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This work comprises the characterization of a 3D metal-organic framework (MOF), namely, {[Zn(u-
3isoani),]-4H,0},, synthesized through the coordination of 3-aminoisonicotinic acid (H3isoani) with Zn®*
ions. The assembly of the building blocks resulted in a doubly interpenetrated open 3D crystalline
structure with a quartz-like topology that possessed solvent-accessible voids occupied with water
molecules. The compound exhibited excellent photoluminescence properties with a dual fluorescent
emission arising from the organic molecule as corroborated by calculations using the time-dependent
density functional theory (TD-DFT). The independent nature of each emission band with temperature
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inspired us to study the compound as a ratiometric luminescent thermometer. Notably, it showed the
best performance in the 200-300 K range. In addition, the MOF was dispersed in polymethylmethacry-
DOI: 10.1039/d4tc05392¢ late (PMMA) for the construction of an easy-handled membrane via the solution-casting method for

detecting aqueous Fe>* ions with a competitive Ksy value of 3.7 x 10° Mt and a limit of detection
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rsc.li/materials-c (LOD) of 2.8 x 107> M.

Introduction

In the last decade, metal-organic frameworks (MOFs) have
become a hot topic in materials science because of their
tailorable crystalline structures, which can be rationally desig-
ned by adhering to the principles of coordination chemistry
and by the appropriate selection of metal ions and organic
molecules, which are similar to the bricks that sculpt crystal-
line architectures."”” Historically, the main applications of
these fascinating porous materials are in gas adsorption and
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separation of small molecules owing to their open structure,
well-defined pore shape and high specific surface areas (above
7000 m*> g~ ').>” Nonetheless, the open structure of MOFs
makes them prone to interact with the environment that could
modulate the properties of these materials, making them
useful for sensing applications. Indeed, the number of MOFs
with sensing applications has incredibly grown in the last few
years owing to their advantages of high flexibility to adapt to
the environment and large number of properties, such as
magnetic,*” electrochemical® and photoluminescence®*° prop-
erties, to be employed as transduction signals. Importantly, the
sensor material’s response to stimuli must be fast, sensitive
and easily detectable. Notably, photoluminescent (PL) MOFs
meet all these requirements as their bright and intense emis-
sion is prone to detect noticeable changes in either intensity
(which can follow turn-off or turn-on mechanisms) or wave-
length of the emission bands."' For instance, the existing
dependence of PL signals of MOFs to temperature enable them
to be employed in luminescent thermometry, facilitating the
development of simple devices that impose a high level of
temperature control in industrial processes to ensure the
quality of the final product."*'* Luminescent materials are well
known for their use as thermometers since increasing the
temperature usually decreases the emission intensity owing to
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the rise in non-radiative deactivation pathways.'*'> Nonethe-
less, most of the currently reported thermometers are single
intensity-based ones, which are often susceptible to errors that
may arise from changes in the concentration of the probe,
excitation power or detection capacity.'® Additionally, although
all the experimental conditions are kept constant during the
measurements (counting on the excitation wavelength or power
source), the variability in absorption and scatter cross-section
from sample to sample may lead to a reduction in the accuracy
of the method.” To overcome these drawbacks, ratiometric
luminescence thermometry makes use of two independent
signals from the same material to overcome the potential
problems of single signal-based thermometers. This fact
removes the dependency of the concentration or the drifts of
the excitation source from temperature sensing, giving rise to a
new generation of self-referenced thermometers.'®

At the same time, controlling leakage in industrial processes
is of equal importance since toxic wastes can reach rivers and
streams, posing a danger to the environment and human
health. PL-MOFs have proven to be effective for detecting
toxic species as corroborated by the huge number of sensors
explored in the literature to detect biomolecules,'® explo-
sives’*? and metal ions.”>>* However, they are far from being
applied in sensing devices since the low solubility in common
solvents and their fragility makes them difficult to handle.
To tackle this issue, developing processing techniques to shape
MOFs into more manageable materials, such as membranes or
foams, is of vital importance to go one step beyond the sensing
applications of these materials.?>*® In this sense, the disper-
sion of MOFs into a polymeric matrix for the creation of mixed-
matrix membranes (MMMs) opens the door to manufacture
advanced composites that synergistically merge the excellent
sensing capacities of the crystalline materials and the standout
mechanical properties of the polymers, converging in a super-
ior hybrid material that allows shaping the MMM on demand.
Indeed, different polymeric matrices such as polyethersulfone
(PES),”” polydopamine (PDA),”® poly(vinylidene fluoride) (PVDF)***°
or polydimethylsiloxane (PDMS)*"*> have been combined with
MOFs for the construction of MMMSs, with most of them
oriented to the separation of small gas molecules. In contrast,
their use as sensing devices has been less explored. It is
important to point out that the polymeric matrix of photolumi-
nescent MOFs should not cause interferences with the excitation
nor with the emission of the metal-organic material, since it
considerably reduces the number of available polymers. For
those cases, the use of polymethylmethacrylate (PMMA)*® or
Matrimid®* are preferred because they do not interact with the
PL properties of the MOF and allow their use in PL sensing
applications.

