state
SPR shift were considered as an analytical measure. However,
both of these require steady-state conditions to be reached,
which will take too long for practical sensing purposes.

In Figure 6, (dRI/ dt)peak values obtained for difterent p/p, of
n-BuOH and MeOH on ZIF-8- and ZIF-93-SPR sensors are
presented. In Figure SS, a similar plot is shown where p/p, is
converted to partial pressure. The (dRI/dt),, was the highest
for the MeOH detection with the ZIF-93-SPR probes for
almost the entire range. The carbonyl groups present on the
ligands of ZIF-93 allow for the formation of hydrogen bonds,
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Figure 6. Calibration curves for the ZIF-8 and ZIF-93-SPR sensors for
MeOH and n-BuOH vapors. The error bars indicate the standard
deviation of the triplicate measurements. For all fittings, the adjusted
R? exceeded a value of 0.97.
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thus enabling a stronger adsorption at low p/p,. For the same
reason n-BuOH presented the lowest (dRI/dt),,, as it is more
hydrophobic. With ZIF-8, the difference between MeOH and
n-BuOH was small, except at the higher p/p, where a sudden
increase in (dRI/ dt)peak was observed with MeOH. At p/p, of
10" molecular clustering of occurs due to hydrogen bond
formation resulting in the sudden increase in (dRI/ dt)Pea_k.40
The use of the MOF-FO-SPR sensor for quantitative VOC
sensing relied on correlating the measured (dRI/dt),,,. signal
to an actual p/p,. Calibration curves were constructed by fitting
the experimental data in Figure 6 with the Hill equation:*'

(dﬂ) _ (dﬂ) W)

dt peak dt peak,max K"+ (p/po)n

with (dRI/ dt)peak, mae the maximum of (dRI/ dt)peak} n the Hill
coefficient, and k the partial pressure at half (dRI/df),eu max

To compensate for the gate-opening effect, a linear term was
added to the Hill equation:

(p/p,)"
() () (L A
dt peak de peak,max k" + (P/PO)

The fitted parameters and their confidence limits can be
found in Supporting Information in Table S1.

In Figure 7A,B, the sensitivities and selectivities of the MOF-
FO-SPR probes are shown and were calculated from the
calibration curves with

. d((dRI/dt)peak)
sensitivity = ———————
d(p/p,)
and

sensitivity, .

sensitivity . oo

MeOH )

selectivi
ty( n-BuOH

Above a p/p, of 0.1, the sensitivity and selectivity were the
highest for MeOH with the ZIF-8-SPR sensor. At lower p/p,,
the sensitivity and selectivity were the highest for MeOH on
the ZIF-93-SPR sensor. This complementary behavior of these
MOE-FO-SPR sensors for the sensitivity and selectivity toward
MeOH is related to the higher affinity at lower p/p, for ZIF-93.
While at higher p/p,, the higher sensitivity was ensured by the
molecular clustering of MeOH in ZIF-8 as discussed before.
Almost no preference for either MeOH and n-BuOH was
observed with the ZIF-8-SPR probe at low p/p,. However, the
sensitivity of the ZIF-8-SPR probe toward MeOH below a p/p,
of 0.03 was near constant around 13 mRIU/s. Thus, the
relation between the signal of the sensor and MeOH partial
pressure was linear, making field use very practical as no
complex calibration curve is necessary for the conversions of
the sensor signal to partial pressures of the analytes. As
analogous adsorption kinetics is observed for n-BuOH and
MeOH on ZIF-8 in literature, where the steep increase in n-
BuOH adsorption was more toward lower p/p,, a similar,
desired linear relation between the ZIF-8-SPR sensor signal and
n-BuOH p/p, is presumed at lower p/p, than measured in this
work.” The sensitivity of the ZIF-93-sensor toward the more
hydrophobic n-BuOH was the lowest of all and thus the
selectivity of the ZIF-93-SPR sensor toward MeOH was at least
substantial for the whole measured range.

The estimated LODs for the sensing of MeOH and n-BuOH
vapors were obtained by converting the lowest detectable (dRI/
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Figure 7. Curves of the sensitivity for MeOH and n-BuOH (A) and
selectivity toward MeOH in respect to n-BuOH (B) of the ZIF-8-SPR
and ZIF-93-SPR sensors. The sensors provided a complementary
sensitivity and selectivity toward MeOH. The comparable sensitivity
toward MeOH and n-BuOH of the ZIF-8-SPR sensor below a p/p, of
0.1 makes its selectivity to almost nothing in the same p/p, range. The
sensitivity toward n-BuOH of the ZIF-93-sensor was systematically the
lowest.

dt) peak value. This value is acquired by adding three times the
standard deviation of the noise to the average of the baseline.
With the established calibration curves, the LODs were then
converted to p/p, values for both ZIF-8-SPR and ZIF-93-SPR
probes. These are shown in Figure S2. The LODs of the MOF-
FO-SPR sensors were of the same order, p/p, of 107> to 1073
or 10 to 1 ppm, as other compact sensing devices generally
found in the literature.**~** The lowest LOD was obtained for
MeOH detection with the ZIF-8-SPR probe, p/p, of 15 X 107°
or 2.5 ppm, and the highest for n-BuOH detection with ZIF-93-
SPR probe, p/p, of 8 X 10~ or 73 ppm.

