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The employment of fluorescence sensors provides a platform for rapid and efficient in-field detection of
nitroaromatic compounds and is gaining increasing research ground. Herein, we report the synthesis
and characterisation of three new fluorescent Al(m) MOFs, structurally analogous to MIL-53, with the
assigned formula {A(OH)(bdc);_p(L-1),}-xsolv (bdc®~ = terephthalate; L-1 = 2-((benzyllamino)-

Received 4th March 2024, terephthalate). L-1 is a strongly fluorescent dicarboxylic ligand with a pendant rn-electron rich aromatic

Accepted 13th May 2024 group suitable for donor-acceptor interactions with electron-deficient nitroaromatic guests. Our MOFs
DOI: 10.1039/d4tc00862f show strong fluorescence quenching upon exposure to vapours of nitrobenzene, 1,3-dinitrobenzene,

4-nitrotoluene, and 2,4-dinitrotoluene. Additionally, we prepare and study MOF-polymer composites in

Open Access Article. Published on 14 May 2024. Downloaded on 3/14/2026 4:39:25 PM.

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

(cc)

rsc.li/materials-c

Introduction

Nitroaromatic compounds (NACs) are known for their highly
explosive nature and, along with other highly nitrated com-
pounds, are primary components of industrial explosives. They
are widely used in military operations and terrorist acts and are
found in many unexploded land mines worldwide. Furthermore,
the extensive industrial use of NACs combined with their
chemical stability has led to persistent contamination of soil
and groundwater. Therefore, their constant monitoring in liquid
and/or vapour phase is vital for environmental protection and
population safety."™ To this day, the monitoring of NACs is
mainly based on instrumental techniques (i.e. GC-MS, IMS,
Raman) and on sniffer dogs for in-field detection. Despite their
effectiveness, traditional analytical methods suffer from high
cost, lack of portability and the requirement for highly trained
personnel.’>™®

One new promising sensing technology is based on the
detection of NACs by monitoring the luminescence response
of sensory materials (changes in intensity, wavelength, quan-
tum yield or lifetime of emission). Optical sensors are effective
analytical tools due to their portability, facile visualisation and
short response times.’™** Most optical sensing devices used by
the security industry today employ fluorescent conjugated
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the form of thin films that are strongly quenched in the presence of nitrobenzene vapours.

polymers (CPs), which were first introduced for the detection
of TNT by Swager and co-workers.""> The electron-deficient
nature of NACs provides a convenient spectroscopic handle for
their fluorimetric detection through mechanisms based on
photoinduced electron and/or energy transfer. The conjugated
polymer chain serves as an efficient transport medium for
mobile excitons that sample many chromophore units along
its length thus increasing their chances of encountering a site
where an analyte is bound. This results in great signal ampli-
fication which increases the sensing sensitivity of CP sensors
(often referred to as the “molecular-wire” effect).’¢™*

Luminescent metal organic frameworks (LMOFs) constitute
one more class of materials which consist of interconnected
chromophores and can produce enhanced signal upon inter-
action with analytes in an analogous way to CPs.>*>®* MOFs are
hybrid organic/inorganic crystalline materials that can be self-
assembled from their corresponding metal ions or clusters and
bridging organic ligands to form extended periodic and poten-
tially porous structures. LMOFs provide some key advantages
for optical sensing: they possess well-defined crystalline struc-
tures with surface functionality and tuneable functional sites
that allow host-guest interactions between the framework and
the analyte.”’*° Numerous LMOFs, mainly based on =-
conjugated linkers, have been studied for the optical sensing
of NACs and other electron-deficient targets.’’° Although
most research work has focused on detecting nitroaromatic
analytes in solution, the detection of these chemicals in vapour
phase is equally important.®”*!

Herein, we report the fluorescence properties and sensing
behaviour of a series of mixed linker Al(m) MOFs belonging to
the MIL-53 structural type*> with the assigned formula

This journal is © The Royal Society of Chemistry 2024
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{Al(OH)(bdc); _,(L-1),}-xsolv (bde>” = terephthalate; L-1 =
2-((benzyl)amino)-terephthalate®®). L-1 is a strongly fluorescent
dicarboxylic acid with a pendant n-electron rich benzylamino
aromatic group that fosters electron transfer processes between
our MOFs and electron-deficient nitroaromatic guests. We
study the fluorescence properties of these compounds that
show selective strong emission quenching upon exposure to
vapours of explosive-related NACs and are also capable of
enhancing their fluorescence in the presence of electron-
donating analytes.

