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In this study, ZIF-8 MOF nanocrystals were synthesized and post-synthetically modified by applying
different cation exchange strategies. Addition of cadmium nitrate in either methanol or DMF followed by
either magnetic stirring or gentle heating led to the incorporation of a small amount of Cd (II) ions into
the crystal structure in most cases, as clearly demonstrated by several characterization techniques
including PXRD, SEM-EDS and FT-IR. This novel doped material exhibits a high fluorescence with the
maximum emission wavelength at 444 nm upon excitation at 380 nm, which allows its use as an
effective optical sensor. The sensing capability of the Cd-doped ZIF-8 material was demonstrated by its
exposure to sulfide ions in aqueous solution. The fluorescence of the doped material was gradually
quenched as the concentration of S2� was increased. Sensing devices based on mixed-matrix membranes
(MMMs) were fabricated by using poly (dimethyl siloxane) (PDMS) as a hosting matrix for the Cd-doped
ZIF-8 crystals, giving rise to fluorescent sensing films with fast and selective responses against a broad
number of potential interferents.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Metal-Organic Frameworks (MOFs) are a class of hybrid mate-
rials assembled by the linkage of metals ions (or clusters) and
organic ligands, forming extended two- or three-dimensional
crystalline networks with high porosity [1,2]. Based on the large
variety of metals and potential organic linkers, MOFs are used in
numerous research fields like gas storage [3,4] and separation
[5e7], drug delivery [8,9], catalysis [10e15], or chemical sensing
[16e22] among others [23e25]. Moreover, the possibility of
carrying out post-synthetic modifications (PSMs) of their structures
is a way to increase the number of MOFs with tailored properties
and thus enhancing the MOFs capabilities in applications like light
emission or gas adsorption [26,27]. PSM is especially interesting for
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sensing applications, where the ligands or/and metal nodes play an
essential role in adsorption, reactivity and selectivity [18].

Zeolitic Imidazolate Frameworks (ZIFs) are a sub-class of MOFs
where transition metal ions, usually Zn (II) or Co (II), are
tetrahedrally-coordinated to the N atoms of imidazolates (Im) [28].
In this class of materials, the angle between two metal centres
bridged by an imidazolate unit (M�Im�M) is similar to the
SieOeSi angle found in zeolites. For this reason, ZIFs are typically
isoreticular to zeolites, like sod, rho or ana among others [29]. In
particular, ZIF-8 has beenwidely studied because of its thermal and
chemical stability and many synthetic routes have been designed
for its preparation. ZIF-8 is formed by the coordination between Zn
(II) and 2-methylimidazole (2-me-Im) with sod type structure
[29,30]. Within the sensing applications, ZIF-8 has been generally
used as electrochemical sensor [31e38] and its use as optical sensor
limits its role as hosting matrix, requiring the incorporation of
emissive cargos like carbon dots [39,40], fluorescent molecules/
dyes or lanthanide ions [41e49]. However, to the best of our
knowledge, pure ZIF-8 has been rarely employed as optical sensor
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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because it exhibits almost no fluorescence and therefore a very
poor sensing response [50], which are the main drawbacks of this
material for this specific application.

The high toxicity of the S2� ion poses a significant harm to both
the ecological systems (specially aquatic life) and human health.
For humans, direct exposure to low concentrations of sulphide ions
can cause localized inflammation and irritation in wet membranes,
such as eyes and respiratory tract, and even long-term exposure
could provoke chronic health disease [51,52]. In addition, high
concentrations of the S2� ion result in severe human disorders like
pulmonary edema, respiratory or nervous system paralysis and can
even be lethal at concentrations above 500 ppm [53]. In this sense,
the concentration of S2� ions has been an important index in bio-
logical, environmental, and health systems. Therefore, simple, fast,
and selective detection of S2� ion is highly necessary.

