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Dipyrenylcalix[4]arene—A Fluorescence-Based Chemosensor for

Trinitroaromatic Explosives
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Abstract: A new chemosensor-based
approach to the detection of nitroaro-
matics is described. It involves the ana-
lyte-induced quenching of excimer
emission of a dipyrenyl calix[4]arene
(L). The chemical and photophysical
properties of the complexes formed be-
tween L and mono-, di-, and trinitro-
benzene, and di- and trinitrotoluene
were studied in acetonitrile and chloro-
form by using 'HNMR, UV/Vis, and
fluorescence  spectroscopy. Fluores-
cence spectroscopy revealed that the

rescence titration profile generated
from the titration of L with TNT pro-
vided evidence that this particular
functionalized calix[4]arene receptor
allows for the detection of TNT down
to the low ppb level in CH;CN. A
single-crystal X-ray diffraction analysis
revealed that in the solid state the
complex L-TNT consists of a supra-
molecular crystalline polymeric struc-
ture, the formation of which appears to
be driven by intermolecular n—x inter-
actions between two pyrene units and a

TNT molecule held at a distance of
3.2-3.6 A, as well as by intra- and inter-
molecular hydrogen-bonds among the
amide linkages. Nevertheless, the
changes in the '"H NMR, UV/Vis, and
fluorescence spectrum, including sharp
color changes, are ascribed to a charge-
transfer interaction arising from com-
plementary m—m overlap between the
pyrene subunits and the bound trini-
troaromatic substrates. A number of ab
initio calculations were also carried out
and, considered in concert, they pro-

trinitroaromatics engendered the larg-
est response among the various sub-
strates tested, with the sensitivity for
these analytes being correspondingly
high. Quantitative analysis of the fluo-
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vide further support for the proposed
charge-transfer interactions, particular-
ly in the case of L-TNT.

Introduction

Quick and reliable sensors for the detection of high explo-
sives are in demand for the protection of lives and property,
environmental remediation, minefield restoration, forensic
analysis, and national security."? Trinitroaromatics are well-
known high explosives, but are also recognized as environ-
mental contaminants. For example, the soil and ground
water of war zone and military facilities can contain toxic
levels of these compounds and their degradation products.”l

Concentrations of trinitroaromatics in ground water and
soil sites near an unexploded explosive can reach levels ex-
ceeding 500 ppb and between 1000-5000 ppm, respectively.!
TNT, one of the widely used trinitroaromatic explosives, is
poisonous and can cause skin irritation, anemia, and abnor-
mal liver functions when it is ingested or inhaled.”! More-
over, TNT adversely affects male fertility and is now regard-
ed as a possible human carcinogen.”! Therefore, the US En-
vironmental Protection Agency (EPA) has set a limit of
2 ppb for TNT in drinking water."
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Currently, a range of instrumental techniques is available
for the purpose of explosives detection; these include GC-
MS, surface-enhanced Raman spectroscopy, X-ray imaging,
nuclear quadrupole resonance, thermal and fast neutron
analysis, ion mobility spectrometry, and various spectroscop-
ic methods.!) These analytes have also been analyzed by
electrochemical methods due to their inherent redox activi-
ty.” While highly efficient and in many instances remarka-
bly sensitive, these methods, as a rule, rely on expensive in-
strumentation and are generally plagued by a lack of porta-
bility. There thus remains a need for detection strategies
that are cheap and easy to use. One particularly promising
approach would involve the use of a fluorescence-based che-
mosensor. Fluorescence-based detection offers several ad-
vantages over other analytical methods with respect to high
sensitivity, specificity, and real-time monitoring with fast re-
sponse times.[® To date, considerable effort has been devot-
ed to the development of fluorescence-sensing materials to
detect nitroaromatics. For example, fluorescence-functional-
ized polymers;®! luminescent polymer nanoparticles, such as
siloles®!” and pentiptycene;!! and fluorescent silicon nano-
particles,'? have been synthesized to validate the detection
of trinitroaromatics by the fluorescence spectroscopy. Never-
theless, stand-alone single-molecule systems that may be
used for the detection of nitroaromatics through fluores-
cence-based approaches remain rare.'” We recently report-
ed several colorimetric systems for the detection of these
species.'¥ However, because the method of analysis relied
on changes in color, the sensitivity of these systems remains
low compared to what might potentially be achievable by
using a fluorescence-based approach.