Continuing with our quest for synthesizing MOFs with PL
properties based on 3-aminoisonicotinate (3isoani) ligand,**>®
we present the PL performance of the open 3D MOF formulated
as {[Zn(p-3isoani),]-4H,0},. The compound shows dual
fluorescent emission, which has been exhaustively studied
experimentally at variable temperature and computationally
supported by TD-DFT calculations. Besides, taking advantage
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of the dual emission, the sensing capacity of the compound is
studied for its use as a ratiometric fluorescent thermometer.
Likewise, its activity as a chemical sensor has been explored for
a matrix-mixed membrane based on PMMA containing the
powdered MOF, creating an advanced and easy-handling device
to detect Fe®" ions in aqueous media.

Results and discussion
Structural description

Compound 1 was previously reported by Shao et al.,*” although
its crystal structure has been re-determined in this work
following a greener synthetic route that replaces N,N’-di-
methlyformamide (DMF) with water and ethanol as solvents
(see Experimental section). The assembly of Zn(n) and 3isoani
ligand under hydrothermal conditions leads to the formation
of a two-fold interpenetrated open 3D framework showing
channels occupied by solvent water molecules, all of which
crystallizes in the P3, trigonal space group with a {[Zn(p-
3isoani),]-4H,0}, formula (compound 1 hereafter). The central
Zn(u) ion exhibits a N,O, donor set coming from two pyridine
nitrogen atoms with a Zn-N distance of 2.018(6)-2.062(7) A and
two oxygen atoms of two carboxylate groups with a Zn-O
distance of 1.928(5)-1.973(6) A (Table S2, ESIf). Meanwhile,
the second carboxylic oxygen atoms are placed at a distance of
2.829(6) and 2.851(5) A and cannot be considered within the
coordination sphere, rendering a slightly distorted tetrahedral
geometry (T4 = 1.068) as depicted by the continuous shape mea-
surements (see Table S1 for more details, ESIt) using SHAPE
software.® 3isoani bridges the tetrahedral nodes by adopting a
p-kN:kO coordination mode and imposing a Zn- - -Zn distance
of 8.8 A with an angle between coordinating ligands in the
101-123° range (Table S3, ESIf). As a result, an open 3D
framework with quartz-like qtz topology (Fig. S5, ESIt) and
(6*-8%) point symbol is obtained, as confirmed by TOPOS
software.?® The resulting architecture presents large voids that
require the co-crystallization of a second equivalent framework
to stabilize the resulting architecture (Fig. S6, ESIT), though
there is still a remarkable porosity that corresponds to 32.1% of
the unit cell according to PLATON software.*® The material’s
porosity comes from two different channels running along the
crystallographic ¢ axis (Fig. 1): narrow triangular-shaped chan-
nels, which do not contain guest molecules owing to their slim
size; and hexagonal channels containing several lattice water
molecules. These molecules are greatly disordered in such a
way that they could not be located in the Fourier map, prevent-
ing further analysis of their interactions with the framework.
Nevertheless, these interactions do not seem to be strong in
view of their ease release from the powdered material during
the sample drying stage. In fact, there is no low temperature
mass release related to water molecules in the thermogravi-
metric measurement (Fig. S1, ESIT), meaning that lattice mole-
cules remaining in the dried sample might be released during
the equilibration process of the measurement. In any case, it
can be confirmed that the squeezed electron density removed

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 . Framework of compound 1 along the [001] direction of the unit
cell showing the hexagonal and trigonal channels. The inset depicts a
detailed view of the coordination of 3isoani ligand around Zn(i) ions.
Colour coding: carbon (grey), hydrogen (pink), nitrogen (blue), oxygen
(red) and zinc (green). Water lattice molecules are omitted.

in the final refinement stage of the X-ray structure accounts for
four water molecules, and this amount has been taken for the
formula unit.

Photoluminescent measurements

Photoluminescent properties of compound 1 were first studied
at ambient temperature on polycrystalline powder under a high
vacuum. The recorded steady-state spectrum is composed of
two well-differentiated broad bands peaking at 425 and 495 nm,
with the second band showing almost twice the intensity of the
first one (Fig. 2).

