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A new 2D fluorescent organic—metal chalcogenide (OMC), CACIHT
(HT = 4-hydroxythiophenol), evenly covered with phenol groups is
reported. CdCLIHT represents unparalleled selectivity and the high-
est sensitivity towards 2,4,6-trinitrophenol (TNP) (Ksy = 2.16 X
10’ m~%, experimental LOD = 2 nM), among all reported 2D con-
jugated polymer (CP) luminescent detectors.

Since the discovery of graphene in 2004, two-dimensional (2D)
nanomaterials have attracted considerable interest owing to
their novel chemical and physical properties, such as their 2D
layered structure, good conductivity, high mechanical stability,
and facile functionalization."™ 2D luminescent materials can
respond to external stimuli quickly and easily because of their
higher specific surface area properties, which can provide more
active sites for binding analytes. Besides, surface chemistry in
2D materials such as functional surfaces, chemical modifica-
tion and surface catalytic reactions are effective strategies to
improve the performance of 2D materials.””> Luminescence
could also be tuned by selected chemical functionalization.
Their diversity in chemistry and structure offer an immense
opportunity to selectively analyze analytes ranging from gases
to metals and biological molecules.**®

Recently, great efforts have been devoted to developing new
fluorescent materials with various sensing mechanisms for
detecting explosives in order to achieve great sensitivity and
selectivity, as well as fast response time.”'® As we all know,
covalently bonding or physically adsorbing organic molecules
to 2D materials can introduce functions related to organic
molecules into 2D materials, which affords favorable affinity
for target chemicals."* ™ Therefore, organic modification is a
promising way to increase the fluorescence efficiency and
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selectivity of the analytes. However, reported methods mainly
focus on the modification of organic molecules on pre-
exfoliated nanosheets (exfoliation and then organic modifica-
tion (E-M) strategy). As a result, the surface functionalization
process is normally destructive and the organic groups on 2D
materials are usually not homogeneously distributed, which
hinders the application of these materials.

A new type of functional 2D material, organic-metal chalco-
genides (OMCs), has been constructed through coordination
assembly.'*'® Unlike the E-M strategy, the surfaces of OMCs
are fully and orderly covered by organic functional groups,
which can effectually enhance their interaction with analytes.
For example, an OMC, CuHBT (HBT = 4-hydroxythiophenol),
was revealed that compared with other 2D materials and their
composite materials showed magnificent intrinsic peroxidase-
like catalytic activity and reflected the lowest detection limit in
the detection of glucose by fully covered phenol groups acting
as “promoters”.'* Besides, Ag(SPh-NH,), with fully and orderly
covered -NH, groups as “receptors’, exhibited the highest
sensitivity, excellent selectivity and reversibility in response to
NO, among all the reported 2D chemiresistive sensing materi-
als at room temperature (RT).'® These examples convincingly
prove that OMCs can possess higher sensitivity as one type of
chemical sensing material at RT. Recently, a few OMCs with d"°
coinage metals have regained interest due to their appealing
photoluminescence properties.”’° Despite the fact that there are
some examples of temperature sensors based on luminescent
OMCs,”" none has been utilized to detect molecules using
potential functional groups adequately on luminescent OMCs.

Trinitrophenol (TNP) as an intermediate of dyes is widely
used in industry, pesticides, explosives and so on.>* The detec-
tion of TNP is important due to its danger, toxicity and
difficulty to degrade in nature.>®?® Since the TNP molecule
not only has electron-deficient nitro groups but also hydroxyl
groups, ascertaining the value of hydroxyl groups in the TNP
structure is very important for TNP-related explosives
detection.?””*® Hence, following our research interest in lumi-
nescent OMCs fully covered with hydroxyl groups based on
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organosulfur ligands, herein, a new fluorescent OMC, CdCIHT,
was prepared through coordination assembly to detect TNP.
The 2D {CdCIS}, layers of CACIHT are covered by ordered
phenol groups on both sides. This unique 2D material archi-
tecture significantly enhances the interaction between the
CdCIHT nanosheets and analytes and thus promotes electron
transfer in chemical applications. As expected, photolumines-
cence (PL) studies showed that the same green-light emission
was observed in bulk crystals, few-layer nanosheets and the
nanosheets in the solvent. In particular, CACIHT nanosheets in
ethanol solution represent high fluorescence quenching effi-
ciency toward nitrophenol (TNP, DNP, NP), which can distin-
guish analytes with similar structures (such as TNT, TNP). The
limit of detection (LOD) of TNP was found to be 2 nM, which is
almost the lowest LOD in 2D CPs, including COFs and
MOFs.?*?° Furthermore, CACIHT shows the highest Kgy value
toward TNP among the reported 2D luminescent CPs.