There are several mechanisms that can be exploited to
impart large, analyte-induced changes in the fluorescence
properties of a chemosensor upon interaction with a target-
ed guest molecule (e.g., nitroaromatic analyte). These in-
clude photoinduced electron transfer (PET), fluorescence
(Forster) resonance energy transfer (FRET), excimer/exci-
plex formation or extinction, and photoinduced charge
transfer (PCT).™™ Appropriately constructed dimeric pyr-
enes are a particularly interesting set of fluorophores in this
regard; they are characterized by an interesting fluorescence
relationship between the monomer and excimer emission,
resulting from a strong m—r interaction between two pyr-
enes, that can be modulated upon interaction with a sub-
strate.’®! In fact, ratiometry involving the excimer/monomer
of multipyrenyl groups has been exploited recently as an ef-
fective sensing tools for various guest molecules."'*! How-
ever, fluorescence-sensing systems based on pyrenyl deriva-
tives for organic nitro species are not well developed.'”)
We have thus extended our recent work on luminescent pyr-
eneamide-appended calix[4]arene derivatives to the problem
of trinitroaromatics recognition and wish to report here that
this approach provides an effective and sensitive means of
detecting such classic nitroaromatic explosives as TNT (=
2,4,6-trinitrotoluene) and TNB (=1,3,5-trinitrobenzene). In
particular, we provide evidence for the proposed supra-
molecular interaction between calix[4]arene L and TNT ob-
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tained by X-ray crystallography.
We also show that this analyte,
as well as certain other highly
nitrated electron-deficient aro-
matics, leads to an effective
quenching of the pyrene fluo-
rescence of L, with a sensitivity
that allows for detection at the
low ppb level in acetonitrile.

Results and Discussion

The bispyrene-appended 1,3-alternate calix[4]arene receptor
(L) was prepared by using a modification of our previously
reported synthetic procedures.'™ As in our earlier studies,
the bridging polyether plays a key structural role, serving to
lock the conformation of the calix[4]arene core and thus
orient the two pyrene substituents to the same side of the
receptor ensemble.

Compound L displays both monomer (4., =375 nm) and
excimer (4., =470 nm) emissions when irradiated at 343 nm
in CH;CN, as illustrated in Figure 1 and Figure S1 in the
Supporting Information. These emission features (both the
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Figure 1. Fluorescence quenching and visual changes observed upon sub-
jecting a 20 pm solution of L in CH;CN to titration with increasing quan-
tities of TNT in this same solvent (from top to bottom and from left to
right in the insert: 0, 1, 5, 10, 30, 50, 100, 300 equiv) with excitation at
Aex=343 nm.

monomer and excimer bands) are quenched upon addition
of TNT (Figure 1) or TNB (Figure S1 in the Supporting In-
formation). Similar quenching is also observed in CHCl,
(Figure S3 in the Supporting Information) The analyte-in-
duced reduction in emission intensity is ascribed to the for-
mation of charge-transfer complexes between the electron
donor (pyrene) and the electron acceptor (quencher).'
Such a mechanistic rationale is consistent with previous re-
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ports in which it was suggested that thermodynamically fa-
vorable exciplex formation between a fluorophore and a
quencher involves strong coupling of the respective m elec-
trons, which in turn leads to deactivation of the fluorophore
excited singlet state.”"!

We also investigated the effect that other aromatic com-
pounds, specifically those shown above, had on the fluores-
cence features of L as recorded in CH;CN with 4., =343 nm.
The results of these studies are summarized in Figure 2. As
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Figure 2. Reduction in fluorescence intensity (plotted as quenching effi-
ciency) seen upon the addition of guest molecules (L/guest=1:10 in
CH;CN; excitation at 343 nm, analysis at 4, =470 nm). NB =nitroben-
zene, DNB =1,3-dinitrobenzene, DNT =2,6-dinitrotoluene, TNB =1,3,5-
trinitrobenzene, and TNT =2.4,6-trinitrotoluene.

can be seen from an inspection of this figure, the most elec-
tron-deficient aromatic substrates engendered the greatest
quenching. On the other hand, electron-neutral and elec-
tron-rich aromatic species, such as toluene, benzoic acid,
ethyl benzoate, benzonitrile, and phenylthiocyanate, induced
little or no quenching. Such a finding is fully consistent with
the proposed mechanism, in which the targeted nitroaromat-
ic analyte acts as a fluorescence quencher as the result of a
charge-transfer event. Indeed, the greater the number of
electron-withdrawing nitro (-NO,) groups present on the
benzene or toluene core, the more extensive the degree of
fluorescence quenching; this is as would be expected under
a scenario in which the charge transfer between the pyrene
subunits and the electron acceptors becomes enhanced.

