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ABSTRACT: A highly luminescent three-dimensional mi-
croporous metal—organic framework, [Zn,(oba),(bpy)]-
DMA, demonstrates unique selectivity for the detection of
high explosives and other aromatics via a fluorescence
quenching and enhancement mechanism.

Rapid detection of explosives and explosive-like substances is a
very important asPect concerning homeland security and
environmental safety.” Current detection methods typically
involve canines® or sophisticated instruments.® Both techniques
are expensive and may not always be easily accessible. Fluores-
cence quenching employing conjugated polymers is a simple and
promising alternative procedure that is based on the donor—
acceptor electron-transfer mechanism.*”” Conjugated polymers
are excellent electron donors, and their donor ability is enhanced
by the delocalized 7* excited state, which facilitates exciton
migration and hence increases the electrostatic interaction
between the polymer and electron-deficient nitroaromatic
analytes.*”®

Microporous metal—organic frameworks (MMOFs) are a new
type of crystalline porous material that has shown strong potential
for applications in gas storage and separation, catalysis, and
sensing.” Very recently, we demonstrated that these materials are
capable of very fast, fully reversible, and highly sensitive detection of
high explosives such as 2,3-dimethyl-2,3-dinitrobutane (DMNB)
and dinitrotoluene (DNT) in the vapor phase.'® Herein we report a
highly luminescent MMOF, [Zn,(oba),(bpy)] - DMA (1) [H,0ba =
4,4 -oxybis(benzoicacid); bpy = 4,4 -bipyridine; DMA = N,N'-
dimethylacetamide], and its unique photoluminescence (PL) prop-
erties and high selectivity toward distinctively different groups of
nitroaromatics and high explosives. The origin of such selectivity can
be attributed to the electronic properties of both the MMOF and
the analytes as well as the nature of their interactions in the excited
states, on the basis of the results of molecular orbital (MO) and
electronic band structure calculations as well as electrochemical
(cydlic voltammetry) measurements.

Transparent cubic crystals of 1 were grown by solvothermal
reactions. The structure of 1 was determined by single-crystal
X-ray diffraction analysis [see Table S1 in the Supporting
Information (SI)].'" Compound 1 possesses a porous three-
dimensional (3D) network built from a Zn,(oba), paddle-wheel
secondary building unit (SBU). Each SBU is linked by oba to
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Figure 1. Crystal structure of 1. (a) Space-filling model of the 3D
framework, showing the 1D channels running along the a axis (DMA
molecules have been removed for clarity). (b) A single 2D layer (Zn,
green; O, red; N, blue). (c) Twofold interpenetration, shown by two
different colors (blue and red). (d) He atom filling'* in a single channel
along the (left) b and (right) a axes.

form a distorted 4* two-dimensional (2D) network. Two iden-
tical 4* nets interpenetrate to form a layered structure. The bpy
acts as alinker between the paddle-wheel units from two adjacent
layers to yield a highly stable 3D framework (Figure 1la—c). The
structure contains one-dimensional (1D) open channels running
along both the a and b axes, where the DMA molecules reside.
The sizes and shapes of the channels were estimated by He
simulation (Figure 1d)."> The smallest cross sections of the two
channels are ~5.8 A x 8.3 A. The solvent-accessible volume was
calculated to be 25%. The structure remains intact upon removal
of guest DMA molecules by heating at 160 °C (see the SI).

PL spectra were recorded on powder samples of 1’ (the guest-
free form of 1) in thin-layer form, and it was found that the
compound emits strongly at 420 nm upon excitation at 280 nm
(see the SI). The sensing and detection study was primarily
focused on two different categories of aromatic compounds,
namely, compounds containing electron-withdrawing groups
such as nitroaromatics (group A) and those having electron-
donating groups such as CH; (group B).

We found that all nitroaromatics act as fluorescence quenchers
for 1'. Among them, the most effective quencher is nitrobenzene
(NB) and the least effective one is DNT. The quenching
efficiency (%) was estimated using the formula (I, — I)/I, X
100%, where I is the maximum fluorescence intensity of 1’
before exposure to the analyte. NB quenches the emission by as
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Figure 2. (a) Time-dependent fluorescence quenching by NB (blue M)
and DMNB (red #). Insets: (left) corresponding emission spectra
before and after exposure of 1’ to the NB vapor; (right) results for three
continuous quenching cycles. (b) Percentage of fluorescence quenching
after 15 min by five different analytes from group A at room temperature.
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Figure 3. (a) Time-dependent fluorescence enhancement of TO.
Insets: (left) corresponding emission spectra before and after exposure
of 1’ to TO vapors for 1S min; (right) results for three consecutive
quenching cycles. (b) Percentage of fluorescence enhancement by three
group-B analytes at room temperature.

much as 84% (Figure 2a), and the order of quenching efficiency
for the selected nitroaromatics is NB > m-DNB > NT ~ p-DNB
> DNT (Figure 2b; NT, nitrotoluene; DNB, dinitrobenzene).
Notably, this order is not fully in accordance with the trend of
electron-withdrawing groups, but it is fully consistent when the
vapor pressure of each analyte is also taken into consideration.
The fact that NB exhibits the strongest quenching effect can be
attributed to two factors: the high vapor pressure and the
strongly electron-withdrawing —NO, group (see Table S2).
Although the vapor pressure of NT is comparable to that of
NB, the quenching efficiency (29%) is significantly less because
of the presence of the electron-donating —CHj group. Similarly,
while m- and p-DNB have two strongly electron-withdrawing
—NO, groups, both have very low vapor pressures at room
temperature (see Tables S2 and S5). In all cases, 1’ could be fully
regenerated simply by heating it at 150 °C for a few minutes after
each measurement (Figures 2a and 3a, far-right insets).

