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Abstract: Two luminescent Zn(II) metal-organic frameworks
were prepared from a m-conjugated thiophene-containing
carboxylic acid ligand. These two MOFs show strong
luminescene and their luminescence could be quenched by a
series of nitroaromatic explosives. Importantly, they exhibit
very highly sensitive and selective detection of picric acid
compared to other nitroaromatic explosives.

Recently fluorescent molecular assemblies such as polymers, gels
and metal-organic frameworks' (MOFs) have been exploited for the
detection of nitroaromatic explosives?, due to the increasing concern
over environment security. Compared with traditional methods for
detection of nitroaromatic explosives, such as gas chromatography,
Raman spectroscopy, ion mobility spectrometry, and other analysis
methods, MOFs-based fluorescence detection shows great advantages
because of their easy synthesis, low cost, electronic tenability, easy
portability and operability. In most cases, the detection mechanism is
an oxidative quenching mechanism.” > That is to say, upon photo-
excitation, the electrons transfer from MOFs acting as electron
donors to the electron-deficient nitroaromatic analytes causing the
formation of oxidation of the excited state and the luminescence
quenching. So, utilizing electron-rich m-conjugated fluorescent
ligands is an effective strategy to construct MOFs that can act as very
efficient luminescent sensors. Up to date, although a large number of
luminescent MOFs have been synthesized and employed for
explosives detection, the selective detection of one nitro explosive in
the presence of others has not been well investigated. Still there is
much more interest to discover new luminescent MOFs for selective
detection of special one nitro explosive other than all the explosives.

Herein, we report the synthesis of two luminescent MOFs,
[Zna(L)2(dpyb)] (MOF-1) and [Zn(L)(dipb)]-(H;0), (MOF-2) (H,L=
3,3'-(thiophene-2,5-diyl)dibenzoic acid (Supporting Information),
dpyb = 1,4-di(pyridin-4-yl)benzene, dipb = 4,4'-di(1H-imidazol-1-
yl)-1,1'-biphenyl), both of which exhibit highly selective responses
towards picric acid comparing to other nitroaromatic explosives.
Choosing H,L. as the main ligand is based on two major
considerations: 1) H,L is a m-conjugated thiophene-containing
fluorescent ligand with rich electron and good electron-transferring
ability. 2) The rotation of the C—C single bonds between thiophene
and benzene rings can adjust the coordination orientation of the
carboxylic acids. So, the MOFs constructed by H,L ligand can
display varied topological structures and expected luminescent
properties for nitroaromatic explosives detection.
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Single crystals of MOF-1 and MOF-2 suitable for X-ray
diffraction studies were obtained by the solvothermal reaction of H,L,
Zn(NO3),-6H,0 and dpyb (or dipb) in DMA/H,O (DMA = N,N-
dimethylacetamide; detailed procedure given in the ESIY).

Single-crystal X-ray diffraction analysis reveals that MOF-1
crystallizes in the triclinic crystal system with space group of P-1. As
shown in Fig. S2a (ESI}), the Zn(Il) cation locates in a {ZnNOs}
distorted square-pyramidal geometry made up of one N atoms [Zn-N
=2.061(3) A] from the dpyb ligand and four oxygen atoms [Zn-O =
2.034(3) - 2.063(3) A] from two symmetrical L ligands. The dihedral
angles between the thiophene and two benzene rings of the L ligand
are 24.91(0.17)° and 55.37(0.19)°, respectively, and the dihedral
angle between the two benzene rings is 74.00(0.16)°.
crystallographically equivalent Zn(II) cations are bridged by four

Two

carboxylate groups which adopt a bis-bidentate coordination mode to
form a dinuclear Zn(I) “paddlewheel” secondary building unit
(SBU) with a Zn---Zn distance of 2.9775(10) A. Such SBUs are
bridged by dpyb ligands to form a 2D (4, 4)-sql network with rhomb-
like windows with the dimentions about 7.324 x 13.430 A? (Fig. S2b).
Interestingly, the spacer ligand dpyb from the adjacent layer
penetrates the thomb ring [Zny(L),] to form a rotaxane structure. Due
to rotaxane type arrangement, it generates 2-fold entanglement (Figs.
la and S2c). Such polyrotaxane entanglements are
Furthermore, adjacent two sets of the entanglements are connected

rare.”

through C-H-- = stacking, generating a 3D supramolecular motif (Fig.
S2d).

(a) (b)

V/ALV/ALV/A
J U VU

Fig. 1 (a) The schematic presentation of 2-fold interpenetrated layer
structure of MOF-1. (b) The relative alignments of wheel and axle in
MOF-1.