To evaluate the sensitivity of L toward TNT, a fluores-
cence titration was performed by using low concentrations
of both the receptor and the analyte in CH;CN (Figure S2
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in the Supporting Information). This analysis revealed that
this particular chemosensor enables an instrument-discern-
ible response down to the ~1.1 ppb level in CH;CN. While
the limitations of this solvent environment must be stressed,
it is worth noting that this level of sensitivity falls below the
permissible limit of 2.0 ppb for TNT in drinking water estab-
lished by the US EPA.F!

To gain insight into the nature of the interaction between
the calixarene-based sensor L and TNT, a single-crystal X-
ray diffraction analysis was carried out on an orange single
crystal of L-TNT obtained by slow diffusion of diethyl ether
into a solution of L‘TNT in dichloromethane. This solid-
state structure confirms that the calix[4]arene moiety L is in
1,3-alternate conformation (Figure 3). It also reveals that

Figure 3. Crystal structure of complex L-TNT. The displacement ellip-
soids have been drawn at the 15% probability level. Hydrogen atoms
and solvent molecules have been omitted for clarity.

the two amide groups are involved in interamolecular hy-
drogen-bonding (N(2)—H(2)-+-O(1)=2.027 A), as well as in
intermolecular hydrogen-bonding interactions involving a
neighboring amide (N(1)—H(1)-+O(9)=2.161 A). These last
interactions are presumably responsible for the formation of
a supramolecular linear polymer network, as revealed in a
packing diagram of the structure.

Interestingly, the X-ray structure also revealed that the
two pyrene substituents present in L are splayed outwards
(i.e., oriented in an equatorial conformation relative to the
rest of the receptor molecule) and interact with the co-
bound TNT molecule by what appears to be a donor accept-
or interaction (Figure 4). While this interaction orients the
TNT parallel to a pyrene subunit at a distance of 3.2-3.6 A
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Figure 4. Different views of the solid state structure of L-TNT complex
presented in Figure 3. Left: polymeric structure stabilized by hydrogen
bonding. Right: intermolecular interaction between two neighboring
pyrene moieties and TNT.

relative to the m surfaces, the binding takes place outside of
the putative cleft that would have been formed were the
pyrenes to be oriented in a parallel or axial fashion relative
to the calixarene skeleton. Nevertheless, this structure
serves to confirm that the supramolecular donor-acceptor
interactions invoked to explain the observed fluorescence
quenching are chemically reasonable. In fact, to the best of
our knowledge, the crystal structure given in Figure 4 is the
first to illustrate the existence of such a binding motif in-
volving pyrene and TNT in the solid state.

Efforts were also made to determine whether L could be
used as a naked-eye detectible colorimetric chemosensor for
nitroaromatic compounds at higher concentrations of recep-
tor and substrate. Because the solubility of L is rather poor
in CH;CN, in contrast to the fluorescence-based analyses de-
scribed above (in which both CH;CN and CHCl; were used;
vide supra), these studies were only carried out in chloro-
form. As shown in Figure 5 (top), solutions of L in chloro-
form, when treated with the more electron-deficient trini-
troaromatics of the present study (i.e., TNT or TNB; color-
less species), were found to undergo a marked and easily
visible change in color from pale yellow to reddish orange.
This change in color is instantaneous on the human time-
scale and is characterized by corresponding changes in the
UV/Vis absorption spectrum (cf. Figure S4 and S5 in the
Supporting Information) and is fully reflected in the
"H NMR spectra (discussed immediately below). It thus pro-
vides further support for proposed m—n charge transfer inter-
action between the electron-rich receptor and the electron-
deficient analyte and is fully consistent with the proposed
charge-transfer-based fluorescence quenching.!'*