A 2D OMC Cd;Cl,(HT), (1) with functional group surface
covering was synthesized using 2(CdCl,)-5(H,0) and HT ligand
(Fig. 1a). The detailed description is shown in the Supporting
information. X-ray diffraction showed that compound 1
belongs to the P2,/c space group. As shown in Fig. 1b, each
Cd atom forms a 6-coordination structure with two ps-bridging
Cl atoms and four ps-bridging S atoms. Each {CdCIS}
octahedron connects with others through edge-sharing to form
a 2D {CdCIS}, layer. The bond length of Cd-S is between
2.630-2.749 A, and the bond length of Cd-Cl is between
2.656-2.842 A. More interestingly, in this layer, cis-octahedra
are adjacent to trans-octahedra where Cl is placed in different
positions (Fig. S1, ESIT). The {CdCIS}, layer is further connected
with phenol groups through C-S covalent bonds to form a
sandwich structure as a supermolecule multi-quantum well
structure. Simultaneously, for the doping of Cl atoms and the
steric hindrance of the connection type in the layer, benzene
from the ligand of 1 shows a parallel and vertical stacking
model as shown in Fig. 1b, rather than the completely regular
arrangement in our previous works.'*'®*! These mono-layers
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Fig.1 (a) Composition diagram of 1. (b) Few-layer and mono-layer
structures of 1. Hydrogen atoms have been omitted for clarity. (c) Experi-
mental and simulated PXRD patterns of 1 and PXRD patterns after immer-
sion in different solvents for 24 h. (d) SEM image of few-layer 1; the inset is
its selected area electron diffraction pattern. (e) Typical AFM image of few-
layer 1.
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parallel pack with each other along the a axis forming few-layer
Cd;Cl,(HT),, which produces a clear superlattice alignment
with periodically stacked inorganic and organic sublattices
(Fig. 1 and Fig. S2, ESIY).

The experimental powder X-ray diffraction (PXRD) pattern of
1 is in good agreement with its simulated one, verifying its
phase purity (Fig. 1c). Compared with HT ligand, Fourier
transform infrared spectroscopy (FT-IR) (Fig. S3, ESIt) shows
the disappearance of the mercaptan bond frequency at
~2550 cm ™}, which testifies to the successful coordination of
HT ligands with metal salts. Meanwhile, the stretching fre-
quency observed in 1 (~3300 cm ") proves the existence of
hydroxyls without coordination, which provided sufficient
potential active sites for the detection of TNP. The red shift of
the hydroxyl peak also further confirms the hydrogen bond
between the layers of the structure 1. Scanning electron micro-
scopy (SEM) measurements reveal the nanobelt morphology of
the as-prepared few-layer 1 with a length and width of several
micrometers (Fig. 1d). The selected area electron diffraction
pattern of TEM shows sharp and ordered spot arrays, indicating
the good crystallization of few-layer 1 (inset of Fig. 1d). In order
to fully expose functional groups to improve detection perfor-
mance, we obtained nanosheets with a thickness of ~5 nm by
ultrasonic mechanical stripping (Fig. 1e). Moreover, to support
further application, we examined the chemical stability of
compound 1 nanosheets. The samples were checked in com-
mon solvents. As shown in Fig. 1c, the nanosheets remain
intact after immersion in different solvents for 24 h. Mean-
while, the samples are thermally stable up to 312 °C in N,
(Fig. S4, ESIt). These results indicate that the compound 1 is
feasible for practical applications.

