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ABSTRACT: A 3-D heterothiometallic cluster-based metal-organic framework was
constructed from the new oligomeric decanuclear heterothiometallic building clusters
[Wa(ps-S)s(pa-S)2Cusg]*, tetradentate 3-abpt units (3-abpt =
4-amino-3,5-bis(3-pyridyl)-1,2,4-triazole) and CN- bridges. It possesses an
unprecedented (3,11)-connected architecture, luminescence, and highly sensitive
2,4,6-trinitrophenol (TNP) sensing properties in both organic and agueous media.
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Introduction

Cluster-based metal-organic frameworks (MOFs) have attracted significant
recent attention due to their intriguing architectures and topological networks,*
as well as their applications as functional materials.? However, the crystal
engineering of cluster-based MOFs still faces great challenges in developing
diverse and novel building clusters. Most reported cluster-based MOFs are
synthesized from clusters with a narrow range of 3D structures, severely
reducing the architectural flexibility.®* Clusters with unusual structures are
needed urgently to enhance the diversity of cluster-based MOFs and thereby the
prospects of achieving specific functions.

Nitroaromatic compounds (NACSs) are explosive and are toxic contaminants,
and are therefore environmental concerns.>® Among the NACs, TNP has a
higher explosive power than 2,4,6-trinitrotoluene (TNT) and is extensively used
in dyes, fireworks, matches, glass, and leather industries.” Moreover, TNP has
also been recognized as a highly toxic pollutant because TNP and its
mammalian metabolite (picramic acid) are known for their mutagenic
properties.® TNP is released into the environment during commercial
production and use, leading to the contamination of soil and aquatic systems.
Thus, there is an urgent need for highly sensitive sensors for TNP.
Luminescence-based detection has been used to sense NACs because of its
simplicity, sensitivity, and low cost.° The pioneering work of Li et al. on a
luminescent MOF (LMOF) for the highly sensitive detection of
2,4-dinitrotoluene (2,4-DNT) revealed the significant promise of such LMOF
materials for the sensing of NACs.® NAC sensing by LMOFs is based on
fluorescence quenching by electron transfer or energy transfer (or a
combination of the two) between the LMOFs and the NACs.? If the emission
band of the LMOFs and the absorption band of the NACs overlap efficiently, energy
transfer may occur and will markedly improve the fluorescence quenching efficiency

and sensivity.% LMOFs with good overlap of their emission spectra with the
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absorption spectrum of TNP are therefore urgently needed as TNP sensors.
Heterothiometallic clusters exist with a rich array of cluster skeletons.!!
Accordingly, heterothiometallic Mo(W)/S/Cu cluster-based MOFs have
attracted increasing interest in recent years for their fascinating architectures'?
as well as diverse applications in solvatochromism?*3, adsorption'* and nonlinear
optical (NLO) materials,*® etc. For example, the 4-connected square-pyramidal
cluster [WS4Cus]®* can afford a 3D diamondoid network;*?? 6- and 4-connected
nest-shaped clusters [WOS3Cus]* can be used to generate 3D “ACS” and
diamondoid frameworks, respectively,’?® and 3D frameworks can be obtained
from the planar ‘open’ clusters [WS4Cu4]?* with 4- or 8-connectivity.'?>f
Moreover, several heterothiometallic cluster-based MOFs have been found to
exhibit luminescence.’®* However, MOFs based on oligomeric Mo(W)/S/Cu
building clusters are rare,}” and luminescent heterothiometallic cluster-based MOFs
are thus far unexplored for sensing NACSs. In this work, we report the solvothermal
synthesis of a novel 3-D oligomeric decanuclear [Wa(ps-S)e(ua-S)2Cus]**
cluster-based MOF {[W2(us3-S)s(p4-S)2Cug(CN)4(3-abpt)]-CH3CN-H20}n (1) (3-abpt
= 4-amino-3,5-bis(3-pyridyl)-1,2,4-triazole), a structural study revealing an
unprecedented binodal (3,11)-connected network for 1, and the first use of a

luminescent heterothiometallic cluster-based MOF for sensing TNP.

