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We present the fabrication and use of a film of a carborane-thiol-
protected tetranuclear copper cluster with characteristic orange
luminescence using ambient electrospray deposition (ESD).
Charged microdroplets of the clusters produced by an electrospray
tip deposit the clusters at an air—water interface to form a film.
Different microscopic and spectroscopic techniques characterized
the porous surface structure of the film. Visible and rapid quench-
ing of the emission of the film upon exposure to 2-nitrotoluene
(2-NT) vapours under ambient conditions was observed. Density
functional theory (DFT) calculations established the favourable
binding sites of 2-NT with the cluster. Desorption of 2-NT upon
heating recovered the original luminescence, demonstrating the
reusability of the sensor. Stable emission upon exposure to
different organic solvents and its quenching upon exposure to 2,4-
dinitrotoluene and picric acid showed selectivity of the film to
nitroaromatic species.

Selective and observable detection of nitroaromatic precursors,
widely used for the synthesis of explosives, has received special
attention due to increased concerns of security."” Direct
detection of such chemical entities using instrumental
methods, such as mass spectrometry,’ surface-enhanced
Raman spectroscopy,” and sophisticated sensor arrays,®
requires expensive infrastructure and/or complicated sampling
protocols. On the other hand, optical detection with organic
and inorganic sensing materials, such as n electron-rich aro-
matic compounds,” metal-organic frameworks,® dendrimers,’
polymers,'® quantum dots,"' and gold mesoflowers,'> has
been explored for reliable detection. Optical detection primar-
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ily relies on visible changes of luminescence in terms of the
emission brightness or colour of such materials upon exposure
to the sensing materials. Atomically precise metal nanoclusters
with tunable luminescence characteristics are versatile
additions to this application.>™**
specific multicolour luminescence properties due to electronic
transitions within closely spaced quantized electronic energy
levels."®"® Modulation of luminescence by applying external
stimuli, such as temperature,"*° pressure,”* and electric
potential,*® suggests a possibility to have sensing responses
with molecules, particularly electron-deficient nitroaromatic
compounds.”®

Detection of nitroaromatics in the gas/vapour phase is chal-
lenging compared to their detection in the condensed state,
primarily due to their low volatility and a lack of efficient inter-
molecular interactions.**** Therefore, the preparation of lumi-
nescent vapour sensors with highly sensitive exposed surface
area is an essential goal towards easy, fast and reliable
sensors. However, fabrication of an active two-dimensional
(2D) surface composed of ultra-small nanoclusters is challen-
ging due to their reduced stability, inherent reactivity, unregu-
lated aggregation behaviour and the lack of large order inter-
cluster interactions.”>*” To overcome such challenges, we
introduced the ESD technique, which generates solvated
charged microdroplets of cluster ions in air by applying an
electric potential.*®*° Soft landing of ions onto a transient
water surface resulted in a sensitive 2D nanocluster assembled
film. The ESD technique favours fast and soft aggregation of
clusters at the air-water interface without using long chain
ligands,?® metal ions,*’ mixed solvent systems,** thermal
annealing,* and gel forming agents.** In our earlier experi-
ments, we had shown the advantages of this technique for the
preparation of various nanomaterials, including metallic nano-
brushes,* nanopyramids and platelets,*® vertically aligned
nanoplates,’” annealed nanoparticle superstructures,*® and
other surface exposed nanostructures.>®

Here, we have fabricated a robust surface-activated film of a
Cu,@ICBT cluster, covered with an ortho-carborane 12-iodo

Such nanomaterials have
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9-thiol ligand, through the ESD technique. The atomic struc-
ture of the cluster shows a nearly square planar Cu, core pro-
tected by four carborane ligands along with three iodine atoms
(shown in Fig. 1a).*° Cu,@ICBT was synthesized by a ligand
exchange-induced structure transformation (LEIST) reaction
starting from the Cu,g nanocluster.*’ LEIST synthesis reactions
were used for preparing various gold** and silver** nano-
clusters. Synthetic details and structural characterization of
the cluster were described previously’® and the essential
details are presented in Fig. S1 in the ESI.{ ESD experiments
were performed using a home-built setup. Fig. 1b shows the
schematic representation of the ESD setup.