Results and discussion
Synthesis and characterisation

In our previous work,”® we reported a Zr(iv) UiO-66 type MOF
(Zr-1) based on the strongly fluorescent ligand 2-benzylamino-
terephthalic acid (L-1). After acid activation, the protonated
material pZr-1 can function as an ion exchange sensor for the
anionic nitrophenols 2,4,6-trinitrophenol (TNP) and 2,4-dinit-
rophenol (DNP) in aqueous environment, with maximum
quenching of ca. 90%. Zr-MOFs with amino-functionalised
linkers have been reported to exhibit self-quenching phenom-
ena due to the relative proximity of the chromophores within
the matrix that allows inter-ligand charge transfer processes
assisted by amino-groups.** In an attempt to enhance the
emission signal of our sensory materials, we decided to expand
our research towards Al(m) MOFs that provide stable and
flexible scaffolds with strong luminescence properties.

We synthesised a series of fluorescent Al(u) MIL-53 type
MOFs using terephthalic acid (H,bdc) and the fluorescent
ligand L-1. As shown in Scheme 1 the preparation of AI-MOFs
followed a modified solvothermal reaction methodology*>™*
where AICI; and the respective ligands were heated at 120 °C for
24 h in H,O/DMF solvent mixtures within Teflon-lined
stainless-steel autoclaves. The solid products were thoroughly
soaked and washed with DMF to remove the residual reactants
entrapped within the materials’ pores and, afterwards, the DMF
molecules were exchanged by extensive soaking in MeOH with
gentle heating (ca. 50 °C) to afford the final products.

Incorporation of different relative percentages of L-1 and
H,bdc produced the following three MOFs: {Al(OH)(L-1)} (Al-1),
{Al(OH)(bdc), 5(L-1)o 5} (Al-0.5) and {Al(OH)(bdc)o 5(L-1)o 25} (Al-
0.25). We confirmed the L-1 loading (mol% with respect to bdc)
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H
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Scheme 1 Schematic representation of the solvothermal synthetic
procedure.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

—Al-0.25
- —AI-0.5

— A1
—_ALA__._N_AM_Ag A

—— NH,-MIL-53
N NN

10 20 30 40 50
2 Theta (°)

Fig. 1 PXRD patterns of NH,—MIL-53(as)*® (black) and pristine Al-1 (red),
Al-0.5 (blue), Al-0.25 (green).

Intensity (a.u.)

by "H-NMR analysis on digested MOF samples in D,0/NaOD.
We found that in general the determined L-1 loadings showed
good agreement with ligand molar ratios in the reaction feed.
The '"H-NMR spectra of digested MOFs and details on the
methodology for determination of L-1 loadings can be found
in ESIt (NMR spectroscopy & Fig. S1-S3, ESIt).

Powder X-ray diffraction (PXRD) patterns of pristine samples,
shown in Fig. 1, demonstrate that all three materials possess
crystalline frameworks and are in good agreement with the diffrac-
tion pattern of NH,-MIL-53(as).*® To further validate this, we used
the PXRD data of the MOFs with higher loadings of L-1, Al-1 and Al-
0.5, to apply Le Bail (structureless) refinements that showed
adequate fitting to the diffraction pattern of the open-pore structure
of MIL-53," with no extra diffraction peaks appearing and agree-
ment factors calculated to <10 (Fig. S12 and S13, ESI{).

The metal secondary building unit (SBU) of the MIL-53
framework*® comprises of an infinite rod of apex-sharing
zig-zag chains of AlO4(OH), octahedra, with four carboxylic O
atoms occupying the equatorial plane and the bridging OH™
ligands occupying the axial positions. Each chain is connected
to four neighbouring inorganic chains by bridging terephthalate
ligands, thus forming one-dimensional rhomboidal channels
running along the crystallographic g-axis (Fig. 2). In our modified
frameworks Al-chains are interconnected by terephthalate or L-1
linkers with the benzylamine side-groups projecting inside the
rhomboidal channels (Scheme 1), as determined by Manos and
co-workers for an analogous MOF containing 2-picolylamine side
groups.”’ It has been well reported that MIL-53 displays a large
breathing effect corresponding to about 50% volume change
upon transitioning from low temperature closed-pore monoclinic
structure (MIL-531t) to high temperature open-pore orthorhombic
structure (MIL-53ht).**>**! Incorporation of ligand L-1 with a
bulky benzyl side group in the MIL-53 framework introduces
steric hindrance effects that do not allow contraction of the pores,
resulting in our materials conforming to the open-pore form.

