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Extended cavity pyrene-based iptycenes have been synthesized by using the Diels—Alder reaction
between in situ generated dehydropyrenes and anthracene. The photophysical properties and the inter-
action of these iptycenes with nitro-explosive components were studied both in solution and in the
solid state by using fluorescence spectroscopy and X-ray crystallography, respectively. Due to the
presence of both the large iptycene cavity and the central pyrene core, an unprecedently high
fluorescence-quenching response towards non-aromatic and non-planar 1,3,5-trinitroperhydro-1,3,5-
triazine (RDX) has been observed both in solution (with an apparent Stern—Volmer constant value ®Ksy
up to 1.53 x 10° M7Y) and in the vapor phase (50-75% fluorescence quenching of the PU films doped

Received 19th September 2016, with chemosensors). In the case of nitroaromatic explosives, nitrobenzene (NB), 2,4-DNT, TNT, and
Accepted 24th January 2017 2,4,6-trinitrophenol (TNP or picric acid, PA), pyrene-based iptycenes also demonstrate a good
DOI: 10.1039/c6nj02956f fluorescence-quenching response both in solutions (with apparent Stern—Volmer constant values
sy = 0.4-8.0 x 10° M7 and in the vapor phase (up to 90% fluorescence quenching of the PU films
rsc.li/njc doped with chemosensors). The “sphere of action” fluorescence quenching model was suggested.
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such as supramolecular'’®” or covalently-bonded"”*¥ polymers;
dendrimers;'® single molecule chemosensors like phosphole
oxides,'®* calix{4]arenes,"” electron-rich polyheteroaromatic
compounds,*? including push-pull fluorophores,**%%¢ oligo-
arenes'” or hetarenes;'** and organo-inorganic composites'*"™
and metal-organic frameworks.>® Pyrene derivatives are commonly
used as fluorophores in all types of such sensor materials*'** or
single molecule chemosensors'*”*™ for the visual detection of
nitro-explosives in the vapor phase,*” or in solutions," including
aqueous media.?*h&km22

On the other hand, since the pioneering discovery of Swager
and Yang,> 1,4-disubstituted [1.1.1h.1.1]pentiptycenes have
become the most popular building blocks for designing highly
efficient materials for the detection of NACs,'??* as well as
other applications.***® Very recently it was confirmed by the
theoretical calculations of Enrow”® and by the experimental data
of Anzenbacher Jr. and co-workers” that the molecular cavity of
1,4-disubstituted pentiptycenes®® can reversibly accommodate
molecules of NACs to form stable donor-acceptor complexes.

It is worth mentioning that most of the reported chemosensors/
sensory materials for the turn-off fluorescence detection of
nitroaromatic explosives, demonstrated either weak!”19%211:2729a,6
or no response*'*** towards non-aromatic nitro-explosives,
including RDX. For instance, fluorescence quenching based sensors
for the detection/identification of RDX have been reported by
a few research groups, for example, phosphole oxide reported
by Tanaka,'®® supramolecular cross-reactive arrays reported
by Anslyn,>"?°* tris(phenylene)vinylene polymer reported by
Dichtel,**” polysilafluorenes reported by Trogler,?> or NAD'/
NADH-sensitive modified CdSe/ZnS quantum dots reported by
Freeman and Willmer.>* Additionally, Zang and co-authors
demonstrated a fluorescence quenching based-probe for the
detection of UV-photolysis products of RDX, HMX (or PETN).**
Turn-on detection approaches are very limited; one is Swager’s
report on hydroacridinium-based dye* and another is a very
recent report by Anzenbacher Jr. and co-authors®* on a pyrene-
based probe for the turn-on detection of RDX as well as for the
turn-off detection of nitroaromates. Thus, investigation towards
new systems for the detection of non-aromatic nitro-explosives
is necessary and in demand.

Very recently, we have reported water-soluble pyrene derivatives
for the fluorescent detection of nitro-explosive components as well as
some herbicides in aqueous media.**’ Inspired by recent publica-
tions of Anzenbacher Jr. and co-workers””*** in this present
manuscript we wish to report an efficient synthetic design of new
extended cavity pyrene-based iptycenes for the turn-off fluorescence
detection of nitro-explosives in organic solutions and in the vapor
phase. The high selectivity and sensitivity of these iptycenes have
been confirmed by their enhanced fluorescence quenching in the
presence of trace amounts of RDX as well as nitroaromatics.

Results and discussion
Synthesis

Construction of pyrene-based iptycenes has been carried out by
two aryne-based approaches. The first approach is the reaction
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Scheme 1 Synthetic route for iptycenes 2, 3, and 4a—c. Reagents and
conditions: (i) NaNH,/t-BuONa, anthracene, xylenes, 140 °C, 48 h; (i) t-BuOK,
anthracene, melt, 210 °C, 22 h; (iii) n-BulLi, THF, =78 °C, 1 h, then MeOH or
H,O, =78 to 25 °C, overnight; (iv) R-SnBus, toluene, PPhs/PdCl,(PPhs),,
reflux, 24 h.

of 1,3,6,8-tetrabromopyrene®® 1 with NaNH,/t-BuONa and a
10-fold excess of anthracene in dry xylene (path i). In the second
approach, interaction of 1 with BuOK and anthracene in melt
(path ii) afforded a mixture of iptycenes 2 and 3 in up to 85%
total yield (Scheme 1 and Tables 1-2). The less-soluble isomer 3
can be easily isolated as a 1:1 complex with toluene by stepwise
crystallization from toluene. The molecular structures of
the desired compounds 2-3 were confirmed by using 'H and
3C NMR, and EI-MS.