Details of the deposition process are presented in the ESL
In brief, charged microdroplets of cluster ions were generated
upon applying a high voltage (2.5-3 kV) through a platinum
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(Pt) wire to a 0.5 mM solution of the cluster using a glass capil-
lary (tip diameter, 25-30 pm) (shown in Fig. S2t). The depo-
sition of ions was performed on water, which was grounded to
neutralize the charge. After 30 min of deposition, we observed
a white-coloured thin film floating on the water surface
(shown in the inset of Fig. 1b and c), and this film was trans-
ferred onto either a clean glass slide or an Al foil for further
experiments. The floating nature of the film is due to the
hydrophobic nature of carboranes,** and the surface charge of
the deposited ions is responsible for interparticle interactions,
which resulted in the formation of a stable film.

Next, the surface structure of the ESD film was character-
ized using optical and electron microscopic techniques.
Optical micrographs showed a sheet-like translucent appear-
ance and the film was crumpled at multiple locations (Fig. 1c,
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(a) Molecular structure of the Cu,@ICBT cluster (atomic color code: orange = copper, yellow = sulphur, pink = boron, grey = carbon, violet =

iodine and white = hydrogen). (b) Schematic representation of the ESD setup, (the inset shows the photograph of the spray plume during ESD, illumi-
nated with a green laser). Electrospray deposition occurs on the surface of water, kept in a plastic cap, and the solution was grounded electrically.
Optical micrographs of the film in (c) reflection and (d) transmission modes, respectively (the inset of (c) shows the floated film on the water
surface). (e) 3D surface topology of the film indicating its roughness and (f) cross-section analysis. (g and h) FESEM micrographs and (i and j) TEM

micrographs of the film at different magnifications.
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d and S37). Scratches on the aluminium substrate were visible
through the film, indicating its translucent character. The
surface topography reveals a relatively rough surface of the
film (Fig. 1e) with an average thickness of 6.23 pm. We have
used a scanning electron microscope to get additional infor-
mation on its morphology. FESEM micrographs demonstrated
(Fig. 1g and h) that the basal plane is covered by several
fibrous knots. To understand the growth of the film, we
measured the images after various deposition times, which
revealed the formation of porous spherical aggregates after
10-15 min of deposition. As-formed spherical particles
resulted in a compact film upon subsequent deposition
process (Fig. S4t). The rough surfaces of the spherical aggre-
gates with multiple tangles interact with each other and form
the resulting film, which also has similar knots on its surface.
Transmission electron micrographs (shown in Fig. 1i, j and
S51) confirm the sheetlike nanostructures with multiple
knots. Thin film XRD (shown in Fig. S6t) reveals two broad
diffraction peaks at 26 values of 8.65° and 23.15°, suggesting
the weak crystallinity of the film.

The molecular structure of the cluster in the film was veri-
fied using high-resolution electrospray ionization mass spec-
trometry (HRESI-MS). The MS spectrum of an acetone solution
of the film (Fig. 2a) shows a characteristic peak at m/z 1334.02
with a monopositive charge. Experimental isotopic distri-
bution of the mass having a molecular composition of
[Cu4S415(CyB1oH11)4]-2H" matches well with the calculated one
(shown in the inset of Fig. 2a) and the parent custer.*® X-ray
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Fig. 2 (a) Positive ion-mode ESI-mass spectrum of a solution of the
Cu4@ICBT film in acetone. 0.1 (M) formic acid was added to increase the
ionization efficiency. The inset shows the isotopic distribution of the
experimental spectrum in comparison with the theoretical one. The
spectrum is compared with the parent cluster. (b) Selected area XPS
spectrum of the Cu 2p region. (c) UV-vis absorption spectra of the ESD
film dissolved in acetone in comparison with the as-prepared cluster. (d)
Photoluminescence excitation and emission spectra of the film. The
inset shows the photograph of the ESD film under daylight (left) and UV
light (right).
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photoelectron spectroscopy (XPS) confirms the elemental com-
position (presence of Cu, S, C, B and I) in the film (Fig. S77).
Peak fittings of the Cu 2p region having two peaks at binding
energies of 931.6 and 951.4 eV for 2p;,, and 2p;), indicate a
nearly zero oxidation state for copper (Fig. 2b). The UV-vis
spectra of the film showed a single absorption band with a
maximum of 267 nm, which is identical to that of the as-pre-
pared cluster (Fig. 2c). All these data verified the essential
structural stability of the cluster after the ESD process.

