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Rapid and selective detection of explosives has become one
of the most pressing issues concerning homeland security,
military applications, forensic investigations, and mine-field
analysis.[1] Nitro aromatics such as 2,4,6-trinitrotoluene
(TNT), 2,4-dinitrotoluene (2,4-DNT) and 2,4,6-trinitrophenol
(TNP) are common ingredients of industrial explosives and
found in many unexploded land mines worldwide.[1, 2] The
detection of nitro aromatics present in soil and groundwater is
very crucial for tracing buried and underwater explosives and
for environmental monitoring near ordnance bases.[3] Current
high-explosive detection methods include canines or sophis-
ticated instruments that are expensive, complex and have
portability issues during in-field use.[3] Fluorescence-based
detection is gaining increasing attention owing to its high
sensitivity, simplicity, short response time, and its ability to be
employed both in solution and solid phase. Numerous
p-electron-rich fluorescent conjugated polymers have been
synthesized, and are used in the detection of trace amounts of
nitro aromatics.[4]

Although extremely high sensitivity toward nitro aromatic
explosives has been demonstrated, the quick and selective
detection of nitro explosives is still an unexplored area.
Selectivity is critical for fruitful detection in practical
applications. The selective detection of TNT or TNP from
a mixture by photo induced electron transfer (PET) is very
difficult, as both of them have extremely strong electron
affinity.[5] Targeting specific chemical and/or physical proper-
ties in addition to strong electron affinity can be a better
approach for overcoming this problem. The major focus of
current research is on the detection of TNT, despite the
superior explosive power of TNP.[6] Also, TNP is widely used
in dyes, fireworks, matches, glass, and leather industries.[7]

During commercial production and use, TNP is released into
the environment, leading to the contamination of soil and
aquatic systems. During mammalian metabolic processes,

TNP transforms into picramic acid (2-amino-4,6-dinitrophe-
nol), which has ten times more mutagenic activity than TNP.[8]

Thus, there is an urgent need for efficient and reliable sensors
for TNP.

Metal organic frameworks (MOFs) are well known for
their applications in molecular storage, separation, drug
delivery, and catalysis.[9] Detectable changes in luminescence
by tuning the host–guest chemistry along with tailorable
porosity and a high surface area makes MOFs excellent
candidates for sensing.[10] The use of a metal ion with a high
complexation affinity and non-detrimental fluorescence con-
nected by a luminescent ligand can be a good strategy to
synthesize fluorescent MOFs.[11] The pioneering work of Li
et al. and others has demonstrated the potential of lumines-
cent MOFs in explosives detection.[12] These MOF materials
exhibit fast, highly sensitive, and reversible nitro-explosives
sensing. However, the selective detection of one nitro
explosive in the presence of others has not been reported
(Scheme 1). Herein, we report the selective detection of the

nitro explosive TNP by a fluorescent metal–organic frame-
work, [Cd(NDC)0.5(PCA)]·Gx (1; Figure 1). For the first time,
the selective detection of TNP in the presence of other nitro
compounds has been demonstrated in MOFs. The selectivity
for TNP is achieved by accessible basic sites, such as the
amine or pyridine groups present in conjugated organic
fluorophores, but no such report is known for MOF-based
materials.[7, 13]

A luminescent 3D porous MOF, [Cd(NDC)0.5(PCA)]·Gx

(1; G = guest molecules, NDC = 2,6-napthalenedicarboxylic
acid, PCA = 4-pyridinecaboxylic acid), was synthesized using
Cd2+ and luminescent NDC and PCA ligands. Compound
1 has a 1D channel (ca. 9.48 � 7.83 �2) along the c axis that is
occupied with solvent molecules. The channels are lined with

Scheme 1. MOF-based sensor for the selective detection of target nitro
explosives in the presence of other nitro compounds.
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the p-electron-rich naphthalene moiety of NDC, whereas the
aromatic rings from the PCA ligands are perpendicular to the
channel wall. The guest molecules can be removed by
exchanging 1 with MeCN followed by heating to get the
guest-free form, 1’. The structure remains intact upon guest
removal and remains stable even in presence of water vapor.
PLATON analysis revealed that the 3D porous structure is
composed of large solvent-accessible voids of 1505.2 �3 that
constitute 34.9% volume per unit cell.[14] The porosity was
also confirmed by CO2 and benzene sorption analysis at 195 K
and 298 K, respectively (Figures S1 and S2).