In this context, nanosized ZIF-8 particles were synthesized, and
a post-synthetic cation exchange was successfully carried out
doping the original material with a small number of Cd atoms
(1e5% of total metal ions), enhancing the intrinsic luminescent
properties of the MOF for its subsequent use as an effective optical
sensor. For this purpose, the sensing capabilities of the new ma-
terial have been applied to the detection and quantification of
sulfide ions in aqueous media. Additionally, the Cd-doped ZIF-8
crystals were embedded in nanoporous poly(dimethylsiloxane)
(PDMS) membranes [54], giving rise to sensing films with high
response rates and selectivity towards the target analyte.

It is worthmentioning that previously reported bimetallic Zn/Cd
ZIF-8materials have large particle sizes, non-homogeneous particle
size distribution, and in any case their luminescent properties have
not been investigated [55,56]. Therefore, the enhancement of the
emission capacity of pure ZIF-8 found in this work, just being doped
with Cd(II) ions, while maintaining its structural properties almost
unaltered, paves the way for the use of this well-known versatile
material in those applications where high luminescence is required
like optical sensing.

2. Experimental section

2.1. Materials and methods

Zinc (II) nitrate hexahydrated, Zn(NO3)2$6H2O (> 99%), 2-
methylimidazole, cadmium (II) nitrate hexahydrated,
Cd(NO3)2$6H2O (> 99%) and sodium sulfide nonahydrated
Na2S$9H2O (�98%) were all purchased from Sigma-Aldrich. Poly(-
dimethylsiloxane) (Synglard® 184) was purchased from Dow
Corning. Other reagents and solvents were purchased as reagent
grade and used without further purification.

Powder X-ray diffraction (PXRD) analysis was performed on
approximately 10e15 mg of each sample at room temperature
using a Bruker D8 Discover diffracttometer at 50 kV and 1000 mA
for Cu ka (l ¼ 1.5418 Å), in the range 5�-50� 2q with a step of 0.02�

per 0.5 s. In addition, X-ray microdiffraction (m-XRD) was used for
the MOF@PDMS membranes. The shape and size of the MOFs
particles were examined by scanning electron microscopy (SEM),
using a FEI Teneo and by high resolution transmission electron
microscopy (HR- TEM), using a FEI Talos F200X. For this purpose, a
droplet of an aqueous suspension of particles was deposited onto a
copper grid coated with a thin carbon layer and dried in air. The
particle size distributions were obtained from the HR-TEM images
by counting one hundred particles and analysed by the ImageJ
software. Thermogravimetric analysis (TGA) was performed by
analyzing approximately 10e15 mg of sample under an air atmo-
sphere using a TGA Discovery apparatus (TA instruments) running
from room temperature until 1000 �C with a heat rate of 10 �C/min.
For semiquantitative elemental analysis, Scanning electron
2

microscopy-Energy dispersed X-ray spectroscopy (SEM-EDS; FEI
Teneo) and Wavelength Dispersive X-ray Fluorescence (WDXRF;
Malvern Panananalytical AXIOS equipped with a Rh tube) were
used. FT-IR transmittance spectra were recorded with a IFS-66s
(Bruker) using a scanner velocity of 2.2 KHz and a resolution of
4 cm�1. For these measurements, the compounds were dispersed in
ethanol and a drop of this dispersion was deposited onto a Si
substrate that was placed on the sample holder. Fluorescence (FL)
emission and excitation spectra were recorded with a Hitachi FL-
7000 Fluorescence Spectrophotometer. For FL emission measure-
ments, a high pass filter at 400 nm was used.

2.2. ZIF-8 synthesis

The ZIF-8 synthesis proposed by J. Cravillon et al. [57] was fol-
lowed with some modifications. Briefly, 448.95 mg (1 eq.) of
Zn(NO3)2$6H2O was dissolved in 30 cm3 (350 eq.) of methanol.
Parallelly, 973.35 mg (8 eq.) of 2-methylimidazole were also dis-
solved in another 30 cm3 ofmethanol. Then, the 2-methylimidazole
solution was rapidly poured into the Zinc (II) solution under mag-
netic stirring. After 1 h, the reaction was stopped and the white
precipitate was separated from the dispersion by centrifugation at
6500 rpm and washed three times with fresh methanol. The
crystals were dried in air at room temperature. A schematic over-
view of the synthesis procedure is also shown in Fig. S1.