Experimental section

Materials and methods

All experiments were carried out in air. The solvents DMF and CH3CN and the
chemicals CuCN and NH4SCN were purchased from commercial sources and used
without further purification. (NH4):WS,*® and the ligand 3-abpt'® were prepared
according to literature procedures. The infrared spectrum (4000-400 cm™) of 1 was
recorded as a KBr disc using a Nicolet Nexus 470 Fourier-transform spectrometer.
The elemental analyses for C, H and N were performed on a VARIOEL IlI
microanalyzer. The powder X-ray diffraction (PXRD) pattern was recorded using Cu

Ko radiation on a Bruker D8 X-ray diffractometer. Steady-state luminescence spectra



were measured with a QuantaMaster™ 40 (Photon Technology International, Inc.).
Thermogravimetric analyses (TGA) were performed with a TGA/1100SF thermal
analyzer with a heating rate of 10 °C min'* under a N2 atmosphere at a flow rate of 50
cm® min,

Preparation of {[W2(us3-S)s(ps-S)2Cus(CN)a(3-abpt)]-CH3CN-H20}n 1

A 6.0 mL DMF and CHsCN (v:v = 1:1) solution of (NH4)>WS4 (0.0350 g, 0.100
mmol), CuCN (0.0271 g, 0.300 mmol), NH4SCN (0.0152 g, 0.200 mmol) and 3-abpt
(0.0476 g, 0.200 mmol) was sealed in a screw cap vial. The mixed solution was
stirred for 2 h, and then heated at 90 °C for 36 h. After being cooled to ambient
temperature at a rate of 5 °C h?, red crystals of 1 were collected, thoroughly washed
with Et20, and dried in air. Yield: 0.0422 g (55% based on W). Anal. Calc. for
C18H15N1:0SgCusWo2: C, 14.09; N, 10.04; H, 0.98%. Found: C, 14.02; N, 10.11; H,
0.92%. IR (KBr pellets, cm™): 3433 (vs), 2919 (w), 2374 (s), 2147 (vs), 1664 (vs),
1383 (m), 1090 (s), 805 (M), 698 (M), 441 (vs).

Crystal structure determination

A single crystal of 1 with appropriate dimensions suitable for X-ray analysis was
obtained directly from the above preparation and mounted with grease at the top of a
glass fiber for data collection. All measurements were made on a Bruker D8
VENTURE X-ray diffractometer by using monochromated Mo Ka radiation (A =
0.71070 A). Cell parameters were refined on all observed reflections by using the
program APEX3. The collected data were reduced using the program APEX3 and an
absorption correction (multiscan) was applied. The reflection data were corrected for
Lorentz and polarization effects. The crystal structure of 1 was solved by direct
methods and refined on F? by full-matrix least-squares methods using the
SHELXTL-97% software package. All non-hydrogen atoms except those from solvents
were refined anisotropically. A summary of the key crystallographic information is
listed in Table 1. More detailed crystallographic data have been given in the cif file.
CCDC 1497401.

Luminescence sensing experiments

In CH3CN media: A finely ground sample of 1 (1 mg) was immersed in CH3CN (3
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mL), ultrasonicated for 30 min and aged for 2 d to prepare a stable suspension, and
then 5 mM CH3CN solutions of NACs [NB, 2,4-DNT, TNT and TNP] were gradually
added at room temperature. 90 puL (5 mM) CH3CN mixtures or solutions of other
organic compounds such as toluene, MeOH, EtOH, hexane, THF (THF =
tetrahydrofuran), CH.Cl,, CHCl3, DMF, DMAC (DMAC = N,N’-dimethylacetamide)
and nitromethane were used as quenchers to check the selectivity of 1. The mixtures
were then used for luminescent measurements at room temperature. The sample was
recovered by centrifuge after the quenching experiments and washed several times by
CH3CN for PXRD analysis.