We observe that even though the PXRD pattern of Al-0.25 is
dominated by the same pattern as the other two materials, it

J. Mater. Chem. C, 2024, 12, 8014-8023 | 8015


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc00862f

Open Access Article. Published on 14 May 2024. Downloaded on 3/14/2026 4:39:25 PM.

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

(cc)

Journal of Materials Chemistry C

w w W w w w

Fig. 2 (a) The structure of the parent framework MIL-53 in its open form
as viewed along the a axis. (b) View of the metal SBU of MIL-53 showing
the infinite zig-zag rod of apex-sharing AlO4(OH), octahedra and how
they are connected to the rest of the framework through the terephthalate
bridging ligands (generated using published data*?).

displays two additional diffraction peaks. We hypothesise that
competition between two different crystalline phases arises
during the crystallisation process thereby resulting in separate
crystalline regions within the framework. Le Bail analysis
showed that the PXRD data of Al-0.25 are better fitted to a
NH,-MIL-53 Al(m) MOF showing a monoclinic distortion®>
(Fig. S14, ESIf).

The IR spectra of all compounds show similar characteristic
bands (Fig. S5, ESIT). We observe a broad band at 3658 cm ™"
due to O-H stretching of the bridging OH groups from the
AlO,(OH), chains and the N-H stretch band of the secondary
amine group can be seen at 3404 cm™ . The strong absorption
bands at ca. 1575 and 1402 cm ' are attributable to the
asymmetric and symmetric stretching vibrations for the p,-
coordinated ~-COO™~ groups of L-1. As the L-1 to bdc®™ ratio
decreases, two new bands emerge, shown more distinctly for Al-
0.25, at ca. 1595 and 1443 cm ' attributed to p,-coordinated
-COO™ groups of bdc®>.**** Finally, the characteristic low-energy
bands of Al-O modes can be seen at ca. 600 and 470 cm™*.>®

Chemical and thermal stability

As will be described in following sections, MOF employment
in vapour sensing applications requires prior treatment of the
sensing materials with water or methanol. We performed PXRD
analyses to examine the stability of our samples towards these
solvents. In a typical process, the studied sample was treated
with water or methanol for 24 h at room temperature and was
subsequently isolated via centrifugation and dried at 50 °C for
24 h to afford a fine powder. The PXRD patterns for each
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Fig. 3 TGA curves for pristine Al-1 (red), Al-0.5 (blue) and Al-0.25 (green)
under air flow.

sample after water and methanol treatment (Fig. S8, ESIt) are
identical to the PXRD patterns of pristine materials confirming
that the overall framework retains its crystallinity and remains
unaltered.

Thermal stability was examined by thermogravimetric (TG)
analysis under air flow on pristine and H,0-exchanged samples
(Fig. 3 and Fig. S15, ESI}). In overview, all TG curves show a two-
step weight loss, starting with loss of guest molecules followed
by linker elimination and structural decomposition that leaves
an amorphous residue of Al,O3, as confirmed by IR spectro-
scopy (Fig. S7, ESI).

For pristine materials, the first weight loss step at ca. 100-
250 °C corresponds to removal of DMF molecules. The second
weight loss step due to framework collapse occurs at ca. 350-
450 °C. The decomposition temperatures observed for our
materials are lower compared to the parent material MIL-53
(~500 °C)*® but similar to the thermal stability reported for
amino-functionalised samples.*® Interestingly, the mass loss
due to DMF elimination is greater for lower L-1 loadings,
indicating that a smaller percentage of the functionalised
ligand provides bigger capacity for DMF molecules inside the
framework’s pores. Furthermore, the loading amount of L-1 is
inversely correlated to the temperature at which the framework
collapses, so thermal stability follows the ascending order: Al-1
< Al-0.5 < Al-0.25. Water-exchanged samples show similar TG
curves to the pristine compounds, where the initial weight loss
due to dehydration is observed up to 100 °C and structural
decomposition occurs at 380-480 °C following the same trend
described above.