Proton NMR spectroscopic studies were carried out in an
effort to obtain insights into the nature of the complex(es)
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Figure 5. Changes in the '"H NMR spectrum of L (5 mm) upon being sub-
ject to titration with increasing concentrations of TNT (0, 1, 10, 30, 50,
90 equiv; top) and TNB (0, 1, 5, 10, 30 equiv; bottom) in CDCl,.

formed with L as the concentration of TNT or TNB is in-
creased. Towards this end, the "H NMR spectra of the re-
ceptor and putative intermediate species leading to the for-
mation of L-TNT and L-TNB were recorded in CDCl;. The
resulting spectra, reproduced in Figure 5, revealed a gradual
shift in the proton resonances for the pyrene, amide, and
phenyl groups upon the addition of TNT or TNB. Two
proton signals, corresponding to the phenyl (H, and H,) and
amide groups (H.), were found to undergo a downfield shift
due to the interaction of L with the nitro group of TNT as
well as the formation of hydrogen-bonds between the nitro
and amide groups, respectively. In addition, an upfield shift
in the pyrene proton signals was observed; presumably, this
reflects the stacking of the pyrene subunit parallel to the ni-
troaromatic group and the associated ring current effects.

Chem. Eur. J. 2010, 16, 58955901
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As would be expected, based on the differences in the in-
duced fluorescence quenching response, greater changes in
the chemical shifts for L were seen upon the addition of
TNB than with TNT (for the same number of molar equiva-
lents). We ascribe this difference to electronic effects (TNB
is more electron deficient than TNT). However, steric ef-
fects cannot be ruled out, since the methyl group of TNT
may be too sterically demanding to permit an optimal
donor—acceptor interaction as can be inferred from the
solid-state structure of L-TNT. It was thus expected, as
indeed found by experiment, that TNB would be a more ef-
fective fluorescence quencher than TNT, and that less elec-
tron-deficient species would induce little or no quenching.

To study further the influence of various metal ions on
this system, we recorded the fluorescence ratio at 470 nm of
L (20 pm) in acetonitrile in the presence of 10 molar equiva-
lents of the two nitroaromatics, TNB and TNT, in the pres-
ence and absence of 10 molar equivalents of Ag™, Ba®",
Ca’*, Cd**, Co**, Fe**, Hg’*, K*, Mg?*, Na*t, Pb**, Rb™,
and Sr’* with perchlorate counteranions (200 um). Little
effect was seen in the case of most of the cations (cf. Fig-
ure S7 and S8 in the Supporting Information). However, the
addition of Pb** to a solution of L-X (X=TNT or TNB) re-
markably diminished the fluorescence intensities of the
pyrene excimer. This finding is currently interpreted in
terms of the Pb*" ion being complexed by the two amide
groups, something that would serve to quench the excimer
signal through reverse PET or a heavy-metal effect.'”™ Fur-
ther study of this cation specificity is ongoing and a more
detailed explanation awaits additional theoretical and exper-
imental analysis.

To provide a firmer theoretical basis for the above empiri-
cal findings, density functional theory (DFT) calculations
were carried out using the MKWB1K program and the 3-
21G* basis set provided by the suite of Gaussian 03 pro-
grams.”!) The dipyrenylcalix[4]arene with several potential
quenchers were studied in this way in an effort to obtain
support for the proposed quenching mechanism. Figure 6
shows the optimized structures of the L-X complexes in
question. The fluorophore (pyrene) in all complexes shows
intermolecular —m interactions with the selected quencher.
Furthermore, in all cases a cofacial, stacked geometry is
maintained. For both L-benzene and L-toluene, the distance
between the pyrene molecular plane and that of the quench-
er was calculated to be almost the same (4.06 A).