In aqueous media: A finely ground sample of 1 (1 mg) was immersed in H2O (3 mL),
ultrasonicated for 30 min and aged for 2 d to prepare a stable suspension, and then a 1
mM H2O solution of TNP was gradually added. The mixture was then used for
luminescent measurements at room temperature. The sample was recovered by
centrifuge after the quenching experiment and washed several times by H,O for
PXRD analysis.

Determination of the detection limit

The detection limit was calculated according to the method used in the literature?..
The luminescence emission spectra of the probe were measured five times and the
standard deviation of a blank measurement was obtained. The detection limit was

calculated with the following equation: Detection limit = 36 / k (k: slope, o: standard).

Table 1. Crystallographic and structural refinement data for 1.

Compound 1

Molecular formula C18H15N110SgCugW>
Formula weight 1533.95
Temperature (K) 150(2)

Wavelength (A) 0.71073

Crystal system orthorhombic

Space group Pmn2;

a(A) 15.570(2)

b (A) 10.621(2)



¢ (A) 12.459(2)

a (%) 90

AQ) 90

7 () 90

V (A3) 2060.3(6)
z 2

Pealc IMg-m-3 2.470

p/ mmt 10.033
F(000) 1427
Reflections collected 11537
Unique reflections 4356

Rint 0.0365
No. parameters 225

GOF 1.045

Ri [T>206(D)] 0.0335
WR2 [1> 26(1)] 0.0706
Apmax | Apmin (8 A?) 1.140/-1.080

Results and Discussion

Crystal structure of {[W2(u3-S)s(p4-S)2Cus(CN)a(3-abpt)]-CH3CN-H20}n 1

1 was obtained from the solvothermal reaction between (NH4)2WS4, CUCN and 3-abpt
in DMF/CH3CN solution. Single-crystal X-ray analysis reveals that 1 crystallizes in
the orthorhombic crystal system with the space group Pmn2i;, and exhibits an
unprecedented (3,11)-connected architecture, assembled from the new oligomeric
decanuclear W/S/Cu building cluster [W-(us-S)s(us-S)2Cus]**, little-used tetradentate
3-abpt?? and bidentate CN- bridges (Figures 1, S1, S2). The asymmetric unit of 1
contains half of a decanuclear [W2(us-S)s(pa-S)2Cusg]** cluster, half of a 3-abpt ligand,
two cyanide bridges, and half each of CH3CN and H20 solvent molecules (Figure S3).
The structural study shows that each Co»-symmetry decanuclear cluster
[Wa(us-S)s(ua-S)2Cus]** is linked to another four decanuclear clusters through single
CN- bridges, forming 2-D (4,4) networks in the [101] plane. These nets are interlinked
by CN- bridges, affording a 3-D 8-connected framework, and the complexity of the



3-D 8-connected framework is further increased by the incorporation of 3-connected
3-abpt units, forming a 3-D (3,11)-connected framework (Scheme S1). As shown in
Figure 2, the building cluster of 1 contains two W atoms, eight Cu atoms, six psz-S and
two ps-S atoms, and represents the first decanuclear cluster in the field of
heterothiometallic cluster chemistry.!*'” The decanuclear [W2(us-S)s(ua-S)2Cus]**
cluster exhibits a novel dimeric Mo(W)/S/Cu(Ag) cluster skeleton and can be
regarded as two distorted pentanuclear ‘open’ [WS4Cuas]?* clusters linked through two
w-S atoms (Figure 2). Two W atoms in this decanuclear cluster show tetrahedral
coordination geometries: W1 is bonded by four ps-S atoms, while W2 is coordinated
by two ps-S and two ps-S atoms. The average lengths of the W-us-S and W-pys-S
bonds are 2.230 and 2.227 A, respectively. The eight Cu atoms have four kinds of
coordination environment in the decanuclear [W2(us-S)s(us-S)2Cus]** cluster (Figure
2). The Cul, Cu2 and Cu4 atoms all exhibit tetrahedral coordination geometries, but
have different coordination environments. Cul is linked by two usz-S atoms, one ps-S
atom and one cyanide bridge. Cu2 is bonded by two ps-S atoms, one cyanide bridge
and one N atom from the pyridine group of the 3-abpt ligand. Cu4 is surrounded by
one wu3-S atom, one ws-S atom, one cyanide bridge and one N atom from the
1,2,4-triazole group of the 3-abpt ligand. In contrast, the Cu3 atom has a triangular
coordination geometry, consisting of bonds to one psz-S atom, one ps-S atom and one