2.3. Post-synthetic modification

Cd(NO3)2$6H2O (0.4 mmol, 123.4 mg) was dissolved in 3 ml of
solvent (methanol or DMF) and 20 mg of ZIF-8 was added into the
solution. Then, two different modification strategies were carried
out. In one of them, the mixture was placed in a pre-heated oven at
60 �C for 48 h and in the other, themixturewasmagnetically stirred
at room temperature for 48 h. Each procedure was repeated twice,
using methanol or DMF as a solvent. The product obtained for each
synthesis was named ZIF-8-A1, ZIF-8-B1, ZIF-8-A2 and ZIF-8-B2,
where “A00 or “B00 denotes the solvent used, methanol or DMF
respectively, and “100 or “2” denotes the synthesis conditions, 60 �C
or stirring at room temperature respectively. In all cases, the
powder was recovered by centrifugation at 6500 rpm and washed
three times with fresh methanol. The experimental conditions for
the different cation exchange experiments and the corresponding
labeling of the obtained samples are summarized in Table S1.

2.4. ZIF-8@PDMS membranes preparation

15mg ofMOFweremixedwith a Sylgard® 184 base and a curing
agent in a 10:1wt ratio (1 g and 0.1 g respectively). Themixturewas
vigorously stirred for 30 min. After the complete dispersion of the
MOF powder into the polymer matrix, the mixture was spin-coated
on a petri dish at 1000 rpm for 60 s and then placed in an oven at
60 �C overnight. The films were cut and peeled off on demand.

2.5. Sulfide sensing assays

For the sensing experiments, the fluorescence at the maximum
emission wavelength of a suspension of ZIF-8 or Cd-doped ZIF-8
(0.5 mg cm�3) was monitored in the absence and presence of
different concentrations of Na2S in aqueous media. To test the
sensing capabilities of the ZIF-8@PDMS membranes, 1 � 1 cm of
membrane was cut and sticked to a clean quartz substrate and
immersed into a sulfide solution in a cuvette compatible with the
spectrophotometer with an angle of 45� while the FL changes were
monitored. All experiments were carried out at pH 7.4. Note that
when Na2S is dissolved in water, an acid-base equilibrium is
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established where SH� is the specie in higher proportion at the
working pH, and the H2S concentration is negligible [58].
Fig. 2. (a) XRD diffractograms of pristine ZIF-8 and Cd doped ZIFs-8. The planes (200)
and (400) are red labelled in their corresponding diffraction peaks. (b) Amplication of
the 2q region of the two peaks of interest.
3. Results and discussion

3.1. Characterization

The TEM bright-field and SEM images (Fig. 1) of ZIF-8 crystals
reveal that the particles consist of iso-metrical nanoparticles with a
narrow size distribution. A statistical evaluation of 100 particles
resulted in an average diameter of 56 ± 8 nm. This particle size is
consistent with that reported by Cravillon et al. [57].

The MOF material, isolated as a crystalline white powder, was
characterized by PXRD (Fig. S2). It is clear that ZIF-8 was obtained
as a unique pure phase as the experimental diffraction patter does
not show any difference from the simulated one.

The crystallinity of the samples after the cation ex-change was
verified by PXRD, as shown in Fig. 2a. Unlike the other post-
synthetic modification strategies, the modification conducted to
prepare the ZIF-8-A1 sample seems to generate large Zn removal
that resulted in the formation of a ZnO phase, observed as a poorly
crystallized solid with broad peaks above 30�.

On the other hand, a peak splitting can be observed at 10.5�,
plane (200), and 19.5�, plane (400) in the diffractograms of the rest
of Cd-doped samples (ZIF-8-A2/B1/B2). Fig. 2b shows a zoom of
these two peaks where the splitting can be clearly observed and is
attributed to a decrease of the plane symmetry after the incorpo-
ration of the Cd atoms. Further analysis shows that the planes (200)
and (400) contain the higher density of Zn (II) ions as can be seen in
Fig. S3 of the supporting information document, which demon-
strates that these planes are more sensitive to small variations of
the structure where the metal nodes are involved.