The separation between the two bands, of around 70 nm,
exceeds the shift of vibrational levels, indicating that they
originated from different electronic transitions.*' The closed-
shell nature of Zn(u) precludes any ligand-to-metal (LMCT)
or metal-to-ligand charge transfers (MLCT) and metal-
centered emission, meaning that the organic ligand is the main
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Fig. 2 Excitation and emission spectra of compound 1 recorded at RT
under high vacuum (ca. 4 x 10~ bar). The inset shows a photograph of a
single crystal illuminated in the microscope.
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substance responsible for the photoluminescent emission. This
is confirmed by the steady-state emission spectrum collected
for the free H3isoani ligand using the same setup, which shows
a similar profile with the appreciation of two distinguishable
bands at 428 and 562 nm, respectively (Fig. S7, ESIf). The
shift in the band maxima between compound 1 and H3isoani,
particularly for the second band, could be derived from its
coordination. Back to the steady-state spectrum of 1, the
presence of several bands is also known to be related to
fluorescence and phosphorescence emissive processes, commonly
observed in organic phosphors showing emission afterglows.*>**
However, this does not seem to be the case of the second (high-
wavelength) band because the delayed emission spectrum col-
lected under similar conditions of the steady-state reveals a null
signal in the region of 560 nm, ruling out the possibility of
phosphorescence in the present compound. Therefore, both bands
must correspond to different fluorescent singlet-to-singlet electro-
nic transitions. The excitation spectra recorded at the two emission
maxima are similar and share a broad band covering the 250-
400 nm spectral range (Fig. S8, ESIT). The similarities between
these two excitation spectra suggest that a high-energy S,, excited
state could be reached from the ground state (S,), and that the
former could populate the other two low-lying excited states from
which radiative relaxation would take place. Dual emission
organic molecules are non-habitual since most of the fluores-
cent organic molecules suffer a rapid internal conversion from
the S,, state to the S; state and then relax to the S, state with the
emission of a photon in agreement with Kasha’s rule.*> None-
theless, dual fluorescent emissions have been reported in
organic molecules from the simultaneous emissions from two
different excited singlet states. In those cases, the most com-
mon case considers an equilibrium between a parent local
excited state and a twisted intramolecular charge transfer,*®
although the existence of dual charge transfer states,*” excimer
states,*® excited state intramolecular photon transfer®® and
structural modification upon exposure to UV-light>® may also
derive in fluorescent dual emission. The emission capacity of
compound 1 was also confirmed by the micrographs taken on
single crystals under UV and visible light, where the cyan blue
emission observed under ., = 365 nm is concordant with the
steady-state emission spectrum (Fig. S9, ESIt). In addition, the
absolute emission quantum yield (QY) measured for the high-
energy emission band in the solid-state using the same experi-
mental conditions at room temperature has a value of 2.1%.
Other Zn-based MOFs have shown discrete quantum yields,”"*>
which could result from the open and flexible nature of these
crystalline materials that cannot hinder the vibrational non-
radiative relaxation pathways.

To unravel the electronic transitions giving rise to the dual-
fluorescent emission, TD-DFT calculations were performed on
a suitable model of compound 1. More details about the
computational methods are given in the Experimental Section.
The calculated absorption spectrum reveals the occurrence of
two bands at ca. 280 and 365 nm which reproduce quite well to
those found in the diffuse reflectance spectrum of 1 (A,ps = 255
and 365 nm, see Fig. 3a).

J. Mater. Chem. C, 2025, 13, 11299-11309 | 11301
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Fig. 3 (a) Comparison of the TD-DFT and absorption spectra of com-

pound 1, showing the most intense calculated excitations. (b) Energy
diagram showing the main calculated excitations and emissions occurring
at compound 1.

These two bands can be described as ligand-centered (LC)
excitations of a m-m* nature in view of the corresponding
HOMO-n and LUMO+n orbitals involved in the electronic
transitions (see Fig. 3b and Table S6 for further details, ESIT),
as expected for a d'® ion in which LMCTs are not usually
observed.”>>* However, the fact that the low-energy (second)
band (at A,,s = 365 nm) also corresponds to the main band
observed in the excitation spectrum (Fig. S8, ESIt), whereas the
first band (at A,ps = 255 nm) is not observed in the latter
spectrum, makes us assume that the luminescence process in
this compound mainly involves the second band. In other
words, the excitation process under laser excitation (at Aex =
325 nm) is governed by the 19th excitation state (*°ES), which is
accessed when compound 1 is excited in the near UV region.
This fact is also confirmed by the weak luminescence shown by
the compound under excitation at 255 nm, where a similar
double-band emission pattern is collected (Fig. S10, ESIt),
meaning that *°ES and *’ES can transfer energy to '°ES,
although the efficiency of the process is low because part of
the excitation energy is non-radiatively dispersed in the system.
The geometry optimization of the '’ES shows that the coordi-
nation sphere is not significantly modified (keeping the dis-
torted tetrahedral environment) and that the most noticeable
change corresponds to the relative rotation of mean planes of
the 3isoani ligands (for instance, the angle is 54.5° in the
geometry of GS whereas it increases up to 59.6° in the '’ES).
Based on the latter geometry, the '’ES-GS energy difference by

means of vertical excitation gives 2.68 eV (Aaljum = 462 nm,
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see Fig. 3b), which is concordant with the luminescence energy
of the first band (/em,; = 428 nm), meaning that the first band
derives from the radiative relaxation of the °ES. Nonetheless,
this excited state does not explain the occurrence of the second
band, wherein another lower-lying excited state must be
responsible. Among others, *ES could be considered as a good
candidate in view of its relatively high oscillator strength
(f = 0.008) observed in the absorption calculation. A similar
vertical excitation calculation using the optimized geometry of
the "*ES gives a good agreement with the maximum wavelength
of the second band (éate jum = 523 VS. Zem 2 = 495 nm), meaning
that the second band emission is derived from this excited
state. Taking into account that both bands are also present in
the free H3isoani molecule and that both share the excitation
band at ca. 365 nm, it may be assumed that the ’ES — '*ES
transfer is favored in the molecule.