cyanide group.

Each 3-abpt ligand links two decanuclear building clusters by its two pyridyl N
atoms and one decanuclear cluster through two 1,2,4-triazole N atoms (Figure 2). The
3-abpt ligand is therefore in a tetradentate three-connected mode, which is rare in
MOFs.22 Each decanuclear [Wa(us-S)s(pa-S)2Cus]** cluster links another eight
decanuclear building clusters through single CN- bridges and the pyridyl N or
1,2,4-triazole N atoms of three tetradentate three-connected 3-abpt units, and so
exhibits overall an eleven-connected manner (Figure 2), the first time that has been
seen in heterothiometallic cluster-based MOFs.!'#12-17 The Schlafli symbols of the

11-connected decanuclear building cluster and 3-connected organic tetradentate
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3-abpt nodes are (3*.4%.5%.67) and (32.4), respectively (Figures 1b, 2). 1 therefore
possesses a binodal (3,11)-connected network with the Schlafli  symbol
(32.4)(3*.4%,51.6") (Figure 1b). To the best of our knowledge, this is the first time that

this (3,11)-connected topology has been observed in MOFs or coordination polymers.

Figure 1. (a) 3-D ball-and-stick packing diagram of 1 viewed approximately along
the b-axis (W red, Cu green, S orange, N blue, C gray; all H atoms have been omitted
for clarity); (b) Unprecedented binodal (3,11)-connected topology of 1 (the green and

red balls represent the decanuclear [Wa(us-S)e(usa-S)2Cug]** clusters and the

8



tetradentate 3-abpt units, respectively).

Figure 2. Partial view of 1 (ball-and-stick representation with S orange, W red, Cu

green, C gray and N blue; all H atoms have been omitted for clarity).

Dimeric Mo(W)/S/Cu(Ag) cluster skeletons have been reported previously,
including [Wa(ut-S)2(p3-S)sCua] and [MO02(p2-0)2(ps-S)sCus]>*. 170
[Wa2(ue-S)2(uz-S)sCua] cluster possesses two butterfly-like [WS4Cu2] clusters linked
through four ps-S atoms, forming a dimeric hexagonal-prism-shaped cluster.}™
[M02(p12-O)2(us-S)6Cus]?* is constructed from two nest-shaped [MoOSsCus]* clusters
connected through two p2-O atoms, generating a dimeric twin-nest-shaped cluster.!’
In contrast to the extant dimeric clusters, [W2(ps-S)e(1a-S)2Cus]** possesses rare pa-S
atoms and a higher nuclearity. Thus, [W2(us-S)s(u4-S)2Cug]** affords a novel 3D
MOF with a new topology, whereas dimeric [W2(u-S)2(us-S)sCus] and

[Mo2(u2-0)2(us-S)sCus]?* clusters afford only common 4-connected 2D MOFs.*70¢

PXRD and TGA

The as-synthesized sample of 1 was characterized by PXRD. The experimental
pattern of 1 matches that simulated from the single crystal data (Figure S4),
confirming the high phase purity of the synthesized product. The framework’s
thermostability was investigated by TGA. As shown in Figure S5, 1 displays a weight
loss of 3.81 % from 55 °C to 200 °C, which is due to the loss of guest molecules