An opposite effect was observed for group-B analytes. Unlike
group-A nitroaramatics, these non-nitro-containing aromatics
appeared to enhance the luminescence emission of 1'. Toluene
(TO) enhanced the emission intensity most significantly (by
120%), followed by benzene (BZ) and chlorobenzene (CIBZ).
The observed trend (Figure 3b) is fully consistent with their
electron-donating abilities and vapor pressures.

The observed fluorescence attenuation and enhancement
can be explained by the donor—acceptor electron-transfer
mechanism. In the case of a group-A aromatic analyte, the lowest
unoccupied MO (LUMO) is a low-lying 7r*-type orbital
stabilized by the NO, group through conjugation (see Figure
$20 in the SI), and its energy is below the conduction band (CB)
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Figure 4. Schematic drawings of the electronic structure of (left) the
fluorescence quenching process by a group-A aromatic analyte having an
electron-withdrawing functional group and (right) the fluorescence
enhancment process by a group-B aromatic analyte having an elec-
tron-donating functional group. See the SI for details of the MO and
band structure calculations.

of 1. Although all MOFs have extended network structures, they
are often characterized by narrow energy bands because of highly
localized electronic states, especially those containing d*° metals.
In such cases, they may be regarded as giant “molecules”, and
their valence band (VB) and CB energy levels can be described in
a way similar to that for MOs.

Upon excitation, electrons are transferred from the CB of 1/
to the LUMO of the analyte, leading to a quenching effect
(Figure 4a). This mechanism has been well-developed for
conjugated polymers*®’>"* and was confirmed here for 1’ on
the basis of our MO and band structure calculations (see the SI).
For an aromatic analyte from group B, the excited electrons from
its LUMO, a high-lying 77* antibonding state with its energy
above the CB of the MMOF, are transferred to the CB of 1/,
thereby leading to fluorescence enhancement (Figure 4b). Alter-
natively, the electron transfer between the photoexcited state of
1" and the analyte may be assessed by their reduction
potentials."* Our cyclic voltammetry measurements showed that
group-A analytes have reduction potentials more positive than
that of 1/, while those of group-B analytes are more negative (see
Table S6). Therefore, 1’ acts as an electron donor in the case of
group-A analytes and an electron acceptor in the case of group-B
analytes. It should be pointed out that while the two descrip-
tions/mechanisms are consistent and both are based on the
relative orbital energy levels of the MMOF and analyte, more in-
depth studies are required in order to fully understand the origin
of the quenching/enhancement effect.

On the other hand, DMNB shows a negligible quenching
effect in 1’ (<1%; see Figure 2a). This is very different from the
behavior of Zn,(bpdc),(bpee) reported earlier,'® for which DNT
and DMNB gave very similar quenching profiles (maxima at
~84—85%). This distinctly dissimilar behavior makes 1’ an
excellent candidate for selective detection of high explosives
from different categories. The difference is most likely due to the
following reasons: First, the size of the pores in 1’ (~7.1 A x 7.3
A x 7.7 A; see Table S3) is too small for a nonplanar, bulky
DMNB molecule to enter. Second, the orbital overlap between
this type of analyte (aliphatic nitro-containing molecules) and
the MMOF is very weak. Third, the reduction potentials of
DMNB and 1’ are similar (see Table S6), suggesting that the two
species have comparable reduction capabilities and therefore that
a driving force for electron transfer between the two is lacking.
To verify and further understand the cause of this phenomenon,
we investigated the fluorescence behavior of 1’ upon exposure to
smaller nitro-containing analytes, including nitromethane (NM),
nitroethane (NE), and 1-nitropropane (1-NP). These molecules
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are sufficiently small that they can enter the pores in 1’ without
any difficulty. The results showed that they also have no effect on
the PL properties of 1/, very much the same as DMNB (see
Figure S14). The measured reduction potentials are in the
same range as that of DMNB, demonstrating that they too have
reduction capabilities similar to that of 1. Band structure
calculations also showed that the extent of LUMO—CB interac-
tion is very different for the two groups. The orbital overlap
between the LUMO of nitrobenzene (a nitro-containing aro-
matic analyte) and the conduction band of 1’ was calculated to be
0.27, indicative of a strong interaction, whereas the overlap
between the LUMO of nitromethane (a nitro-containing non-
aromatic analyte) and the conduction band of 1’ is only 0.0,
indicating a very weak interaction. This is because the 7-type
orbital of an aromatic analyte overlaps much better with the
7-type conduction band of 1’ than the o-type LUMO of a
nonaromatic analyte (see Figures S15, $20, and S21).

In summary, a highly luminescent microporous metal—
organic framework, [Zn,(oba),(bpy)]-DMA (1), illustrates un-
precedented sensing and detection properties. Our studies on its
guest-free form, 1/, revealed unique fluorescence quenching and
enhancement behavior upon exposure to the vapor of aromatic
compounds of group A (having electron-withdrawing groups)
and group B (having electron-donating groups), respectively.
These studies also showed that nitro-containing nonaromatic
analytes have a negligible eftect on the fluorescence of the
MMOF. The results demonstrate the exceptional ability of 1’
to selectively detect explosives of different types (e.g., aromatic
DNT vs nonaromatic or aliphatic DMNB). The origin of such an
effect can be understood and explained on the basis of MO and
band structure calculations as well as a comparison of their
electrochemical properties. Clearly, the nature of the analyte
molecules and the electronic structure and porosity of the
MMOFE all play key roles in the emission properties. The work
represents the very first example of the MMOF family that
exhibits such phenomena.
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