When the photoluminescent measurements are repeated at
a temperature of 10 K, the fluorescence emission spectrum of
compound 1 preserves the two main contributions although a
shoulder peaking at 515 nm is well distinguished at the second
band (with the main component now slightly shifted to Amax2 =
480 nm) in addition to a splitting of the maximum of the first
band (Amax1 = 412 and 428 nm) in contrast to RT. Moreover,
there is an expected significant increase in the emission
intensity at low temperatures owing to the decrease in non-
radiative relaxation pathways.**>> In any case, it deserves to be
remarked that the increase in the emission intensity at lower
temperature does not equally affect both emission bands, since
both bands show similar intensities at 10 K (Fig. S11, ESIf).
This behavior can be exploited using compound 1 as a ratio-
metric thermometer, for which further studies are discussed in
the ratiometric temperature sensing section below.

On another level, the presence of the carboxylate decorated
pyridine ring may endow the material with a long-lasting
phosphorescent (LLP) behavior at low temperatures, as observed
for other Zn-based coordination compounds built from positional
isomers such as [Zn(p-2ani),], and [Zn(p-6ani),], (Where 2ani =
6-aminonicotinate).>®>” Accord-
ingly, decay curves were recorded at different emission wave-
lengths at a fixed excitation of 325 nm but very abrupt decays
were collected, which are indicative of fluorescent processes.
Fitting of the curves with the multiexponential expression [ =
Ay + A; exp(—t/t4) + Ay exp(—t/t,)] that considers different radiative
pathways taking place in the emission to determine the emission
lifetimes of the compounds afford short lifetimes of 4.5 ns and
11.9 ns and emission wavelengths of 420 and 515 nm, respectively
(Fig. S12 and Table S5, ESIf). These short emission lifetimes
discard the occurrence of LLP as observed for 2ani and 6ani-based
compounds. The different behavior observed for the amino-
derivatives of pyridine carboxylate ligands can be explained by
resorting to the distinct supramolecular interactions occurring
in this metal-organic compound. As empirically analyzed for

2-aminonicotinate and 6ani =

molecular-based phosphorescent materials reported so far,® a
key point enabling LLP is derived from the restriction of the
molecular motion in the crystal building by means of strong
interactions in such a way that the lowest-lying triplet states are

This journal is © The Royal Society of Chemistry 2025
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shielded from non-radiative quenching. In the case of compound
1, the open nature of its crystalline structure somewhat minimizes
the supramolecular interactions. For instance, the amine group,
known to be an oscillator that quenches the phosphorescent
emissions,> does not establish rigid hydrogen bonds in 1 because
the only acceptors are lattice water molecules (which are easily lost
from the pores, as discussed below); conversely there are strong
intramolecular hydrogen bonds established in the case of the 2ani
and 6ani ligands in their respective compounds.”®*” In line with
this hypothesis, another previously reported 2-aminoisonicotinate
(2ain)-based compound with a {[Zn(u-2ain),]-DMF}, formula®
that possesses a similar porous two-fold interpenetrated architec-
ture, also shows fluorescent emissions of a similar order to that of
compound 1.

Ratiometric temperature sensing

As mentioned above, the distinct temperature-dependent evolu-
tion of the two bands composing the emission spectrum
prompted us to use compound 1 as a luminescent thermo-
meter (Fig. 4). In essence, both bands decrease in intensity
upon increasing the temperature from 10 K onwards. However,
they do not decrease proportionally, especially in the 200-300 K
temperature range where the first band (high-energy band,
Jem,1 = 428 nm) decreases in intensity upon increasing tempera-
ture, whereas the second band (of low-energy, Aem, = 495 nm)
does not show temperature dependency and remains constant.
Therefore, this unequal temperature-evolution is promising for
the compound to behave as a ratiometric luminescent thermo-
meter in the selected temperature range. Taking into account
that the structure of the two main bands is strongly affected by
the temperature since it splits both band maxima into two (giving
a total of four components), the spectra were first converted to
energy units (eV) and then properly decomposed by fitting the
bands according to Gaussian functions (see more details in Fig.
S13 section of the ESIf). The thermometric analysis has been
conducted in terms of the relative integrated intensity (areas) of
the corresponding functions obeying the relationship between
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Fig. 4 Fluorescence emission spectra of compound 1 at variable tem-
peratures maintaining the excitation at 325 nm. Inset: Best fit of the
relationship between the ratiometric intensity of the bands.
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both bands (4 = L/L). As illustrated in the inset of Fig. 4,
two distinct regimens can be found when 4 is plotted against
temperature: a low temperature region covers the 50-200 K range
where the A4 value barely changes with the temperature (see inset
in Fig. 4), and there is a second regimen in the 200-300 K region
where the change is more pronounced. Both regimens can be
fitted linearly, showing the highest sensitivity between 200 and
300 K in the following equation:

4 =0.03606T — 3.5706 (1)

where A represents the ratio between the integrated intensities
of the two main bands (I;™*°°/I{**°) and T represents the
temperature, with a correlation coefficient (R*) of 0.995, demon-
strating that compound 1 can be used as a luminescent
thermometer in the mentioned region. To have a deeper under-
standing of the performance of the compound as a ratiometric
thermometer, the absolute sensitivity (S,) and relative sensitivity (S;)
parameters were also calculated according to eqn (2) and (3):**

04
5.~ |52 @
1104
5=l ©

The best fitting results were of 0.14 K* and 3.2% K" at
250 K for the absolute and maximum relative sensitivity, respec-
tively. The obtained values are comparable to other MOFs
for ratiometric temperature sensing (Table 1). The thermometric
activity was also examined in the high-temperature range (above
300 K), revealing a less intriguing behavior with diminished
sensitivity (see Fig. S14, ESIY).

The wide variety of possible emission centers in MOFs makes
these materials suitable for this purpose, for which the most
common emissive-center combinations could be: (i) metal/ligand,
(ii) metal/metal and (iii) metal/guest.”" It must be highlighted that,
as shown in Table 1, most reported MOFs for ratiometric thermo-
metry are built up from two emissive centers, usually by combining
rare-earth Ln** ions such as Eu*" with Tb*", whereas the use of
close-shell ions for constructing ratiometric luminescent thermo-
meters has been comparatively scarcely reported.

Study on the origin of the dual emission

Captivated by the good thermal sensitivity offered at low
temperature based on the relative intensity changes occurring

Table 1 Different MOFs as luminescent ratiometric thermometers show-
ing the temperature working range, absolute sensitivity (S;) and maximum
relative sensitivity (S,)

MOF Trange (K) S, (K" S, (%K') Ref
ZnATZ-BTB 30-130 0.09 529 (30K) 41
[St(NH,-bdc)(DMF)], 10-320 0.12 75130 K) 13
Tby.057EUg 043cpda 40-300 0.0037  16.0 (300 K) 62
Tbo oEU, 1 (pia) 100-300 0.0353  3.53 (300 K) 63
Tbo.0oEUg 01(BDC); 5(H,0),  290-320 0.0014  0.31 (318 K) 64
ZJU-88Dperylene 293-353 0.0128 1.28 (293 K) 65
Eu@UiO-(bpydc) 293-353 0.0228  0.31 (293 K) 66
J. Mater. Chem. C, 2025, 13, 11299-11309 | 11303
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on the two emission bands shown by this luminescent com-
pound, we decided to study the origin of its dual emission in
greater depth and check the possible physico-chemical factors
involved. To that end, an emission spectrum was acquired on
freshly ground single crystals of 1 at RT in the open atmosphere
(without applying a vacuum to the sample). To our surprise, the
spectrum only showed an intense band (that was previously
named as high-energy band, Amax1 = 425 nm), whereas the
second band vanished to leave a large tail extending across
250 nm in its place (Fig. 5). Intrigued by the drastic change
in the emission pattern, the sample was then submitted to the
usual vacuum (note that all previous measurements are per-
formed under a high-vacuum of ca. 4 x 10~ bar). Interestingly,
the emission pattern was progressively changing as the vacuum
increased in the sample cryostat, with the first band (Amax1 =
425 nm) decreasing its intensity and the second band (Amax. =
495 nm) showing the opposite effect (Fig. 5). It is worth high-
lighting that the second band exceeds the first one by a small
amount in the present study, although the relative intensity of
the first band does not experience the expected abrupt drop to
become a minor band as observed for the first sample studied
(see Fig. 2).

Being the dual emission of compound 1 a ligand-centred
phenomenon in which two excited states (*°ES in the first band
and "ES in the second) are involved, the observed behaviour
seems to be related to structural changes occurring in the
porous and flexible framework, possibly related to the release
of the weakly bounded lattice water molecules. To corroborate
this hypothesis, the previously analysed sample 1 was heated at
50 °C for 3 h, after which the sample was completely dehy-
drated as confirmed by means of a TG/DTA measurement
(Fig. S2, ESIT). The emission spectrum of this sample under
high-vacuum (see Fig. 5) resembles that initially shown for the
compound, meaning that all previous spectroscopic data
(steady-state and lifetime spectroscopy as well as the thermo-
metry) have been taken on a dehydrated sample. As a conse-
quence, considering that no previous treatment had been
performed on that sample, we can conclude that compound 1
may be spontaneously dehydrated by releasing the lattice water

1.510° 4
—— Without vacuum

Poor vacuum (1 107 bar)

High vacuum (5 10 bar)
m High vacuum (2 10 bar)
c 5 Ultra-high vacuum (1 108 bar)-5 h.
5 1.0107
8 ——— Ultra-high vacuum (8 107 bar)-15 h.
-
‘@
c 4
@ 5010
et
£

04— ~

T T T T T TrrrT
350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5 . Evolution of the emission spectrum of compound 1 recorded at
RT under variable vacuum.
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molecules of the pores. This fact is in good agreement with
their disordered arrangement into the pores, which involves a
lack of strong interactions with the framework surface, high
mobility and ease of evaporation.