The as-grown ESD film emits bright orange luminescence
under a 365 nm UV lamp. The solid state photoluminescence
spectra of the film show a characteristic emission band
centred at 599 nm under excitation at 330 nm (shown in
Fig. 2d). The excitation and emission spectra compare well
with the spectra of the parent cluster.*® The Stokes shift of
~3.7 €V represents a large gap between the absorption and
emission bands. Based on the molecular structure of the
cluster with characteristic luminescence, we expected the
material to function as a potential sensor of volatile organic
compounds and thus we exposed the film to different organic
solvents and nitroaromatics. While the characteristic orange
luminescence remained unchanged after the film’s exposure
to vapours of various organic solvents, we observed a relatively
quick quenching of the emission as a result of the film
exposure to nitroaromatics (2-NT) with a vapour concentration
of 0.024% at 25 °C (vapour pressure: 0.185 mm Hg). It took
typically a few minutes to completely quench the emission. PL
measurements show the complete disappearance of the
599 nm emission band after exposure to 2-NT (Fig. 3a) and its
full recovery upon heating to 50 °C. The PL spectrum with a
strong emission band confirmed the recovery (Fig. 3a). The
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Fig. 3 (a) PL emission spectra of the film after 2-NT vapour exposure
resulted in quenching the emission and thermal desorption (upon
heating at 50 °C) resulted in the regeneration of luminescence. (b)
Adsorption and desorption patterns of 2-NT from the film. (c) 2-NT
vapour adsorption and desorption up to the 4" cycle, indicating the re-
usability of the film. (d) Expanded FT-IR spectral region of the 2-NT-
exposed film in comparison with the as-grown film. New features are
highlighted.
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stability of the clusters present in the ESD film after a com-
plete adsorption and desorption cycle was monitored through
MS studies by dissolving it in acetone. The appearance of the
characteristic peak at m/z 1334.16 suggests the structural stabi-
lity of the cluster after 2-NT adsorption and desorption pro-
cesses (Fig. S81).

To understand the kinetics of the adsorption and desorp-
tion processes, we measured the time-dependency of the emis-
sion features (shown in Fig. S9t), and we observed ~3 and 4.5-
fold intensity reduction after 2 and 4 minutes of 2-NT
exposure, respectively. The PL quenching of the film upon its
exposure to 2-NT was exponential with no emission at all
observed after ~15 min (Fig. 3b). The desorption of 2-NT by
heating to 50 °C showed linear dependency and full lumine-
scence recovery in ~60 min. The desorption process is slower
than the adsorption process, which suggests a relatively strong
interaction between the molecules of 2-NT and the film. Such
types of adsorption and desorption processes indicate rapid
adsorption and systematic desorption of 2-NT from the ESD
film. Alternating exposure of the film to 2-NT vapours and
thermal heating (Fig. 3c) demonstrated perfect reversibility of
the adsorption-desorption process and PL measurements
proved quantitative recovery of the luminescence properties.

Infrared (IR) and XPS measurements were performed to
confirm the binding of 2-NT to the ESD film. IR spectra
(shown in Fig. 3d and S107%) reveal the appearance of two new

View Article Online
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vibrational peaks at 1347 and 1520 cm™" due to N-O stretching
modes, indicating the adsorption of 2-NT by the film. These
features were absent for the parent film. Other characteristic
vibrational peaks for C-H (3051 cm™") and B-H (2610 cm™")
stretching modes, cage breathing mode (872 cm™), and BBB/
BBC bending mode (975 cm™') of carboranes suggest the
structural integrity of the cluster after 2-NT adsorption.
Furthermore, the XPS study reveals the appearance of all the
respective elements of the cluster, i.e., Cu, S, C, B, and I, in the
survey spectrum (Fig. S117). We have observed two new peaks
of N 1s and O 1s at the binding energy values of 405.3 and
531.9 eV, respectively.

The adsorption capacity of a microcrystalline Cu,@ICBT
sample to 2-NT was tested using a uniform microcrystalline
powder of the cluster. An optical micrograph reveals that the
sample has rhombohedral microcrystals with dimensions of
20-25 pm length and 5-8 pm width (Fig. S12%). After disper-
sing these particles in DCM, we dropped them on a glass slide
to make a thin film. In the subsequent step, this film of micro-
crystals was exposed to 2-NT (Fig. S127). Time-dependent PL
measurements showed nearly identical emission intensity
even after 6 h of exposure. These results prove that the micro-
crystals themselves are incapable of 2-NT adsorption and
detection, whereas the 2D film, prepared by ESD, with an
exposed surface with characteristic morphologies promotes
effective 2-NT adsorption.
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Fig. 4 (a—d) Structural representations of different binding configurations of 2-NT at different positions of the cluster. (e) Relative energy diagram
of the binding of 2-NT with the respective position of Cus@ICBT. (f) Charge density difference (CDD) analysis of 2-NT binding with the cluster.
Atomic color code used for the CDD plot is blue-copper, yellow-sulphur, green-boron, grey-carbon, and pink-hydrogen. The yellow and cyan elec-