In addition to the TG analysis, we performed temperature
dependent X-ray powder diffraction (TDPXRD) measurements
on samples of Al-1 and Al-0.5 (Fig. S10 and S11, ESIt) that were
heated from room temperature up to 600 °C in steps of 100 °C.
The TDPXRD data show that diffraction patterns remain unal-
tered up to 400 °C after which point the intensity of the
reflections decreases due to the framework decomposition
resulting in amorphous Al,O;. We do not observe considerable

This journal is © The Royal Society of Chemistry 2024
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changes in 20 angles or appearance of new diffraction peaks
suggestive of temperature-induced breathing behaviour®® which
further demonstrates that the materials adopt an orthorhombic
crystallisation phase with no breathing processes involved.

BET surface area and porosity

To evaluate the porosity and specific surface area, we performed N,
adsorption-desorption measurements on MeOH exchanged sam-
ples that afforded type I isotherms with narrow hysteresis upon
desorption (Fig. 4).”” Surface area calculations following the
Brunauer-Emmett-Teller (BET) model revealed limited porosity
for our compounds compared to non-functionalised MIL-53 mate-
rials. We observe a slight increase in surface area for half loaded
Al0.5 (87 m> g') compared to A1 (35 m® ¢ ') and a more
substantial increase for Al-0.25 (243 m* g™ '). In agreement with
TG analysis, N, sorption measurements also confirm that lowering
of the L1 to bdc®™ ratio allows for more void space in the pores.
Moreover, the extended porosity of Al-0.25 might also be associated
with the coexistence of different crystalline phases within its
framework.

Photophysical properties

As we described in our previous work,*® ligand L-1 in MeOH
solution produces a broad emission signal (Fig. 5) with max-
imum at 455 nm (lexe = 360 nm), a relatively high quantum
yield of 53% and an emission lifetime of 11 ns (Fig. S20, ESIT).

Fluorescence measurements on solid powder samples of our
AI-MOFs exhibit turquoise fluorescence upon selective ligand exci-
tation at 390 nm with a similar emission profile that consists of a
broad band with maximum at ca. 475 nm, slightly red-shifted for
higher L-1 loadings (Fig. 5). It is noticeable that Al-0.25 produces a
narrower emission band more similar to that observed for L-1 in
solution compared to the other two materials. These observations
indicate that there is a degree of interchromophoric interaction
within the frameworks which increases at higher L-1 loading.

It is important to mention that our Al(mr) MOFs, show much
higher fluorescence quantum yields compared to their Zr(iv)
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Fig. 4 Nitrogen sorption isotherms at 77 K of Al-1 (red), Al-0.5 (blue) and
Al-0.25 (green) after treatment with MeOH and overnight evacuation at
150 °C.
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Fig. 5 Normalised emission spectra of L-1 in MeOH (black) (Aexc =
360 nm), Al-1 (red), Al-0.5 (blue), Al-0.25 (green) (Zexc = 390 nm).

counterparts. We found that the emission quantum yields of
solid samples of Al-1, Al-0.5 and Al-2.25 range between 15% and
22% (Fig. S21-S23, ESIT), more than ten times higher than the
quantum yield determined for Zr-1 (ca. 1%, Fig. S24, ESI{)*
which is based on the same chromophore (L-1). The low
emission intensities of Zr(iv) MOFs of the UiO structural type
have been attributed to self-quenching phenomena associated
with intra-framework excimer formation and inter-ligand
energy transfer.”® Additionally, it has been suggested that the
Zr(w) clusters can offer an electron transfer quenching pathway
through transient formation of Zr(m)*® even though theoretical
and spectroscopic evidence suggest no appreciable direct
ligand-to-metal-charge-transfer (LMCT) character in the excited
state of 2-aminoterephtahlate-bridged Zr(iv) MOFs.°>°" Since
similar inter-ligand quenching phenomena as those found in
Zr(iv) MOFs can be at play in our Al(u1) MOFs, we propose that
the increased emission intensity of the latter primarily stems
for the presence of non-redox active Al(m) which precludes
electron transfer quenching pathways. Interestingly, among
our materials, Al-0.5 is the most efficient emitter with a
quantum yield of 22.5% whereas for Al-1 and Al-0.25 we
determined quantum yields of 16.2% and 15.5%, respectively.
We hypothesise that this small difference in quantum yield
values can be interpreted on the basis of the relatively close
proximity of the chromophores within the fully loaded material
Al-1, that can lead to self-quenching phenomena. Concerning Al-
0.25, we can attribute the somewhat lower fluorescence quantum
yield to the lower concentration of emitting chromophores.
The materials showed comparable results for time-resolved
emission studies (Fig. S25-S27, ESIt) displaying emission decays
that could be satisfactorily fitted to three exponential decay func-
tions. As presented in detail in Table 1, there are two clearly
dominant components of ca. 5 ns and ca. 10 ns and a faster
component of ca. 1 ns with only minor contribution (1-6%). All
time constants lie within the fluorescence range and are thus
indicative of ligand-based singlet excited states. The observation
of multiexponential decays is common in solid-state measurements