CH3CN and H20 (calc. 3.85 %). The framework of 1 starts to decompose at 270 °C.
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Luminescent sensing of NACs

The luminescence and NAC-sensing properties of 1 were investigated in CH3sCN, a
solvent in which 1 has good stability. A suspension of 1 and a solution of 3-abpt in
CH3CN exhibited emission peaks at 339 nm and 355 nm, respectively, when excited
at 284 nm (Figure S6). Different organic compounds as CH3CN solutions (90 uL, 5
mM) were then added to the suspension of 1 (1 mg in 3 mL CH3CN) and the
luminescence sensing ability of 1 was probed at room temperature. 1 is highly

selective to NACs, and most sensitive to TNP (Figure 3).

Figure 3. Luminescence intensity ratio histograms of 1 dispersed in CH3CN with the
addition of 90 pL of 5 mM CH3sCN solutions of different organic compounds (lo and |

are the maximum luminescence intensity before and after the addition of analyte).

The gradual addition of different NACs (including TNP, nitrobenzene (NB),
2,4-DNT and TNT) to CH3CN suspensions of 1 resulted in a gradual decrease in
emission intensities with increasing analyte concentration (Figures S7-S10). The
quenching efficiencies were estimated using the Stern-Volmer equation: (lo/l) = Ksv[A]
+ 1, where Ky is the quenching constant (M), [A] is the molar concentration of the
analyte, and lo and | are the maximum luminescence intensities before and after the
addition of the analyte. The Stern-Volmer plots for the analytes are nearly linear at
low concentrations and deviate from linearity at higher concentrations (Figures 4 and

S11-S14). The nonlinear nature of the S-V plots of the nitroaromatic explosives may
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indicate that the luminescence quenching is occurring by both dynamic and static
processes.% The quenching constants of 1 for TNP, NB, 2,4-DNT and TNT were
found to be 7.66 x 10* M, 3.94 x 10* M, 3.10 x 10 M7, and 1.18 x 10* M,
respectively (Figures S11-S14). The detection limits of the assays were calculated
from the 3o/k values (k: slope, o: standard) to be 0.81 uM, 1.00 uM, 1.11 pM, and
2.15 uM, for TNP, NB, 2,4-DNT and TNT, respectively (Figure. S15-S18). 1 is more
sensitive for the detection of TNP; the quenching constant of 1 for TNP being clearly
higher than those for NB, 2,4-DNT and TNT, while the detection limit for TNP is
lower than those for NB, 2,4-DNT and TNT.

20 -

—

0 20 40 60 80 100 120 140 160

Concentration (uM)

Figure 4. Stern-Volmer plots of CH3CN suspensions of 1 with quencher TNP, NB,
2,4-DNT or TNT.

The PXRD diffractograms of the original sample and those following the detection
experiments are in broad agreement with each other (Figure S4), which implies that
the framework integrity of 1 is maintained after detection of the NACs. Therefore, the
quenching efficiencies of 1 towards NACs is not caused by the collapse of its
framework. The electron-withdrawing substituents (-NO2 groups) stabilize the lowest
unoccupied molecular orbitals (LUMOSs) of the NACs via conjugation, facilitating
electron transfer from the electron-donating framework to the electron-deficient
NACSs.% Energy transfer can dramatically enhance luminescence quenching efficiency

and sensitivity,*1° so if the fluorophore and analyte are close to each other and the
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absorption band of the analyte overlaps the emission band of the fluorophore, energy
transfer can occur from fluorophore to non-emissive analyte.’*1® Because the
emission spectrum of 1 completely overlaps the absorption spectrum of TNP (Figure
5), the highly sensitive detection of TNP by 1 can be mainly assigned to an

energy-transfer process.

——NB
——2,4-DNT
——TNT
——TNP

—— Emission of 1

Intensity

200 250 300 350 400 450 500
Wavelength (nm)

Figure 5. Overlap of the absorption spectra of TNP, NB, 2,4-DNT, and TNT with the

emission spectrum of 1 (solvent: CH3CN).