tron density isosurfaces are plotted at a value of 0.005 eV A~3,
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Density functional theory (DFT) calculations using the
Vienna Ab initio Simulation Package (VASP) were used to simu-
late the binding of 2-NT to the cluster.”” The Cu,@ICBT struc-
ture optimized using the Perdew-Burke-Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA) is
given in Fig. S13.1 *° Details of the theoretical calculations are
presented in the ESLT This was followed by simulations of
2-NT binding at the Cu,@ICBT optimized structure. Four posi-
tions, ie., (P1) parallel to carboranes, (P2) perpendicular to
carboranes through the -NO, end, (P3) perpendicular to the
Cu,S, kernel, and (P4) parallel to the Cu,S, kernel, were identi-
fied as most probable binding configurations (shown in
Fig. 4a-d). DFT calculations proved that the P1 and P2 posi-
tions to be the most favourable binding positions having the
lowest relative energies (RE) of 0 and 0.02 eV, respectively,
whereas the P3 and P4 positions showed higher relative energy
values of 0.23 and 1.37 eV. For the P1 binding configuration,
the optimized geometry shows four intermolecular van der
Waals interactions, i.e., CH---HB, NO---B, NO---C, and NO---HC
between the nitro group of the 2-NT molecule and a nearby
carborane unit with distances of 2.39, 3.51, 3.21 and 2.43 A,
respectively (shown in Fig. S14%). For the P2 configuration, two
strong interactions, i.e., BH:--N and BH---ON with the dis-
tances of 2.72 and 2.54 A, respectively, showed favourable
interactions between the two moieties (Fig. S15t). A similar
type of strong intermolecular interactions between 2-NT with
the cluster was not observed for any of the other configur-
ations. Charge density difference (CDD) analysis shows that
there is a delocalization of electron density between 2-NT and
the cluster, resulting in feasible adsorption. Excited state
charge transfer between the delocalized electron density of the
LUMO of the cluster and 2-NT is assumed to be the driving
force behind the emission quenching, upon its adsorption.

Freshly prepared films were independently exposed to
various organic solvents to check the selectivity. The combined
PL data (shown in Fig. S16-S261 and Fig. 5) showed compar-
able emission intensity of the film after its exposure to DCM,
chloroform, methanol, ethanol, hexane, cyclohexane, benzene,
toluene, acetonitrile, THF, and ethyl acetate vapours. However,
complete luminescence quenching of the film was observed
upon its exposure to two other nitroaromatics, 2,4-dinitroto-
luene and picric acid (Fig. S27 and S28t%), which proves the
interesting selectivity of the film towards species with nitro
functionality. Due to the lower vapour pressure, 2,4-dinitroto-
luene and picric acid took ~30-35 min for complete lumine-
scence quenching. Interactions between the nitro groups with
the cluster are probably the reason behind luminescence
quenching, which was also confirmed by DFT calculations.

In conclusion, this work demonstrated the fabrication of a
film of atomically precise cluster functioning as a selective and
reversible nitroaromatic vapour sensor using a molecularly flat
carborane-thiol-protected tetranuclear copper nanocluster. The
film was grown under an ambient condition through the ESD
technique, depositing charged microdroplets of the clusters
on water. Different microscopic techniques demonstrated the
flexible nature of the film with surface porosity. Visible orange

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Bar diagram shows the selectivity of the Cu,@ICBT film to the
exposed vapours (exposure time 2 h each) of various organic solvents
and other nitro aromatic compounds, i.e., 2,4-dinitrotoluene and picric
acid. Luminescence quenching was observed only for nitroaromatics.

luminescence of the cluster was retained after the formation of
the film. The as-grown film acts as a luminescence vapour
sensor for detecting various nitroaromatics with excellent
selectivity and full recovery of its luminescence by heating to
only 50 °C. Theoretical calculations revealed favourable van
der Waals interactions between the peripheral carboranes and
the nitro moiety of the nitroaromatic species as responsible for
luminescence quenching. Such a type of selective lumine-
scence recognition has great potential for efficient visible
detection of the precursors of explosives based on nitroaro-
matics. The extent of the sensitivity of the cluster-based sensor
needs to be evaluated.
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