Sensing activity in membranes

Based on the strong dependency of the global emission of the
compound according to the presence/absence of water in the
pores, a further step explored the capacity to detect cations in
water. Nonetheless, given the well-known low chemical stability
of MOFs in water,®” we decided to protect 1 by creating a mixed-
matrix membrane (MMM) that not only enhances the stability
of the MOF but further facilitates its handling. For the
membrane fabrication, we followed the solvent-casting method
by the dispersion of freshly prepared compound 1 into poly-
methylmethacrylate (PMMA) dissolved in dichloromethane.
More details about the experimental procedure are given in
the experimental section. PMMA was selected among other
polymeric matrices to disperse the compound based on its
good optical properties, aiming to avoid any interference with
the MOF emission.*® For the formulation of the membrane,
different MOF-to-polymer ratios were tested to achieve a
balanced composite, trying to avoid an excessive MOF/polymer
ratio that undermines mechanical properties of the membrane
making it brittle, or low amounts of MOF resulting in weak
emission intensities. The collected diffraction pattern (Fig. S19,
ESI{) confirmed that the structural integrity and crystallinity of
compound 1 in the membrane (1@PMMA hereafter) are well-
preserved. The fact that compound 1 is well dispersed on the
membrane was also confirmed by the photographs taken in the
microscope (Fig. S20, ESIt) and SEM images where a homo-
genous distribution of crystallites of compound 1 are observed
in 1@PMMA (Fig. S31, ESIf), maintaining the rod-shaped
morphology and size of the as-prepared samples of 1 (see ESIT).
First, the emission spectrum was collected to ensure that the
photoluminescent properties remain unaltered in the membrane.
As observed in Fig. S15 (ESIT), the vacuum-dependent behaviour
is reproduced for 1@PMMA in such a way that a second band
(Amax2 = 480 nm, in addition to the main band at /a1 =420 nm) is
shown when the film is degassed under high vacuum for few
hours. Moreover, this vacuum-induced effect is shown to be fully
reversible even for the material embedded in the PMMA
membrane, in such a way that the single-band emission is recov-
ered by exposing the sample to open atmosphere for some time
(Fig. S16, ESIt). The fact that the process is accelerated by soaking
the membrane in water supports the idea that this effect is also
related to the de-/rehydration of compound 1 (by loss/refilling of
the pores with water molecules). The thermometric response of the
membrane was analyzed by means of the ratiometric intensity of
the bands (4 = ,""**/1,"~**°), finding slightly weaker dependence of
the signal with temperature than for the bulk compound and a
lower maximum S, of 2.7% K ' at 250 K (Fig. $17, ESIY).

On another level, the sensing activity of the membrane was
studied in aqueous solutions in spite of its single-band lumi-
nescence observed in aqueous medium implying lower sensi-
tivity. To that end, the membrane was firstly immersed in water

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc05392c

Open Access Article. Published on 22 April 2025. Downloaded on 1/16/2026 10:02:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

and an emission spectrum (Fig. S22, ESIt) was collected at
room temperature (lex = 310 nm) in agreement with previous
experiments performed under vacuum. As previously con-
cluded, the occurrence of the high-energy band dominating
the spectrum of this compound implies the upload of pores
with water molecules, which could be the case of 1@PMMA for
several reasons: (i) having employed fresh sample, (ii) the
presence of water in the dichloromethane employed during
the preparation of the composite and (iii) the uptake of water
molecules into the pores when the composite is immersed
in water.

Despite the presence of a unique (high-energy) band in the
emission spectrum of 1@PMMA, sensing experiments were
conducted immersing the membrane in aqueous solutions
containing different transition metal, alkaline and alkaline-
earth ions. As shown in Fig. S23 (ESI}), the emission pattern
remains unaltered but there is a variable emission intensity of
the band with the following quenching percentage (QP, %)
taking the intensity of the membrane immersed in water as
reference: Mg>* (5.37%) < K (6.66%) < Ca** (7.76%) < Na*
(9.38%) < Cd*>* (13.7%) < Co*" (53.1%) < Ni*" (56.0%) < Cu”*
(80.2%) < Cr’* (99.0%) < Fe*" (99.9%). Despite the similar
quenching effect observed when 1@PMMA is in the presence of
Cu*", Cr** and Fe*', we selected Fe®* as the target analyte since
it presents the highest quenching percentage among the stu-
died ions. Accordingly, the concentration of the target ion was
gradually increased starting from a very low concentration,
leading to a progressive quench of the emission intensity
(Fig. 6 and Fig. S24, ESIf). The data were fitted to the linear
Stern-Volmer expression (eqn (4)) to analyze the sensing capa-
city of the material toward Fe*".