To test the performance of a calibrated MOF-FO-SPR
sensor, an experiment was performed by applying 80 random
p/po of n-BuOH in a 16 h experiment. The measured SPR
signal was converted to the refractive index as shown in Figure
S6A. The baseline shift (vide infra) during this long-term
experiment is clearly visible. While after 1 h, the baseline drift is
only 0.0063 RIU and after 16 h the baseline stabilizes at a
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relative shift of 0.0307 RIU. While significant, it is not the
absolute RI signal which is used to determine the applied p/p,
values, but the low-pass filtered, the first derivative of the Rl is
used (Figure S6B). As the baseline drift at short times is
negligible, the baseline of this derived signal is zero during the
whole measurement. The (dRI/dt),e, signal is extracted and
converted to the relative saturation using the established
calibration curve (Figure 6). This experimentally measured and
determined p/p, was plotted versus the applied p/p, (Figure 8).
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applied p/p,

Figure 8. 80 different n-BuOH relative saturations measured in
random order. These were further subdivided into consecutive applied
p/po sets. The number of data points in each set is indicated above its
corresponding average. The error bars represent the standard
deviation.

The acquired data points were further divided into 10 sets of
consecutive, equally sized windows of applied p/p, The
average and standard deviations are given in Table S3 and as
error bars indicated in Figure 8. For applied p/p, below 0.14,
the response is accurate and the averages are found near the
bisector. At higher relative saturations, the determined
concentration underestimates the applied value. Although the
precision and accuracy at higher values are still improvable, the
results at lower applied p/p, show the reliable functioning of
the MOF-FO-SPR sensor for real-life, practical applications.

During the measurements with the MOF-FO-SPR sensor, a
significant baseline shift was observed after extended periods.
This baseline shift is related to the gradual buildup of impurities
in the sensor. Overnight exposure of a contaminated sensor to a
saturated MeOH atmosphere and subsequent drying with N,
resulted in a full recovery of the original baseline shift. We
could however not identify to origin or nature of the impurity
in the used experimental setup.

B CONCLUSION

In the presented work, protocols for synthesis and deposition of
ZIF-8 and ZIF-93 layers under ambient conditions on an FO-
SPR probe were developed. The FO-SPR sensor allowed to
monitor and optimize the ZIF layer deposition. The use of two
different synthesis solutions was found to be crucial: one
optimized for the MOF nucleation and another for further
growth. The established kinetic patterns were used to then
optimize two similar synthesis solutions for ZIF-93. With the
similarity between ZIFs in mind, this procedure can be

generalized to other ZIFs and possibly even at higher
temperatures, thus, potentially establishing multiple ZIF-FO-
SPR sensors in an analog way.

Once the ZIF-8 and ZIF-93 coated FO-SPR sensors were
established. Their applicability was tested with adsorption
experiments with several alcohol vapors and monitoring the
change in dRI/dt converted from the SPR response enabling a
response time under half a minute. Both the chemical and
structural interactions between the alcohols and ZIFs provided
saturation-dependent selectivity and sensitivity differences
between both sensors with LODs to the order of ppm.
Accuracy and precision are demonstrated at low p/p,. If the
discussed baseline issue will be solved the accuracy and
precision will be improved over the whole range.

These observations proved the applicability of the ZIF coated
FO-SPR sensors and offers clues to the applicability to other
MOFs, as they show diverse sorptive behaviors with their
diverse building blocks. With applications in mind, further
exploration of different MOF materials as well as expansion of
the VOC pallet in the presence of water, oxygen, carbon
dioxide, or other nonorganic volatiles can be included in future
research.

The ability to monitor the RI with the FO-SPR setup made it
possible to monitor the mass and density changes during layer
formation of the ZIFs and the following sorption behavior of
several alcohols on these layers. This sets the example not only
to use FO-SPR as a sensing platform but also as a sensitive
system to study the kinetics of material formation and sorptive
behavior or even other phenomena where the RI changes.
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