EDS of cation exchanged ZIFs-8 (Fig. S4) exhibits the signals for
Cd La at 3.12 KeV and for Zn Ka (8.6 KeV), Kb (9.6 KeV) and La
(1.01 KeV) indicating the presence of both metals in the MOF
structure. As an example, the SEM-EDS mapping of ZIF-8-B1 in
Fig. 3 also reveals a homogeneous distribution of Cd2þ ions. The
amount of cadmium was quantified by WDXRF based on the for-
mula Zn1�xCdx (2-Me-Im)2, where x is the metal exchange per-
centage being 0.8% for ZIF-8-A2, 2.7% for ZIF-8-B1 and 5.1% for ZIF-
Fig. 1. HR-TEM bright-field images (aeb) and SEM images (ced) of ZIF-8 nanoparticles
with different magnifications.
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8- B2. This trend is also observed in the corresponding diffracto-
grams of Fig. 2 where the relative intensity of the split peaks at
10.5� and 19.5� increases with the %Cd in the structure. The
incorporation of a bigger atom to a crystal structure involves an
increase of the lattice parameters according to Vegard's law [59,60].
Therefore, a bigger unit cell parameter than the pristine ZIF-8
would be expected in the doped samples if the Zn atoms were
effectively exchanged by Cd atoms. For this purpose, a Le Bail
refinement, as implemented in the FullProf suit of programs [61],
was done to ZIF-8 and ZIF-8 doped samples, obtaining an increase
of the lat-tice parameter a as the %Cd increases, with values of
17.01 ± 0.04,17.00 ± 0.01,17.03 ± 0.03 and 17.23± 0.08 Å for pristine
ZIF-8, A2, B1 and B2 respectively. The ZIF-8-A1 sample was inten-
tionally excluded from these experiments in order to avoid unre-
alistic results.

The coordination between the Zn centres and nitrogen atoms of
the ligands (2-methylimidazole) was further confirmed by FT-IR, as
shown in Fig. S5. As can be seen, both 2Me-HIm and ZIF-8 exhibit
the characteristic C¼N stretching (1592 cm�1), whereas bands be-
tween 1300 and 1500, 1250e900 and 800-600 cm�1 can be
assigned to the imidazolate ring stretching, in-plane bending and
out-of-plane bending respectively [62,63]. The narrow band at
Fig. 3. SEM-EDS mapping of ZIF-8-B1. SEM (top left) and elemental distribution of C Ka
(green, top right), Zn La (bottom left, red) and Cd La (bottom right, purple). The scale
bar corresponds to 10 mm.



Fig. 4. FL emission spectra of an aqueous suspension (1 mg cm�3) of pristine ZIF-8
(solid line), ZIF-8-A2 (dashed line), ZIF-8- B1 (dashed-dotted line) and ZIF-8-B2
(dotted line). Inset: Area of the FL emission band vs. the Cd atomic content (%). The
dashed line represents the expected trend of the FL emission.

Fig. 5. FL excitation (dashed lines) and emission (solid lines) of a water suspension
(0.5 mg cm�3) of pristine ZIF-8, ZIF-8-A2, ZIF-8- B1 and ZIF-8-B2. The corresponding
excitation and emission wavelengths are indicated in the figure.
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425 cm�1, attributed to the ZneN stretching [62,63], and the
absence of the typical NeH stretching (3150 cm�1) in the FT-IR
spectrum of ZIF-8 indicate the correct coordination between the
metal and the ligand. Moreover, the absence of some bands in the
spectrum of ZIF-8 compared to that of the free ligand could be
explained by the restriction of some vibration modes in the MOF
due to the new coordination environ-ment.