Single-crystal that MOF-2
crystallizes in the orthorhombic crystal system with space group of

X-ray determination shows
Pbca. The coordination geometry around the Zn(II) cation is depicted
in Fig. S3a. The Zn(II) cation is coordinated by two N atoms [Zn-N =
2.001(3) - 2.014(3) A] from two symmetrical dipb ligands and two
oxygen atoms [Zn-O = 1.962(2) - 1.977(3) A] from two symmetrical
L ligands, and adopts a slightly distorted {ZnN,O,} tetrahedral
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geometry. Different from the case for MOF-1, the carboxylate groups @ (b)
act as monodentate mode. It is noteworthy that the dihedral angles 0
formed by thiophene and benzene rings of the L ligand are quite -
different from MOF-1, which are 3.18(0.22)°, 1.78(0.22)° and £
2.02(0.23)°. As shown in Fig. S3b, MOF-2 is a 3D framework é
structure. Topological analysis® was employed to better insight of the E
MOF-2, the Zn(II) cations can be regarded as 4-connected nodes, and

all the organic ligands are considered as linkers, the framework of w
MOF-2 can be simplified to a classical 4-connected diamond (dia)
with Schlifli symbol {6°}. In order to minimize the void space in the
single net, two equivalent nets adopt 2-fold interpenetration (Figure

—— MOF-1 in DMA 6
——MOF-1 + 1L of PA
—— MOF-1+ 5L of PA
—— MOF-1+ 10,4l of PA
—— MOF-1 + 20 4L of PA
———MOF-1 + 30 4L of PA
——MOF-1 + 40 L of PA
——MOF-1 + 50 4L of PA
-1+ 60 L of PA

w

3 01 [ [t
Gonc. (mM)

=3

——MOF-2In DMA
——MOF-Z+ 1A of PA

——MOF-2+5d of PA

——MOF-2+ 10 4L of PA
——MOF-Z + 20 L of PA
——MOF-2 + 30 yL of PA
——MOF-2 + 40 yL of PA
——MOF-2 + 50 yL of PA
—— MOF-2 + 60 yL of PA

2). After interpenetration, the structure only retains 7.8% solvent
accessible void volume calculated by PLATON.”
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Fig. 3 (a) Photoluminescent spectra and (b) SV plot of MOF-1 by gradual

addition of 5 mM PA in DMA. (c¢) Photoluminescent spectra and (d) SV

ss plot of MOF-2 by gradual addition of 5 mM PA in DMA. The insets

show the emission quenching linearity relationship at low concentrations
of PA.
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15 Fig. 2 The 2-fold interpenetrated dia topology of MOF-2.

MOFs constructed from d'® metal centers and m-conjugated
ligands are promising to have excellent photoluminescent properties.

8

Therefore, the luminescent properties of the two compounds and free
20 ligand HoL were measured in the solid state (Aex = 382 nm). MOF-1

and MOF-2 show strong emission peaks appear at 533 nm and 523

nm, respectively (Fig. S6). Compared with the free ligand HyL, the e ame ww e e N s e

emissions of MOF-1 and MOF-2 may originate from the intraligand Fig. 4 Percentage of photoluminescence quenching of MOF-1 and MOF-
60 2 upon addition of different explosive analytes.

Quenching Percentage (%]}
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fluorescent emission of the H,L ligand. The strong emissions of
2s MOF-1 and MOF-2 in solid state make it possible to use them in
fluorescence detection. So, the photoluminescence of MOF-1 and
MOF-2 were investigated in different organic solvents to examine
the potentials of sensing of small molecules. 1 mg of MOF-1 or
MOF-2 was finely ground down and then immersed in 2 mL of
30 different organic solvents. After treatment by ultrasonication for 2h,

The photoluminescence intensity decreased to 13.80 % for
MOF-1 and 1429 % for MOF-2, respectively, only upon
incremental addition of 60 uL PA solution (Fig. 4). The

65 photoluminescence quenching by PA could be determined at low
concentration (2.5 pM; Figs. 3a and 3c) for both the MOFs, which is
comparable to or better than the previously reported
photoluminescence sensor for PA.> Another interesting point is that
the other nitroaromatic explosives show minor effects on the

70 photoluminescence intensity of MOF-1 and MOF-2 (Figs. S8a-S23a).
Such results indicate that both MOFs have high selectivity for PA
compared to other nitroaromatic explosives (Fig. 4). The
photoluminescence quenching efficiency can be quantitatively
explained by the Stern-Volmer (SV) equation: (Io/I) = 1 + K[Q], in

7s which K, is the quenching constant (M™), [Q] is the molar
concentration of the nitro analyte, I and I are the photoluminescence
intensities before and after addition of the nitro analyte, respectively.

the mixtures were aged for 3 days in order to form stable suspensions
before the fluorescence measurements. The organic solvents used are
DMA, DMF, methanol, ethanol, acetonitrile, acetone, tetrahydrofuran
(THF), trichloromethane (CHCI;), dichloromethane (CH,Cly), and
35 nitrobenzene. As shown in Fig. S7, the photoluminescence intensities
are strongly dependent on the organic solvents. Both MOF-1 and
MOF-2 show the strongest emissions in DMA. In contrast, the
nitrobenzene emulsions display completely quenching effect. Such
solvent-dependent luminescent properties inspired us to investigate
4