The photoluminescence (PL) spectrum of 1’ dispersed in
MeCN exhibits strong emission at 384 nm when excited at
340 nm (Figure S3). To explore the ability of 1’ to sense a trace
quantity of nitro explosives, fluorescence-quenching titrations
were performed with the incremental addition of analytes to
1’ dispersed in MeCN. Fast and high fluorescence quenching
was observed upon incremental addition of a TNP solution
(1 mm). The visible bright blue emission of 1’ in UV light
vanished upon the addition of the TNP solution, which
quenched nearly 78% of the initial fluorescence intensity
(Figures 2 and 3a). The fluorescence quenching by TNP could
be easily discerned at low concentration (4 mm ; Figure S4).

Fluorescence quenching titrations were also performed with
nitro aromatics such as TNT, 2,4-DNT, 2,6-dinitrotoluene
(2,6-DNT), 1,3-dinitrobenzene (DNB), nitrobenzene (NB),
and nitro-aliphatic compounds such as 2,3-dimethyl-2,3-
dinitrobutane (DMNB), nitromethane (NM), and 1,3,5-trini-
tro-1,3,5-triazacyclohexane (nitro-amine RDX). All other
nitro compounds showed little effect on the fluorescence
intensity (Figures 3a, and S5–S12). These results demonstrate

that compound 1’ has high selectivity for TNP compared to
other nitro compounds. The powder X-ray diffraction
(PXRD) patterns of compound 1’ showed that the compound
remains stable, even after fluorescence titrations with differ-
ent analytes (Figure S13). Further, the fluorescence quench-
ing efficiency was analyzed using the Stern–Volmer (SV)
equation, (I0/I) = Ksv [A] + 1, where I0 is the initial fluores-
cence intensity before the addition of analyte, I is the
fluorescence intensity in the presence of analyte, [A] is the
molar concentration of analyte, and Ksv is the quenching
constant (m�1). The SV plot for TNP was nearly linear at low
concentrations and subsequently deviated from linearity,
bending upwards at higher concentrations. The nonlinear
nature of the SV plot of TNP can be ascribed to a self-
absorption or energy transfer process.[1a,15] All the other nitro
compounds showed linear SV plots (Figure 3 b). The quench-
ing constant for TNP was found to be 3.5 � 104

m
�1, which is

comparable to known organic polymers.[16] The quenching
constant for TNP is ca. 30 times greater than for TNT and

Figure 1. a) 3D porous framework of 1 along the c axis, b) 1D channel
lined with naphthalene moieties along the b axis. Guest molecules and
hydrogen atoms are removed for clarity.

Figure 2. Effect on the emission spectra of 1’ dispersed in MeCN upon
incremental addition of a TNP solution. Inset: a photograph showing
the original fluorescence and the decreased fluorescence upon addi-
tion of TNP.

Figure 3. a) Percentage of fluorescence quenching obtained for differ-
ent analytes at room temperature. b) Corresponding Stern–Volmer
plots of analytes.
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RDX, which is the highest value known for MOF-based
sensors indicating an excellent quenching efficiency towards
luminescent 1’.