The Cd-doped ZIF-8 samples show virtually the same FT-IR
spectrum as that of the ZIF-8 (Fig. S6). Be sides, the broad band at
500 cm�1 in the FT-IR spectrum of ZIF-8-A1 is assigned to the ZneO
stretching vibrationmode of the ZnO [64] formed by the degradation
of ZIF-8 during the Cd-doping process. Additionally, the corre-
sponding thermogravimetric analysis (TGA) (Fig. S7) displays a
similar profile in all samples except that of the ZIF-8-A1. TGA curves
exhibit a slight mass loss (0e4.7%) in the temperature interval of
100e200 �C, attributed to the removal of guest molecules occluded
into the MOFs cavities, e.g. DMF or methanol or some species
adsorbed on the surface [17]. The subsequent mass loss (55e65%)
corresponds to the removal of the ligand, while the remaining mass
corresponds to ZnO species. In contrast, the thermogravimetric
profile of ZIF-8-A1 shows a minor proportion of ligand-metal, indi-
cating a partial degradation by the formation of ZnO, as shownby the
XRD and FT-IR analyses of this sample. In order to avoid interference
of this ZnO secondary phase in the sensing properties of the Cd- ZIF-
8, the sample ZIF-8-A1 will not be considered in the studies below.

3.2. Luminescent properties

The emission spectra of ZIF-8 and ZIF-8-A2/B1/B2 are shown in
Fig. 4. As can be seen, the FL emission intensity of the doped
samples is higher in all cases compared with that of the pristine
ZIF-8. This enhancement of the FL intensity is notably higher in the
ZIF-8-B1 which exhibit a thirty-fold FL emission intensity
compared to that of the undoped ZIF-8. It is well known that ZIF-8
displays almost no luminescence and therefore, the FL increase
must be unequivocally attributed to the incorporation of the Cd (II)
centres, resulting in a Ligand to Metal Charge Transfer (LMCT) be-
tween the imidazolate ligands and the Cd2þ ions [65]. The inset of
Fig. 4 reveals that the light emission increases linearly with the %Cd
at least until 2.7%. However, further increase of the Cd content (ZIF-
8-B2) does not result inmore intense FL, giving rise even to a drastic
decrease of the light emission.

In order to understand this phenomenon, the FL excitation
spectra of ZIF-8 and ZIF-8-A1/B1/B2 were recorded using the
maximum emission wavelength (lem ¼ 444 nm) as depicted in
Fig. 5. As the cadmium content increases, a new band appears in the
excitation spectrum with a maximum at 425 nm. This new band is
particularly significant in the case of the ZIF- 8-B2 where a clear
overlapping with the emission band is observed, producing a
reabsorption phenomenon and consequently decreasing the
emission efficiency. Therefore, we selected the improved emission
properties of the ZIF-8-B1 sample for sensing applications.

3.3. Sulfide ion sensing

Water suspensions (0.5 mg cm�3) of ZIF-8-B1 were exposed to
different concentrations of S2� ions i.e. 50, 37.5, 25, 5, 2.5, 1.25, 0.5
and 0.05 mM and their emission spectra were recorded at 5, 10 and
15 min of reaction. As shown in Fig. S8a, exposure to increasing
concentrations of S2� resulted in a progressive fluorescence
quenching of the Cd-doped ZIF-8 material. Specifically, S2� con-
centrations above 5 mM produced an almost total disappearance of
the original emission of the doped MOF. The observed S2� con-
centration dependence of the response was quantified by using the
Stern-Volmer equation (Equation (1))
4

A0

A
¼ 1þ KSV

h
S2�

i
(1)

where A0 and A are the area under the FL curves before (A0) and
after (A) S2� exposure, and KS V is the Stern-Volmer constant.
Fig. S8b shows a perfect fit of the experimental data giving rise to a
KS V ¼ 828 M�1. From this plot, we can also calculate the limit of



Fig. 6. Fluorescence (lex ¼ 380 nm) spectra of ZIF-8@PDMS (dashed line) and ZIF-8-
B1@PDMS (solid line) films. Inset: pictures of ZIF-8-B1@PDMS and ZIF-8@PDMS
films under visible and UV illumination.

Fig. 7. Kinetic curves obtained (lex ¼ 380 nm, lem ¼ 444 nm) from the exposure of ZIF-
8-B1@PDMS films to 12.5, 1.25 and 0.125 mM aqueous solutions of S2�. The dots
represent the experimental data and the solid lines the fitted curves.
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detection (LOD) and the limit of quantification (LOQ) using the
linear regression method [66] where LOD ¼ 3 � s/slope and
LOD ¼ 10 � s/slope, with s standing for the standard deviation of
the intercept. The values obtained for the LOD and LOQ were 0.14
and 0.47 mM, respectively. These LOD values are comparable with
other found in the literature also using luminescent MOFs for the
detection of sulfide ions in solution [67e74]. A table summarizing
these results can be found in the supporting information (Table S2).