S

the possibility of sensing other nitroaromatic explosives. To examine
sensing sensitivity toward nitroaromatic explosives, including picric
acid (PA), 4-nitrophenol (4-NP), 3-nitrophenol (3-NP), 24-
dinitrophenol (2,4-DNP), nitrobenzene (NB), 1,4-nitrotoluene (NT),
1,3-dintrobenzene (1,3-DNB), 1,4-dintrobenzene (1,4-DNB), and 2,4-
dinitrotoluene (2,4-DNT), in detail, a series of suspensions of MOF-1
and MOF-2 in DMA with gradually increasing the concentrations of
nitroaromatic explosives in DMA solution (5 mM) were prepared to

The Stern-Volmer plots for PA are nearly linear at low concentrations
(R = 0.9989 for MOF-1 and 0.9985 for MOF-2) (Figs. 3b and 3d).
The plots subsequently deviate from linearity and bend upwards at
higher concentrations (Figures 3b and 3d). Such phenomena of
nonlinear SV plots may be due to self-absorption or an energy-
transfer process.”™ ¢ While all the other nitroaromatic explosives
display nearly linear SV plots (Figs. S8b-S23b). Both MOF-1 and
MOF-2 show the highest K, values with PA, at 2.40 x 10* and 2.46
x 10" M, respectively, which are comparable to those of known
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monitor the photoluminescence response. As shown in Fig. 3, the
8!

&

photoluminescence intensities decrease sharply with the increase of

« PA solution to DMA emulsion of MOF-1 and MOF-2. organic polymers.” While the Ky, values calculated for the other
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nitroaromatic explosives are much lower (Table S3). For MOF-1 and
MOF-2, the quenching constants for PA are ca. 68 and 106 times
greater than for NB, respectively. To the best of our knowledge, these

values are the highest for the known luminescent MOF-based sensors.

The high quenching constants and the low detection concentrations
for PA indicate easy identification the existence of a trace quantity of
explosive. In addition, both the MOFs also respond rapidly and
sensitively to the PA vapor, which is little lower than the solution.
Within 1 min, a quenching maximum percentage of approximately
80% was reached (Figs. S24 and S25).

To better understand the high selectivity of the two MOFs
towards PA, the quenching mechanism was investigated. Because of
highly localized electronic states, MOFs constructed from d'® metal
ions are often characterized by narrow energy bands. So, their
valence band (VB) and conduction band (CB) energy levels can be
described in a way similar to molecular orbitals (MOs).* As
discussed above, the photoluminescence of MOF-1 and MOF-2
originate from the intraligand of H,L ligand. The electron-rich
property of the H,L ligand gives a higher LUMO energy than the
LUMOs of nitro analytes. This can force the excited state electrons
transfer from the CB of the MOF to the LUMOs of the nitro analytes,
thus resulting in fluorescence quenching upon excitation. The
isodensity surfaces and energy levels of the HOMO and LUMO
orbitals computed by density functional theory at the B3LYP/6-
31G(d) level for the HyL ligand and nitro analytes are shown in Fig.
S22. The maximum quenching observed for PA is in accord with the
LUMO energies of nitro analytes. The absorption band intensities at
296 nm and 295 nm reduced (Fig. S27), and new absorption bands at
363 nm and 362 nm were observed, indicating the formation of
charge transfer complexes upon addition of PA. But, the order of
observed quenching efficiency is not fully in agreement with the
corresponding LUMO energies of the other nitro analytes. This
indicates that electron transfer is not the only mechanism for
quenching. Another possible reason for the quenching maybe
resonance energy transfer mechanism.”™ > ® The nonlinearity of SV
plot for PA suggests that such energy transfer mechanism exists in
the photoluminescence quenching progress. If the absorption band of
the nitro analyte has an effective overlap with the emission spectrum
of the MOFs, the resonance energy can transfer from the MOFs to the
nitro analyte. Therefore, the photoluminescence quenching efficiency
and sensitivity can be significantly improved.” As exhibited in the
UV-vis absorption spectra (Fig. S28), the absorption band of PA has
the greatest degree of overlap with the photoluminescence spectra of
MOF-1 and MOF-2 in DMA, while all of the other nitro analytes
almost have no overlap. As a result, the coexistence of electron
transfer and resonance energy transfer makes PA exhibiting high
photoluminescence quenching compared to other nitro analytes.

In conclusion, two photoluminescent Zn(II) MOFs have been
successfully synthesized for sensitive detection of nitroaromatic
explosives through photoluminescent quenching. Notably, both the
MOFs exhibit highly selective detection of PA. The quenching
mechanism for such high selectivity is due to the electron and
resonance energy transfer. The present work provides a new strategy
to rational design and synthesis MOF-based sensors for selective
detection of one nitro explosive from other nitro explosives.

This work was supported by grants from the Natural Science
Foundation of China (Nos. 21371092; 91022011), National Basic
Research Program of China (2010CB923303).
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Two luminescent thiophene-containing Zn—MOFs exhibit very highly sensitive and selective
detection of picric acid compared to other nitroaromatic explosives.