However, in the case of L-nitrobenzene, the spacing de-
creases to 2.94 A. The distance further decreases to 2.85 A
in L-TNT. The calculated spacing is somewhat smaller than
the crystal structure; presumably, this reflects the fact that
TNT interacts with two molecules of L in the crystal struc-
ture, which serves to weaken the individual effect. In the
event, the differences in donor—acceptor distance are
thought to be responsible for, or at least reflect, differences
in the charge-transfer quenching features as the result of dis-
parities in the extent of intermolecular coupling between
the respective x surfaces. As shown in Figure S9 (in the Sup-
porting Information), the present calculations also revealed
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Figure 6. Optimized structure of L-X complexes: L-benzene (top left);
L-toluene (top right); Lenitrobenzene (bottom left); L-TNT (bottom
right).

that the LUMO electron distribution of those complexes in
which the quencher is decorated with nitro groups is quite
different from those not bearing these substituents. On the
other hand, in all the complexes created through geometry
optimization, the HOMO electrons are found to be on one
of the pyrene groups (fluorophore). When excited to the
LUMO, some of the electron density is transferred from one
pyrene group to another pyrene moity, at least in the case of
the presumably weak L-benzene and L-toluene complexes;
this in turn, induces strong electron-hole interactions be-
tween the two pyrene moities as reported previously.'”! In
contrast, for L-nitrobenzene and L-TNT, electron density is
transferred from a pyrene subunit to the quencher, a trans-
fer that is clearly expected to account for, or at least con-
tribute substantially, to the observed fluorescence quench-
ing.

Further investigations were performed using TDDFT cal-
culations that have been reported as being useful in under-
standing the fluorescence behavior of organic molecules.””!
Table 1 lists the dominant electronic oscillators for the
strong absorptions based on the corresponding oscillator
strengths (OS). For L-benzene, the HOMO —LUMO transi-
tion has the highest OS value among the selected complexes,
and the value for the HOMO—-1—LUMO transition is also
high (0.2566). The second highest OS value is assigned to
the HOMO—-1—LUMO transition in L-toluene and has a
value of 0.2637. For the complexes containing nitro groups,
the OS value sharply decreases.
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Table 1. Calculated TDDFT excitation properties reflecting the main ex-
citations and oscillator strengths of the various putative complexes L-X.

Excitation Oscillator strength
Lebenzene HOMO —LUMO 0.4561
HOMO-1—LUMO 0.2566
Letoluene HOMO —LUMO 0.0037
HOMO-1—LUMO 0.2637
L-nitrobenzene HOMO—LUMO 0.0000
HOMO-1—LUMO 0.0256
HOMO —-LUMO 0.0001
LINT HOMO-1—LUMO 0.0109

Both HOMO —LUMO transitions for L-nitrobenzene and
L-TNT are very limited. The OS value for the HOMO—-1—
LUMO transition in L-TNT is more than 20 times smaller
than that for the corresponding transitions in L-benzene and
L-toluene. Furthermore, the HOMO—1 and LUMO shapes
for Lenitrobenzene and L-TNT are consistent with interac-
tions between electrons present in one pyrene subunit of L
and the holes in the nitrated aromatics being responsible for
the fluorescence quenching. It thus stands to reason, as
indeed is seen by experiment, that TNT and TNB are more
effective quenchers than the corresponding mononitro spe-
cies. This has the practical consequence that the highest re-
sponse is seen for the more explosive members of the series
of cannonical nitroaromatic compounds included in the
present study.

Conclusion

In summary, we have developed a new and effective fluores-
cent chemosensor, dipyrenylamidocalix[4]arene—[15]crown-5
(L), that allows for the detection of trinitroaromatics species
at low concentrations in CH;CN. When highly nitrated aro-
matic species, such as TNT and TNB, are added to solutions
of L in CH;CN, both the monomer and excimer emissions
of the receptor are subject to marked quenching. This is as-
cribed to a charge-transfer event involving direct interaction
between a pyrene subunit and the nitroaromatic analyte. A
single-crystal X-ray crystal structure of L-TNT provides sup-
port for the proposed charge-transfer mechanism in that it
reveals a close, stacked interaction between electron donor
and quencher in the solid state, a finding that is also sup-
ported by TDDFT calculation. To the best of our knowl-
edge, the present dipyrenylcalix[4]arene represents the first
pyrene-based system that has been used for the fluores-
cence-based detection of nitroaromatic species. It is hoped
that its efficacy and mode of operation will guide the further
development of chemosensors for these and other neutral
analytes.

Experimental Section

Details of the sensor synthesis and the spectroscopic measurements can
be found in the in the Supporting Information.
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CCDC-757957 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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