J. Mater. Chem. C, 2024, 12, 8014-8023 | 8017
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Table 1 Fluorescence lifetimes of Al-1, Al-0.5 and Al-0.25 as calculated
from exponential fitting of time-resolved emission studies

7, (ns) 7, (ns) 73 (ns) »
Al-1 09+03 1.3% 5.5+0.2 58.6% 10.0+ 0.3 40.0% 1.011
Al-0.5 0.8+0.2 1.7% 43 +0.1 56.8% 9.4 +0.2 41.5% 1.169
Al-0.25 1.0 £ 0.9 5.9% 4.7 £0.2 52.7% 9.7 £0.2 41.4% 1.101

because, in contrast to studies in dilute solution where the
chromophores exist in the same average environment, inhomo-
geneities within a solid, such as between chromophores in the bulk
and those close to the surface of the crystallites, can lead to
different rates of radiative and non-radiative relaxation.®” It is worth
noting that the longer fluorescence lifetime component (9.5-
10.0 ns) shows good agreement with the fluorescence lifetime
of L-1 (11 ns). Therefore, the shorter components can be attributed
to quenching processes possibly due to close interactions between
chromophores in the solid state. These observations are in line
with the observed differences in the steady-state emission profiles
of the three Al(m) MOFs (vide supra).

Detection of nitroaromatic vapours

Several MOF-based optical sensors have been reported in recent
years for the detection of nitroaromatic explosives in the vapour
phase. A collection of representative examples can be found in
Table S3, ESI.f Most sensory materials reported thus far respond
to a group of NACs rather than a single specific target, the main
challenge being the extremely low vapour pressures of nitroaro-
matics. In the case of TNT, the development of sensing appli-
cations usually targets its manufacturing precursors and
byproducts.®*®® In order to evaluate the sensing ability towards
NACs, we studied the fluorescence response of our materials
under exposure to equilibrated vapours of nitrobenzene (NB),
1,3-dinitrobenzene (1,3-DNB), 4-nitrotolune (4-NT) and 2,4-
dinitrotoluene (2,4-DNT). A noteworthy feature of our MOFs is
that the L., used in sensing experiments lies in lower energy
than the absorption regions of targeted analytes (Fig. S28, ESIt),
thereby offering better avoidance of inner filter-effects caused by
nitroaromatic compounds which absorb in the blue region.

In a typical procedure, MOF powder was drop-casted on a
microscope cover glass slide and the loaded glass was heated at
120 °C for 24 h. We tested thermal treatment in a range of
temperatures (100-180 °C) and opted for a mild activation
temperature of 120 °C to ensure that the overall framework
retains its crystallinity, and the functionalised ligand remains
unaltered (Fig. S1 and S8, ESIT) while the activated MOF shows
sufficient sensing performance. Prior to sensing experiments,
each sample’s emission spectrum was recorded multiple times
in the span of 30 minutes to ensure signal stability (Fig. S19,
ESIY). Afterwards, the glass was carefully placed within a quartz
cuvette containing the analyte and emission spectra were
recorder after a specified exposure time (Scheme 2a). The
integrated fluorescence intensity data before and after exposure
were used for the determination of quenching percentages.
A more detailed report on the experimental process can be
found in ESL.

8018 | J Mater. Chem. C, 2024, 12, 8014-8023
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de Cotton gauze
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Scheme 2 Schematic representation of (a) the vapour detection setup (b)
the possible donor—acceptor interactions between the pore or external
surfaces of Al-MOFs and nitroaromatic analytes.