The PL spectrum of the powder sample exhibits emission
centered at 550 nm when excited at 340 nm (Fig. S5, ESIT). It
can be seen from the CIE coordinate diagram that the emission
color is green (Fig. S6, ESIf). Considering that surface func-
tional groups can provide better dispersion in solvents,'
nanosheets were dispersed in various solutions under ultra-
sonic conditions. As shown in Fig. S7, the stripped nanosheets
can be evenly dispersed in ethanol, without precipitating after
standing for 48 h. Most anticipated is that the fluorescence
emission of the dispersion is consistent with that of the powder
(Fig. S8, ESIt). Therefore, we tried to explore its role in the
detection of nitro explosives by fluorescence sensing, given its
excellent stability, dispersibility in ethanol and fully covered
surface by functional groups.

Considering that TNP is one of the most dangerous chemi-
cals and its explosive nature is even stronger than TNT among
all nitroaromatic explosives, the highly sensitive and selective
detection of TNP is urgently demanded. As a demonstration,
compound 1 exhibited efficient sensing performance toward
TNP. The fluorescence intensity of compound 1 was promptly
quenched from 2.6% to 90.7%, as the amount of TNP dropped
from 2 nM to 280 nM (Fig. 2a and Fig. S9, ESIt). The quenching
efficiency was further analyzed by the Stern-Volmer equation,
(Io/T) = Ksy[A] + 1, where I, is the initial fluorescence intensity
before the addition of analyte, I is the fluorescence intensity in

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Effect on the emission spectra of 1 dispersed in EtOH upon
incremental addition of TNP. (b) SV plots of TNP. (c) Effect on the emission
spectra of 1 dispersed in EtOH upon incremental addition of TNT. (d) SV
plots of other nitroaromatic explosives (NB, TNT, m-DNB, p-DNB.
(e) A comparison of Ksy and LOD with reported 2D luminescence CPs
(for details, see Table S1, ESIT). (f) PXRD patterns of 1 after detecting
200 nM TNP.

the presence of analyte, [A] is the molar concentration of
analyte, and Kgy is the quenching constant (M~ '). As shown
in Fig. 2b, the fluorescence quenching shows a good linear
relationship when the concentration of TNP is lower than
10 nM while the SV curve shows an upward curve with the
increase of the concentration of the analyte, indicating the
possibility of self-absorption or an energy-transfer process.>>
Compound 1 has the highest calculated Ksy value of 2.16 X
107 M~ toward TNP among the reported 2D luminescence CPs
(Fig. 2e and Table S1, ESIt). What's more, the experimental
detection limit of 1 toward TNP is 2 nM, which is far lower than
the theoretical LOD of TNP among almost all reported 2D CPs,
including COFs and MOFs (Fig. 2e and Table S1, ESIT). As a
comparison, the fluorescence of compound 1 was only
quenched by 13% when 200 nM TNT was dropped, as well as
other nitroaromatic explosives, m-DNB, NB and p-DNB (Fig. 2¢
and 2d). This proved unparalleled selectivity of compound 1
toward TNP among nitroaromatic explosives. PXRD confirmed
that after fluorescence titrations with 3 recycles, the compound
still maintains structural integrity (Fig. 2f).

Motivated by the above results: though there is only one
position difference between TNT and TNP in their structures, a
hydroxyl substituent for TNP while a methyl substituent for
TNT, the former displays an almost 6 times higher quenching

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Percentage of fluorescence quenching obtained for different
200 nM analytes at RT. (b) Decrease in percentage of fluorescence
intensity upon the addition of 1 in EtOH of different nitro compounds
followed by TNP. (c) HOMO and LUMO energies for explosive analytes and
other benzene interferents. (d) Spectral overlap between the absorption
spectra of the analytes and the emission spectrum of 1 in EtOH.