0 KksviQ+1 (@)
where all parameters have their usual meanings.®® The linear
fitting in the 2 x 107°-4 x 10~* M range affords a Ky value of
3.7 x 10° M~ with a correlation coefficient (R*) of 0.9957 and a

™\
\

7\ [Fe**] M

| \ 25 %

| R2 = 0.9957 ’

/ =0. ,
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- \ e
: 24 7/
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- [
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Fig. 6 Emission spectra of 1@PMMA with varying Fe®* concentration
(dex = 310 nm). The inset shows the Stern—Volmer plot for the titration
experiment.
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limit of detection (LOD) of 2.8 x 10~> M. These results are
comparable with other reported MOFs in the bibliography
(Table S7, ESIf) for detecting the same cation.®*”> We also
investigated the reusability of the material by immersing it
successively in an aqueous Fe** solution and then washing the
membrane. As shown in Fig. S25 (ESIT), the materials can be
used for multiple sensing experiments because the initial
emission is restored after washing the membrane with water.
After being soaked in the solution, the diffraction pattern fits
well with the pristine MOF, ruling out the collapse or degrada-
tion of the framework as the cause for such a sensing response,
a fact that agrees with the SEM images taken of 1@PMMA after
sensing experiments with no sign of degradation on the
membrane, nor in the shape and size of the crystal of com-
pound 1 (Fig. S32, ESIY), confirming the robustness of the
material for successive sensing experiments. On the other
hand, the recorded UV-vis spectrum of Fe*" ion (see ESIY)
shows a wide absorption band from 220 to 500 nm, which
overlaps with the excitation spectrum of compound 1 (Fig. S26,
ESIT). Consequently, the main quenching mechanism is likely
to be the competitive absorption between the analyte and the
MOF. Indeed, this is the most common sensing mechanism
found in the literature for the detection of Fe*" ions in
water.”>”* Similarly, the UV-vis spectra of Cr*" and Cu** show
partial overlap with the excitation spectrum of compound 1.
This explains the lack of selectivity between these ions, being
the case of Fe*" where the highest overlap is noted.

We evaluated possible interferences of other ions in the
sensing selectivity of 1@PMMA. Fig. S28 (ESIf) shows the
potential interference that may be caused by different ions
for Fe** sensing, with the main interfering effects promoted by
Cr’* and Cu®" ions. In the view that alkaline and alkaline earths
ions do not interfere with the sensing capacity of 1@PMMA
toward Fe®*, we repeated titration experiments using tap water
instead, which mainly contains alkaline and alkaline-earth
ions. The observed trend was consistent with that seen using
distilled water, showing a gradual decrease in fluorescent
emission as the quencher concentration increased (Fig. S29,
ESIY). Fitting the results to the S-V equation affords a Ksy value
of 1.7 x 10° M, with a LOD of 4.7 x 10™> M in the same
concentration range (2 x 10 °-4 x 10~ * M), obtaining compar-
able results to that obtained from distilled water.

Conclusions

In this work, the combination of Zn(u) with 3-aminoisoni-
cotinate ligand under hydrothermal conditions leads to the
formation of a doubly interpenetrated 3D open network with
triangular and hexagonal channels, and the latter is filled with
disordered water molecules. The photoluminescent properties
of the MOF were first studied at room temperature, showing a
dual fluorescent emission originating from the organic part
confirmed by TD-DFT calculations. The emission is highly
influenced by the lattice water molecules since their presence
in the pores quenches the low-energy emission band, probably
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due to the resulting rearrangement of the ligand in the flexible
framework. The fact that the intensity of the bands does not
follow the same trend when lowering the temperature provides
the compound with a maximum S, of 3.2% K ' at 250 K
according to a ratiometric analysis, which may be considered
as a promising result among the ligand-centred MOF-based
luminescent thermometers reported so far. Additionally, to
obtain a more manageable material, a membrane of compound
1 was prepared by dispersing it into PMMA. The membrane
shows a promising detection of Fe** in water with high sensi-
tivity (Ksy of 3.7 x 10° M~ ') and a low limit of detection
(2.8 x 107> M).

Experimental section
Chemicals

All chemicals were of reagent grade and used as commercially
obtained without any further purification.

Synthesis of [Zn(p-3isoani),],,-4H,0 (1)

2 mL of a water solution containing 0.0297 g of Zn(NO3),-6H,0
(0.1 mmol) was added dropwise into 15 mL of a water/ethanol
solution (2:1) containing 0.0276 g of H3isoani (0.2 mmol),
which was previously basified with Et;N until the complete
dissolution of the ligand. Then, the vial was placed in an oven
for 3 hours at 80 °C and slowly cooled down to room temperature.
Light-brown needle-shaped single crystals were grown, which were
filtered and washed with water and ethanol several times. Yield:
60% based on the metal. Anal. caled for C;,H;3N,OgZn (%): C,
35.01; H, 4.41; N, 13.61. Found: C, 34.45; H, 3.72; N, 13.90.