During preliminary detection studies, we concluded that the
fully functionalised MOF Al-1 shows slower sensing response
compared to the mixed-linker materials (Fig. 6), so we shifted
our focus to Al-0.5 and Al-0.25. To examine the sorption
capacity of our materials towards NB, we performed TG and
"H-NMR analysis on samples that had been exposed to analyte
vapours for a span of 3 days to ensure sorption saturation. The
TG curves of NB loaded materials (Fig. S16, ESIt) show an
expected two-step weight loss, where the first weight loss step
consists of considerably higher mass loss percentages com-
pared to H,O treated samples and extends to 200-250 °C due to
the loss of guest analyte molecules occurring at higher tem-
peratures than dehydration. Consistently to what we described
for thermogravimetric analysis and surface area measure-
ments; mass loss due to NB elimination is greater for samples
with lower L-1 loadings that display greater sorption capacity.
To provide further evidence for the interaction between NB and
our Al(m) MOFs, we measured the "H-NMR spectra of digested
NB-loaded samples where we clearly observe three additional
peaks corresponding to NB (Fig. S4, ESIt).

In Fig. 7, we see the time-dependent fluorescence quenching
of Al-0.5 and Al-0.25 upon continuous exposure to saturated
analyte vapours. The quenching percentages appear to
approach a plateau given enough exposure time with the order
of quenching efficiency being NB > 4-NT > 1,3-DNB > 2,4-

80 ==nB
70| I 1,3-DNB

60
50
40
30

204

Emission Quenching (%)

10

Al-1 Al-0.5 Al-0.25

Fig. 6 Quenching percentage of the emission signals of Al-1, Al-0.5 and
Al-0.25 after exposure to vapours of NB and 1,3-DNB for 15 minutes.

This journal is © The Royal Society of Chemistry 2024
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DNT. Notably, this order is not in accordance with the electron-
withdrawing trend of these analytes and is instead directed by
their vapour pressures and corresponding saturated vapour
concentrations, given in Table 2. Liquid NB, which possesses
the highest vapour pressure, is the strongest quencher produ-
cing as much as 85% and 81% quenching on the emission
intensity of Al-0.5 and Al-0.25, respectively. While the vapour
pressure of 4-NT is comparable to that of NB, its quenching
efficiency is reduced possibly because of the presence of the
electron-donating ~CH; group. 1,3-DNB and 2,4-DNT possess
two electron-withdrawing -NO, groups but their lower vapor
pressures rank them weaker quenchers. We should note that
due to the instant luminescence response of our materials in
the presence of the analytes, especially in the case of NB, the

@) i(b)

exposure to NB vapours:

Al-0.25
exposure to NB vapours:
t=0
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Table 2 Vapour pressures and corresponding saturation concentrations
of nitroaromatic analytes’*

Vapour pressure Saturated Temperature
(mm Hg) concentration (ppm)  (°C)
NB 0.245 322.37 20-25
4-NT 0.01 13.16 20-25
1,3-DNB 0.0002 0.26 20-25
2,4-DNT 0.000147 0.19 20-25

detection dead time of our experimental process did not allow
us to record the emission quenching to its full extent.

Given the lack of appreciable spectral overlap between the
absorption of the analytes and the emissions of the Al(ur) MOFs,
the observed fluorescence quenching can be explained by a
photoinduced electron transfer mechanism.***® The intrali-
gand charge transfer character of the excited states of 2-
amino terephthalic acid derivatives, makes them potentially
good excited state electron donors for electron deficient sys-
tems such as nitroaromatic compounds.>® At the same time,
the pendant benzyl side groups create a m-electron rich and
hydrophobic microenvironment which provides a driving force
for nitroaromatic molecules to diffuse within the MOF’s cav-
ities. Whilst the restrained available space within the MOFs’
pores limits the possibility of analyte encapsulation, the donor-
acceptor interactions could take place between analytes and
MOFs’ m-electron rich external surfaces, as depicted in
Scheme 2. To ensure that the observed fluorescence quenching
is indeed due to the MOF-analyte interaction, we performed an
identical experiment for the detection of NB vapours on a solid
sample of L-1 that produced no emission intensity changes
(Fig. S32, ESIY). Likewise, titration experiments on a solution of
L-1 in methanol did not afford any significant quenching upon
addition of aliquots of analyte solution. On the other hand,
experiments where a suspension of Al-1 was titrated with
aliquots of an aqueous solution of 1,3-DNB showed clear
emission quenching, albeit much less pronounced than that
observed in gas phase experiments possibly due to partial
blockage of the MOF-analyte interaction because of hydration
effects (Fig. S33, ESIt). These experiments clearly demonstrate
that the existence of L-1 within the porous structures of the Al-
MOFs is the key factor which unlocks the potential for its
interaction with nitroaromatic guests thereby leading to a
detection signal.