TNP is released into the environment during commercial production and use,
leading to the contamination of soil and aquatic systems, and so the sensitive
detection of TNP present in soil and ground water is very important. This encouraged
us to explore the luminescence sensing of 1 for TNP in aqueous media. The same
experiments as above were performed using H20 in place of CH3CN. The suspension
of 1 and the solution of 3-abpt in H>O exhibited emission peaks at 382 nm and 390
nm, respectively, when excited at 334 nm (Figure S19), with the emission intensities
of 1 gradually decreasing with increasing TNP concentration (Figure 6). The
quenching efficiency was estimated using the Stern-Volmer equation (Figure S20); the
quenching constant of 1 for TNP in H.O suspension was found to be 6.36 x 10* M
(Figure S21), which is larger than those for most MOF-based TNP sensors (Table 2),
while the limit of detection for TNP was calculated to be 0.66 uM (Figure S22). The
high quenching constant and low detection limit reveal that 1 is an excellent sensor
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for detection of TNP in H2O. As before, the structural integrity of 1 has been
unambiguously demonstrated after the sensing experiment, this time in aqueous media
(Figure S4). For practical applications, it is important to assess the recycling ability of
1 for sensing TNP. Aqueous dispersions containing 1 and TNP were centrifuged, and
the sample was collected by filtration, washed by water several times, and then dried
at ambient temperature. After five cycles of the TNP sensing experiment in aqueous
media, the luminescence intensities of 1 showed no obvious change (Figure 7),

indicating that 1 has a good recycle performance for TNP detection.
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Figure 6. Emission spectra of 1 dispersed in H.O with the addition of different

volumes of a 1 mM HO solution of TNP (hex = 334 nm).
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Figure 7. Recycling efficiency of 1 for TNP detection in aqueous media.

Table 2. Quenching constants for TNP in the presence of LMOFs as H2O
suspensions.
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Quenching Constant

olecular Formula ) ererence

Molecular Formul (Ko7 N) Ref
sv

{[W2(u3-S)s(1s-S)2Cus(CN)4(3-abpt)]-CH3CN-H20} 6.36 x 10* This work
[Eus(bpydb)s(HCOO)(ps-OH)2(H20)] 2.1 x 10* 23
[Zng(ad)s(BPDC)sO-2MezNH2]-G 4.6 x 10* 24
ZI’GO4(OH)4(L)6 5.8 x 104 25
[(CHs)2NH2]s[ZnsNa(BPTC)s]-4CH3OH-2DMF 3.2x 10 26
{[Tb(L1)15(H20)]-3H20} 7.47 x 10* 27
Cd(INA)(pytpy)(OH)-2H20 3.3x 10 28

Abbreviation: bpydbH, = 4,4'-(4,4'-bipyridine-2,6-diyl)dibenzoic acid; BPDC = biphenyl

dicarboxylic acid, ad = adenine, G = DMF and water; L =
2'-amino-[1,1":4',1"-terphenyl]-4,4"-dicarboxylate; BPTC = biphenyl-3,3',5,5'-tetracarboxylic acid;
Holy = 2-(2-hydroxy-propionylamino)terephthalic acid,; pytpy =

4'-(4-Pyridinyl)-2,2":6',2”-terpyridine

Conclusion

In summary, a 3-D W/S/Cu cluster-based MOF has been obtained by solvothermal
synthesis. It is constructed from new oligomeric decanuclear [Wa(ps-S)e(pa-S)2Cus]**
building clusters, the heretofore little-exploited tetradentate 3-abpt units, and CN-
bridges. This novel W/S/Cu cluster-based MOF possesses an unprecedented
(3,11)-connected topology and luminescence properties, and the latter has been
exploited to demonstrate the highly sensitive detection of TNP in both organic and
aqueous media. Further studies on the synthesis of heterothiometallic cluster-based
MOFs based on new building clusters and their NAC sensing properties are currently

in progress.
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