Preparation of 1@PMMA

For the membrane fabrication, the solvent-casting method
was followed testing different MOF/polymer formulations to
achieve a balance between the mechanical properties and good
photoluminescent emission. The optimum MOF/polymer ratio
was established to be 35 mg of compound 1 and 225 mg of
PMMA, which were mixed in 4 mL of CH,Cl,. Then, the mixture
was sonicated for 15 minutes, casted in a glass Petri dish, and
left unperturbed for 1 day at room temperature until the
complete evaporation of the solvent to finally form the
membrane. The membrane was cut into rectangular-shaped
pieces of 2 x 3 cm for the sensing experiments.

Chemical characterization

Elemental analyses, FTIR spectra, diffuse reflectance measure-
ments and thermal analyses were performed on powdered
samples of compound 1 as detailed in the ESIT (see S1 section).

X-ray diffraction data collection and structure determination

The single crystal X-ray diffraction (SCXD) data used for struc-
ture determination was recorded at 100(2) K on a suitable single
crystal of 1 on a Bruker VENTURE diffractometer (see further
details in the ESIf and in Table 2). The structure was refined
with SHELX program”® including all reflections and full-matrix
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Table 2 Single crystal X-ray diffraction data and structure refinement

details of compound 1

1
Empirical formula C1,H;gN,OgZn
Formula weight 411.68
Crystal system Trigonal
Space group P3,
a(A) 15.5877(10)
b (A) 15.5877(10)
c (&) 6.1552(5)
o (%) 90
B0) 90
7 (%) 120
V(A% 1295.2(2)
Reflections collected 18941
Unique data/parameters 1798/192
Rint 0.1432
GoF (85)* 1.086
Flack parameter 0.095(9)

0.0309/0.0399
0.0754/0.0769

‘8= [ZW(FOZ - Fcz)z/(Nobs - N aram)]l/z' g Ry = Y ||Fo| — |Fe||/3 ] Fol
CWR? = [SW(Fo: — F2*S wF,*T"% w = 1/[6%(Fy?) + (aP)* + bP] where
P = (max(F,,0) + 2F.%)/3 with a = 0.0424.

RPWRC [T > 20(1)]
R ®/wWR*“ [all]

least-squares on F> employing the Olex2 software.”® Apart from
the usual refining strategy (described in the ESIY), it must be
noticed that lattice water molecules could not be correctly
modelled. Therefore, their electron density was subtracted from
the Fourier map in the final refinement cycles by means of a
Squeeze routine,”” which accounts for a total of four molecules
per formula unit. All crystallographic details are provided as a
cif file and can be found in Cambridge Crystallographic Data
Center as a supplementary publication with CCDC no.
2412031.7

The X-ray powder diffraction (XRD) patterns were acquired
on a Philips X’PERT powder diffractometer as detailed in the
ESL.{

Photoluminescence measurements

Photoluminescent measurements were recorded in the 10-
310 K range on polycrystalline samples in a closed-cycle helium
cryostat enclosed in an Edinburgh Instruments FLS920 spectro-
meter using several excitation sources as detailed in the ESL¥
Micro-luminescence photographs were taken at room tempera-
ture in an Olympus optical microscope equipped with a Hg
lamp. Quantum yield measurements were performed in a
Horiba Quanta-¢ integrating sphere using an Oriel Instruments
MS257 lamp as excitation source and an iHR550 spectrometer
from Horiba to analyze the emission.

Sensing experiments in the membrane

The sensing experiments were carried out by immersing
1@PMMA into the metal-containing aqueous solution. 1 x 10> M
solutions were prepared by dissolving the nitrate salt of each metal
in water. For the Fe*" titration experiment, the membrane was
initially immersed in water and the concentration of the quencher
was gradually increased. The membrane was not taken out from
the cuvette during the whole experiment. After each addition of the

This journal is © The Royal Society of Chemistry 2025
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quencher, the cuvette was maintained under continuous stirring
for 5 minutes to ensure a complete homogeneity of the solution
before the collection of the emission spectrum.

Emission spectra were recorded on a JASCO fluorescent
spectrum-8300 at room temperature excited at 310 nm.
A complete emission spectrum was recorded at each concen-
tration in the 320-600 nm spectral range using a Xe lamp with
data acquisition every 0.5 nm and setting the bandwidth at
5 nm for the excitation and the emission. The LOD is calculated
following the IUPAC recommendation of the 3s/slope, where o
stands for the standard deviation of ten repeated measure-
ments of blank samples.”®

Computational details

TD-DFT calculations were performed over a suitable model
of compound 1 (see ESIf) using the Gaussian 16 package.”
Further details about computation strategy and model chem-
istry are detailed in S1 of the ESIL.}
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