A time dependence study also reveals a fast decreasing of the FL
intensity, reaching the maximum FL changes (quenching) practi-
cally 5 min after the exposure to the analyte for all studied con-
centrations, followed by a stabilization of the curve until a complete
saturation is reached (Fig. S9).

In order to understand the sensing mechanism and to test the
stability of the sensing material after exposure to the analyte, FT-IR
and PXRD measurements were carried out with exposed ZIF-8-B1
powders. As can be seen in the corresponding FT-IR spectrum
(Fig. S10a), a new band appears in the 750-450 cm�1 region that is
attributed to the stretching mode of CdeS bond, revealing covalent
interactions between sulfide ions and the cadmium centres [75,76].
This reaction interrupts the LMCT and subsequently produces a FL
quenching. This fact is supported by the presence of the typical
NeH stretching band of secondary amines at 3360 cm�1 [77].
These results can be understood considering the extremely high
tendency toward the formation of CdS (Kps z 10�27) [78,79], being
energetically favorable the breaking of the CdeN coordination to
form CdS. The XRD diffractogram (Fig. S10b) also reveals that the
MOF is still crystalline after the analyte exposure. Due to these
strong covalent interactions, the recovery of the system was not
possible after washing the particles several times with fresh water
or methanol (data not shown). Other recovery strategies are in
progress and deserve further research.

In order to take advantage of the sensing properties of the ZIF-8-
B1 material, a solid sensor was fabricated by its incorporation into a
PDMS matrix. The corresponding SEM images (Fig. S11) reveal that
the MOF nanocrystallites are totally embedded into the porous
polymeric film with a homogeneous thickness of 59 mm. The
crystallinity of the MOF, once embedded in the PDMS membrane,
was confirmed by m-XRD (Fig. S12). As can be observed, the dif-
fractogram of ZIF- 8@PDMS reveals that the MOF particles remain
crystalline after being incorporated into the PDMS membranes
since the main peaks of ZIF-8 can be clearly distinguished from
the noisy signal of the mainly amorphous PDMS-based films.
Furthermore, the amorphous phase around 12� is attributed to the
polymeric matrix.

The FL emission spectrum upon excitation at 380 nm of a ZIF 8-
B1@PDMS film is depicted in Fig. 6 along with the corresponding
spectrum of an undoped ZIF-8@PDMS film. As expected, the ZIF 8-
B1 material embedded in the PDMS films exhibits a similar
enhancement of the emission intensity with respect to pure ZIF-8
as compared with the materials suspended in water (Fig. 4a).
Moreover, the ZIF 8-B1@PDMS films show the same emission
profile as the nanocrystalline MOF material isolated in the form of
powder (Fig. S13), and consequently, the membrane exhibits a blue
emission, visible with the naked eye, when illuminated under UV
light, that is not observed in the corresponding films of pure ZIF-8
(inset in Fig. 6). These results illustrate that the blue emission is due
to the presence of the doped ZIF-8 in the membranes.

Exposure of the ZIF-8-B1@PDMS films to low concentrations of
Na2S, i.e. 12.5, 1.25 and 0.125 mM, gave rise to a progressive
quenching of the film fluorescence until saturation is reached
(Fig. S14). More precisely, the kinetic response of the ZIF-8-
B1@PDMS membranes was studied by monitoring the temporal
evolution of the response (quenching), quantified as F ¼ 1 � A/A0,
upon exposure to the same concentration of Na2S (Fig. 7). The
5

kinetic curves are characterized by a fast response, followed by a
stabilization where the complete saturation is easily observed. A
numerical fit to these experimental points was carried out by using
the two-site Stern-Volmer model [19,20]. Unlike direct exposure of
the ZIF-8-B1 suspensions to the analyte, the MOFs particles
embedded into the PDMS films can exhibit some degree of het-
erogeneity and, subsequently, this can involve the presence of two
or more sites of interaction, each one with its respective Stern-
Volmer constant [80]. The two-site Stern-Volmer equation can be
written as a function of F as