The selective detection of TNP in an aquatic system is
highly desirable for practical applications. To study the
selective detection of TNP from aqueous samples, the
fluorescence response of 1’ (in MeCN) upon addition of
water was initially monitored. The water showed a negligible
effect on fluorescence intensity and the spectrum remains
unaffected even after 1 h (Figure S14). The PXRD patterns
before and after the addition of water demonstrates the
stability of 1’ towards water (Figure S15). Interestingly the
addition of an aqueous solution of TNP (1 mm) to 1’ (in
MeCN) also resulted in a fast and high (78 %) fluorescence
quenching response (Figure S16). Motivated by these results,
we thought to check the selectivity for TNP in the presence of
other nitro compounds. In a specially designed experiment,
the fluorescence spectrum for 1’ dispersed in MeCN was
recorded, to this was added a saturated aqueous solution of
TNT followed by TNP (1 mm) and the corresponding
emissions were monitored. The TNT was added initially, so
that high affinity binding sites will be accessible to TNT, but
the addition of TNT showed very little effect on fluorescence
intensity. On the other hand, the addition of an aqueous
solution of TNP to a TNT-containing solution, gave signifi-
cant fluorescence quenching, with the quenching efficiency of
TNP remaining unaffected, even through further addition
sequences (Figure S17). The addition of saturated aqueous
solutions of other nitro compounds also showed negligible
effect on the fluorescence intensity, whereas aqueous TNP
quenched the fluorescence effectively (Figure S18–S24). Sim-
ilar results were obtained upon addition of MeCN solutions of
nitro compounds followed by TNP to 1’ (Figure S25–32). The
results can be easily visualized by plotting the percentage
fluorescence intensity versus volume of analyte added
(Figure 4). The stepwise decrease in fluorescence intensity
clearly demonstrates the unprecedented selectivity of 1’ for
TNP, even in the presence of a higher concentration of other

nitro compounds. Species 1’ outperforms previously reported
TNP chemo sensors, which are highly sensitive, but suffer
interference from other electron-deficient compounds. The
highly selective detection in an aqueous sample in the
presence of other nitro compounds makes 1’ a reliable
sensor for TNP.[7]

To understand the origin of the high selectivity of 1’
towards TNP, the mechanism of quenching was investigated.
Owing to pore size limitations, only surface adsorption occurs
for nitro compounds, except in the case of NM. The MOFs,
especially with d10 metal ions, can be regarded as giant
“molecules” and their valence and conduction bands can be
treated in a fashion similar to molecular orbitals (MOs).[12b]

Generally, the conduction band of a MOF lies at higher
energies than the LUMOs of analytes, and thus maintains
a better driving force for electron transfer to electron-
deficient analytes, thus resulting in fluorescence quenching.
Figure 5 shows the HOMO and LUMO orbital energies of

electron-deficient nitro compounds, as calculated by density
functional theory at the B3LYP/6-31G* level (Table S2).
These LUMO energy levels, which are arranged in descend-
ing energy order, are expected to represent how easily an
electron can be transferred to the electron-deficient analyte in
the fluorescence quenching process.[2,16b] The LUMO energies
were in good agreement with the maximum quenching
observed for TNP, but the order of observed quenching
efficiency is not fully in accordance with the LUMO energies
of other nitro compounds. This indicates that the photo-
induced electron transfer is not the only mechanism for
quenching.

The non-linear S–V plot for TNP suggests an energy
transfer mechanism. The resonance energy transfer can occur
from fluorophore to non-emissive analyte, if the fluorophore
and analyte are close to each other and the absorption band of
the analyte has an effective overlap with the emission band of
the fluorophore. Resonance energy transfer can dramatically
enhance fluorescence-quenching efficiency and also improves

Figure 4. Decrease in percentage of fluorescence intensity upon the
addition of aqueous solutions of different nitro compounds followed
by TNP.