To quantify and compare the gas sensing response of our
materials, we performed exponential decay fit on the quenching
data shown in Fig. 7(c) and (d) and the fitting results can be seen
in Fig. S38 and S39, ESL.} In all cases, we observe an excellent fit
for two exponential components that comprises of a fast com-
ponent of 1-1.5 minute and a slow component of 10 minutes or
higher. In general, the faster process has a greater contribution
on the detection of NB and 4-NT whereas the slower process is
predominant and reaches higher values of up to 30 minutes for
the less volatile analytes 1,3-DNB and 2,4-DNT.

To obtain additional information on the nature of the
quenching mechanism upon exposure to analytes, we per-
formed nanosecond time-resolved fluorescence measurements
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on the Al(m) MOF samples before their exposure to analyte
vapours and after the end of each sensing experiment. Details
on the fitting results can be found in Table S2, ESI.{ Interaction
with the quenchers, especially NB, leads to a clear decrease
in the values of all lifetime components accompanied with
an increase (+10%) in the contribution of the fastest compo-
nent. However, the degree of lifetime shortening is not in
accordance with the observed decrease in fluorescence inten-
sity as would be expected in the case of a fully dynamic
quenching mechanism.®” Therefore, we theorise that static
and dynamic quenching occur concurrently.’® The static por-
tion of the observed quenching is predominant as it is facili-
tated by a combination of m-n interactions and hydrogen
bonding between nitroaromatic guests and the benzylamino
groups of L-1.%®

To evaluate their reusability, the sensory materials were
regenerated by heating at 120 °C for 24 h. Subsequent exposure
to NB vapours resulted in quenching efficiencies of up to 79%
for both materials (Fig. S34, ESIT). We observe that after one
cycle of analyte exposure and re-activation the quenching
efficiency values are slightly reduced, albeit the regenerated
materials still exhibit sufficient quenching.

To investigate the sensing selectivity of our MOFs, we
measured their emission response towards aliphatic analyte
nitromethane and electron donating analytes benzene and
toluene. Exposure to nitromethane, which is smaller in size
but lacks the aromatic ring which favours n-n interactions,
produced quenching percentages of <20% (Fig. S35, ESI{). In
contrast, in the presence of electron-rich benzene and toluene
both MOFs exhibit signal enhancement (Fig. S36 and S37,
ESIT). Al-0.25 exposed to toluene reaches a potent enhancement
percentage of ca. 100% after just 20 minutes of exposure.
Moreover, in the case of toluene we observe a red-shift of up
to 10 nm for Al-0.5 that could be associated with exciplex
formation between MOF and analyte.*®

The fabrication of MOF films is a crucial step towards
incorporating the sensory materials in optical devices for
practical in-field applications.®*””? In an initial effort to prepare
fluorescent films using samples of Al-0.5 and Al-0.25, we mixed
ca. 1 g of a gel containing 1.5%wt of a cellulose based polymer
(hydroxyethyl cellulose, HEC) with 10 mg of MOF powder and
the resulting paste was applied to cover glass slides to produce
MOF-polymer composites Al-0.50@HEC and Al-0.25@HEC.
PXRD patterns confirm that our MOFs retain their crystallinity
within the composite materials (Fig. S9, ESIT). The polymer is
visible on the samples’ IR spectra, where the hydroxyl groups
produce a characteristic strong broad band centred around
3400 cm ™. Additionally, the C-H stretch bands can be seen at
around 2870 cm~ ' and the C-O stretch band of the anhydro-
glucose units can be seen at ca. 1050 cm ™" (Fig. $6, ESIf).”