efficiency compared to TNT, indicating that the hydroxyl group
of TNP has a great contribution for the good selectivity. To
further confirm such results, other hydroxyl-containing
nitroaromatics and aromatics with single functional groups,
such as p-nitrophenol (p-NP), o-nitrophenol (o-NP), DNP, CB,
BC and phenol were titrated for performing fluorescence
quenching. Interestingly, compound 1 showed significant
quenching efficiencies toward p-NP (95.2%), o-NP (86.8%) and
DNP (90.5%) and the calculated Kgy values of DNP, p-NP and
o-NP were 2.31 x 10’ m ™%, 1.64 x 10’ m ' and 1.51 x 10" m ™,
respectively, which are comparable to TNP (Fig. S10, ESIf).
However, just slight quenching was observed with addition of
analytes with single functional groups of nitro such as DNP, CB,
BC and phenol (Fig. 3a and Fig. S11, ESIt). This result further
demonstrates that only the synergistic effect between the
hydroxyl and nitryl groups of the analytes promotes efficient
fluorescence detection. In addition, the selectivity of 1 toward
common metal ions (Fig. 3a and Fig. S12, ESIt) and TNP in the
presence of other aromatic compounds has been studied. As
shown in Fig. 3b, the stepwise decrease in fluorescence inten-
sity clearly demonstrates the unprecedented selectivity of 1
toward TNP even in the presence of other aromatic compounds
with a high concentration (200 nM).

In order to better understand the fluorescence quenching
effect of 1 toward nitroaromatics with different functional
groups, the quenching mechanism was proposed. Generally,
the proposed mechanism of fluorescence quenching effect
includes photo-induced electron transfer,**** resonance energy
transfer,’® and intermolecular charge transfer pathways.*®?”
The HOMO and LUMO orbital energies of aromatic compounds
were calculated by density functional theory at the B3LYP/
6-31G* level (Fig. 3¢ and Table S2, ESIT). Obviously, the order
of LUMO energy profile of nitroaromatics was generally in good
accordance with the order of quenching efficiency toward these
analytes. However, the order of observed quenching efficiency
is not fully in concurrence with the LUMO energies of DNP,
p-NP and o-NP. This designates that the photo-induced electron
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transfer is not the only mechanism for fluorescence quenching
of 1 toward nitrophenol.

As mentioned above, the non-linear S-V plot for TNP sug-
gests an energy transfer mechanism. Resonance energy transfer
can dramatically enhance the fluorescence-quenching effi-
ciency and also improves sensitivity.>**° As shown in Fig. 3d,
the emission peak of 1 has a spectral overlap with the absorp-
tion spectrum of nitrophenols, so the efficient quenching
occurs by an energy transfer mechanism, which leads to a
higher quenching response. Compared with electron transfer
of short-range processes, energy transfer as a long-range pro-
cess could effectively quench the emission by carrying over the
surrounding fluorophores to amplify the quenching response
of 1. That is why 1 responds more sensitively toward TNP than
other nitroaromatic explosives whose absorption spectrum has
no spectral overlap with the emission band of 1 (Fig. S13, ESIT).
Meanwhile, the existence of hydrogen-bonding interactions might
enhance the absorption and the intermolecular charge transfer
between 1 and hydroxyl-containing nitroaromatics. These results
give powerful proof that the selective detection of TNP explosive was
through synergistic effects including electron transfer, energy trans-
fer and hydrogen-bonding interaction.

In conclusion, a 2D fluorescent OMC, organic-inorganic
hybrid superlattice CACIHT has been reported. Thanks
to surface-decorated organic functional groups, CdCIHT
nanosheets presented magnificent sensitivity, the highest Ksv
value and almost the lowest LOD towards nitroaromatic explo-
sive TNP at RT among all reported 2D materials. Remarkably,
the compound exhibited extraordinary selectivity toward TNP
among nitroaromatic explosives. The selectivity was mainly
ascribed to multiple synergism of electron and energy transfer
between TNP and 1. This work not only provides a new insight
into the design of fluorescent organic-metal chalcogenides but
also demonstrates the feasibility of enhancing the sensitivity
and selectivity of explosives sensors by designing functional
groups, which has guiding significance for future work.
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