Figure 5. HOMO and LUMO energies for explosive analytes arranged
in descending order of LUMO energies.
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sensitivity.[17] The probability of resonance energy transfer
depends upon the extent of spectral overlap between the
absorption band of the analyte and the emission band of the
fluorophore. Figure 6 shows that the absorption spectrum of

TNP has a large overlap with the emission spectrum of 1’,
whereas almost no overlap was observed for RDX, DMNB,
NM, or other nitro aromatics. The extent of energy transfer
was determined by calculating the integral of overlap (Jl)
values using Equation (1).[18] Where, FD(l) is the corrected

JðlÞ ¼
Z 1

0
FDðlÞeAðlÞl4dl ð1Þ

fluorescence intensity of donor in the range of l to l+Dl with
the total intensity normalized to unity, and eA is extinction
coefficient of the acceptor at l in m

�1 cm�1. The highest Jl

value was observed for TNP (1.39 � 1014
m
�1 cm�1 nm4), which

was almost ten times more than NB, 2,4-DNT, and 1,3-DNB,
and 100 times more than for TNT, RDX, 2,6-DNT, NM, and
DMNB. The presence of energy transfer was also supported
by the preferential quenching of the 384 nm peak over 470 nm
in Figures 2 and S16. The peak at 384 nm has a spectral
overlap with the absorption spectrum of TNP, so the efficient
quenching of this peak occurs by an energy transfer mech-
anism, which leads to a higher quenching response. On the
other hand, the peak at 470 nm has no overlap with the
absorption spectrum of TNP (Figure 6), so the quenching
occurs by an electron transfer mechanism and thus a small
quenching response towards TNP is observed. This result
establishes that both energy transfer and electron transfer
mechanisms are present, and that the energy transfer
mechanism is predominant over the electron transfer mech-
anism in fluorescence quenching by TNP. For other nitro
compounds, the quenching occurs only by electron transfer.
The energy transfer is a long-range process, thus emission
quenching by TNP is carried over the surrounding fluoro-
phores, thus amplifying the quenching response of 1’. On the

other hand, electron transfer is a short-range process, so the
emission quenching by other nitro compounds is limited to
the fluorophores that have direct interaction with the analyte.
Thus, 1’ responds more selectively to TNP than to other nitro
compounds.

Species 1’ has an unsaturated pyridine nitrogen on the
surface; so, to trace presence of electrostatic interactions that
can lead to the special selectivity of 1’ for TNP, fluorescence-
quenching titrations were performed with 4-nitrophenol (NP)
and 2,4-dinitrophenol (2,4-DNP; Figure S33, S34). The order
of the quenching efficiency was found to be TNP @ 2,4-
DNP>NP, which is in complete agreement with the order of
acidity of these analytes (TNP @ 2,4-DNP>NP; Figure S35).
This may explain the unprecedented selectivity for TNP, as
other nitro compounds do not have a hydroxy group and so
they cannot interact strongly with the free basic sites of the
fluorophore (pyridine nitrogen on the surface) and so result in
a very low quenching effect. On the other hand, hydroxy-
group-containing analytes such as TNP, 2,4-DNP, NP can
interact with the basic sites of 1’, and do so in the order of
their acidity. TNP, with its highly acidic hydroxy group
interact strongly with the fluorophore and the quenching
effect is carried over long range owing to the energy transfer
mechanism, thus leading to an amplified response. So,
compared to other nitro compounds, species 1’ exhibits
a much higher fluorescence quenching response towards
TNP, owing to favorable electron and energy transfer
mechanisms, as well as electrostatic interactions. Thus, the
presence of free basic sites in MOFs can be a useful tool to
achieve the selective detection of TNP over other nitro
compounds.

In conclusion, a 3D fluorescent metal–organic framework
for the highly selective detection of the nitro explosive TNP
has been reported. The compound exhibited selective detec-
tion of TNP, even in the presence of other nitro compounds in
both aqueous and organic solution. The selectivity is ascribed
to electron and energy transfer mechanisms, as well as
electrostatic interactions between TNP and the fluorophore.
Despite the limited water stability and the toxicity of the
reported CdII MOF, our results demonstrate a promising
approach to achieve highly selective TNP sensing in MOFs.
Thus, the luminescent porous MOFs with high water stability,
large spectral overlap, and electrostatic interactions with
TNP, could be promising candidates for practical TNP
sensing.[17c] Finally, the present study provides a new insight
into the design of MOF-based explosive sensors, which are
likely to be useful under more realistic conditions in the near
future.
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