The loaded glasses were heated at 120 °C for 24 h and were
used in fluorescent measurements following the same proce-
dure described above. Quenching results upon exposure to NB
vapours can be seen in Fig. 8. The MOF films display strong
emission quenching, comparable to quenching results calcu-
lated for the corresponding MOF powders. Among the studied

8020 | J Mater. Chem. C, 2024, 12, 8014-8023

View Article Online

Paper

1@)
Al-0.5@HEC
exposure to NB vapours:

75% quenching

40 min

Emission Intensity (a.u.)

T T T T T — 1
450 500 550 600 650 700
_ Wavelength (nm)
b
-( ) Al-0.25@HEC

exposure to NB vapours:

t=0
l 89% quenching

25 min

Emission Intensity (a.u.)

T T T T
450 500 550 600 650 700

Wavelength (nm)

100
S 80-
(o))
£
£ 60-
C
(]
5
2 404
k<)
[
2
£ 204
—=— A0.25@HEC+NB
—e— A-0.5@HEC+NB
0-

T T T T T T T T T

0 10 20 30 40
Exposure Time (min)
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upon exposure to NB vapours. (c) Fluorescence quenching time graphs of
Al-0.5@HEC (blue) and Al-0.25@HEC (green) upon exposure to NB.

materials, Al-0.25@HEC provides the most efficient sensing
system, reaching quenching of 89% in 25 minutes.

As mentioned above, several MOFs designed for the detec-
tion of nitroaromatic vapours have been reported in previous
years. Some representative examples are given in Table 3.
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Table 3 Representative examples of luminescent MOF sensors for nitroaromatic vapours

MOF Analyte Quenching (%) Aexc (Nm) Jem (NM) Ref.
[Zn,(bpdc),(bpee)]-2DMF DMNB, 2,4-DNT 85, 84 320 420 75
[Zn,(TCPPE)] NB, 2,4-DNT >80 365 535 76
[Cd;(L)(bipy),-4DMA], NB >90 314 381 77
[Th4(L)s(H2O0)s] Various NACs Up to 94 360 543 78
{Al(OH)(L-1)} Various NACs Up to 89 360 475 This work
{Al(OH)(bdc).5(L-1)o.5}

{Al(OH)(bdc)o.75(L-1)o.25}

Most examples from the current literature report transition metal Acknowledgements

MOFs (mainly Zn, Cd, Pb) along with a number of MOFs based on
alkaline earth metals (Mg) and lanthanides (Eu, Tb, Dy). To the best
of our knowledge, our materials are the only studied MOFs based
on aluminium, a cheap and abundant metal that is environmen-
tally benign and, thus, suitable for environmental remediation and
monitoring applications. We also show that AI-MOFs possess high
thermal and hydrolytic stability and retain their sensing efficiency
when combined with a polymer binder to form thin films. These
features render our sensory materials a useful platform for the
possible development of in-field detection systems.

Conclusions

We have presented the preparation and study of a series of
fluorescent Al(m) MOFs: {Al(OH)(L-1)} (Al1), {Al(OH)(bdc),s(L-
1)os} (Al-0.5) and {Al(OH)(bdc)y,5(L-1)o2sf (Al0.25), based on
terephthalate (bdc®>”) and the strongly fluorescent ligand L-1. L-
1 carries a pendant m-electron rich benzylamino group that forms
a favourable environment for donor-acceptot interactions with
electron-deficient nitroaromatic guests. Powder X-ray diffraction
studies combined with temperature dependent X-ray powder
diffraction measurements showed that the materials are structu-
rally analogous to MIL-53 and adopt an open pore form, due to
steric hindrance introduced by the bulky side group of L-1 that
does not allow pore contraction. Our MOFs retain crystallinity
after treatment with water and methanol and show thermal
stability comparable to what has been reported for other MIL-53
type MOFs. Exposure of the sensory materials to nitroaromatic
vapours produced strong quenching effects with quenching per-
centages of up to 85% and the order of quenching efficiency being
NB > 4-NT > 1,3-DNB > 2,4-DNT, in accordance with the
analytes’ corresponding vapour pressures. The sensing response
of mixed-linker materials Al-0.5 and Al-0.25 was superior to that of
the fully functionalised Al-1, an effect most possibly attributed to
the formers’ increased porosity. A preliminary study of MOF-
polymer composites in the form of thin films showed that, in
the presence of NB vapours, the materials exhibit a strong
quenching performance of up to 89% in 25 minutes. Research
on fluorescent metal-organic frameworks for the detection of
nitroaromatic compounds is ongoing in our group.
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