FðtÞ ¼ 1� f1
1þ KSV

1 QðtÞ �
f2

1þ KSV
2 QðtÞ (2)

where f1 and f2 are the fraction of each site (f1 þ f2 ¼ 1), KSV
1 and KSV

2
are their respective Stern-Volmer constants and Q(t) is the
quencher uptake at a time t. Additionally, it has been demonstrated
that diffusion or adsorption-controlled processes are better



Fig. 8. Response of ZIF-8-B1@PDMS films to common thiols and anions. The error bars
represent the standard deviation calculated from three independent measurements.

F.G. Moscoso, L.M. Rodriguez-Albelo, A.R. Ruiz-Salvador et al. Materials Today Chemistry 28 (2023) 101366
described by a pseudo-second order kinetics [81]. However,
diffusion processes where a high uptake is achieved at short times
are better described by a pseudo-first order kinetics. Hence, Q(t) in
Equation (2) is then replaced by the integrated equation of a
pseudo-first order kinetics (Equation (3)):

Q(t) ¼ Q∞(1 � e�kt) (3)

where Q∞ is the quencher uptake at equilibrium and k is the ki-
netic constant. With this approach, a very good agreement with
the experimental results was obtained (R2 ¼ 0.9997 for 12.5 mM,
R2 ¼ 0.9848 for 1.25 mM and R2 ¼ 0.9730 for 0.125 mM) as can be
observed in Fig. 7. Moreover, in order to further analyze the kinetic
properties of the material, the t50 and t90 parameters were
calculated from the kinetic curves. These parameters represent
the time needed for the sensor to reach 50% and 90% of its
maximum response respectively. The t50 values were 3.5, 36 and
60 s and the t90 values were 520, 156 and 1860 s for 12.5, 1.25 and
0.125 mM respectively. As can be seen, the response times cor-
responding to the initial part of the response, t50, invariably
decrease with the analyte concentration, as expected from a
concentration-gradient-driven effect [82]. However, when the
response time includes the final part of the response, near the
saturation step, t90, relatively high concentrations of the analyte
(12.5 mM) lead to a reduction of this value possibly due to a
limited diffusion rate in the PDMS membrane. In any case, the
obtained values highlight the high response rate in the detection
of S2� ions.

Finally, its is important to highlight that the highly specific re-
action that takes place during the sensing process ensures the
selectivity of the system. As shown in Fig. 8, this selectivity is
demonstrated against a set of typical organic and inorganic anions
together with organic thiols like cysteine (cys) or homocysteine
(Hcys). The FL emission intensity was measured before and after
the exposure of ZIF-8-B1@PDMS to 12.5 mM of the possible inter-
ferents. In all cases, the quenching obtained is considerably low
compared to that obtained in the presence of S2�.
4. Conclusions

The intrinsic fluorescent capacity of ZIF-8 has been increased by
a factor of 30 by a post-synthetic doping modification with
6

cadmium, at tetrahedral sites in subsitution of zinc. Secondary light
reabsorption appears at higher Cd incorporation, leading to
maximum photoemission capacity at 2.7 %Cd content. The
photoluminescence of the Cd2þ incorporated ZIF-8 is quenched by
exposure to sulfide ions in aqueous solution, which has been
exploited for sensing application of this ion. The fluorescence
quenching follows the Stern-Volmer equation and the sensing is
characterized by a fast and sensible responsewith a LOD of 0.14mM
and a LOQ of 0.47 mM. Cd-ZIF-8 was successfully embedded in
polymeric PDMS membranes, retaining excellent sensing capabil-
ities, with t50 values in the second range following a pseudo-first
order kinetics. Finally, possible interference with other common
anions has been studied, demonstrating the selectivity of the ma-
terial towards sulfide ions. Future work includes the investigation
of recovery strategies for the sensor response and its application
to the detection of gaseous H2S.
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