X-Ray studies

For a more conclusive remark, the single crystal X-ray crystallography
analysis of compound 3 has been performed to provide the most
direct description of the molecular packing features. At first,
aiming to examine the host—-guest interactions in the solid state,
several experiments for the co-crystallization of iptycenes 3-4
with various nitroaromates were performed. We observed some
co-crystallization between NACs and compounds 3-4; however
in most cases either appropriate crystals could not be obtained
or the obtained crystals could not be resolved. Only the
co-crystallization of 3 from toluene (used as a competitive solvent)-
nitrobenzene solution afforded good quality crystals of the
stable 2:1 double-decker-like “iptycene 3*PhNO,” inclusion
complex.*" According to X-ray data, the compound is crystallized
in a centrosymmetric space group as a solvate. The geometry of
the iptycene molecule is similar to that reported previously for
iptycenes.?”*”2® In particular, the aromatic moieties are located
at an angle close to 120° relative to the plane of the pyrene core.
Two iptycene molecules form dimers via n-m-stacking with a
distance of ~3.5 A between the centroids of the molecules (Fig. 2,
top). The nitrobenzene molecule is located in the molecular
cavity of one iptycene molecule virtually coplanar to the plane
of the pyrene core (the dihedral angle between the plane of
nitrobenzene and the pyrene fragment is 10.8°). The minimal
intercentroid distance from the centroid of the nitrobenzene mole-
cule to the plane pyrene core is close to 3.6 A, and the minimum
distance from the plane of carbon atoms to the pyrene moiety is
around 3.3 A, which allows effective n-m-interaction between
iptycene and nitrobenzene molecules (Fig. S89 and $90, ESI%).
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Table 1 Scope and limitations

¢ For method ii.

Table 2 Photophysical properties and quenching constants for iptycenes
2-4

# Jabs NM Jem DM D% K" M™' Koy " M Kyt MT!

2 304, 356, 373 399 0.10 374 398 —
420

3 337, 346, 358, 378 399 0.05 374 384 8237
420
440

4a 343, 360, 369, 389 390 0.64 836 1321 8354
399
411

4b 342, 358, 376, 395 399 0.41 1132 1194 7924
420 9597 1054° —
453

4c 369, 379, 398 404 0.18 665 1013 6896
426

“ Absolute quantum yield. * In toluene solution.

The remaining nitrobenzene molecules are located in cavities
between the iptycene dimers and no other closer intermolecular
contacts were observed.

The molecule of nitrobenzene fits into the cavity formed by
the iptycene receptor 3 in a face-to-face mode, and the resulting
iptycene-nitrobenzene co-crystal shows nearly parallel molecular
stacks. In addition, within the crystal, the iptycene molecules are
arranged in ribbon-like architectures due to strong n-n-interactions
between electron-rich aromatic walls of iptycene molecules with a
minimum interplanar distance of ~3.4 A. These n-m-interactions
help to stabilize the neighboring stacks, and on the other hand it
has been proposed and demonstrated®' that n-r stacking is
highly favorable for exciton transportation via co-facial inter-
molecular electronic coupling due to the so-called “molecular
wire” amplification.>****

Crystallization of iptycene 3 from more bulky mesitylene
afforded the “iptycene 3*mesitylene” inclusion complex in a
1:1 ratio. The mesitylene molecule shows some similarity to
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Fig. 2 Top: Molecular structure of the “iptycene 3 nitrobenzene”
complex structure (single crystal X-ray diffraction, CCDC 1486665). The
interplanar distances between two pyrene moieties of the iptycene and
the pyrene moiety and a nitrobenzene molecule are indicated. Bottom:
The crystal packing of compound 3. The interplanar distances between the
phenylene moieties of the iptycene are indicated.

both 1,3,5-trinitrobenzene, TNT and RDX (Fig. 1), so we assume it
can be used as a model compound to simulate the possible binding
mode between iptycenes 3-4 and nitro-explosives. According to the
X-ray analysis data (Fig. 3),** like nitrobenzene, the bulky mesitylene
molecule fits into the cavity formed by the iptycene receptor 3 in a
face-to-face mode with almost parallel arrangement of both mole-
cular planes with a minimum distance of ~3.4 A. The molecules
are placed in the centrosymmetric packing of the triclinic system.
However, the solution in the P1 space group led to disordering of
the solvate by generating inadequate bond distances and contacts
and a reasonable structural model can be formed only in the chiral
space group P1. The plane of the benzene ring of the solvate is
oriented at the angle of 6.4° towards the plane of the pyrene moiety
and the distance from the centroid of the benzene ring to the plane
of the pyrene moiety is approximately 3.55 A. Shortened interatomic
contact is observed for the Me-group of the solvate with the
C9S- - -C24 distance of 3.38 A. (Fig. S91 and S92, ESI}).

These results suggest that due to the larger cavity the pyrene-
based iptycenes are able to bind with both nitroaromatic and

Fig. 3 Molecular structure of compound 3 with a mesitylene structure
(single crystal X-ray diffraction, CCDC 1485942). The interplanar distances
between the pyrene moiety and the mesitylene molecule are indicated.
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bulky aromatic compounds, in a face-to-face fashion in the
solid state. It is worth mentioning that the X-ray results for
pyrene-based iptycenes differ from the earlier reported results
for pentiptycenes by Anzenbacher Jr.,>” where the nitrobenzene
molecule enters into the iptycene cavity almost perpendicular
to the central benzene ring and displays an edge-to-face binding
mode. Our present system is more favorable, as we assume
that the binding mode can be explained by the larger cavity of
iptycenes 3-4 due to the presence of an electron-rich pyrene
moiety in the central core of the receptor.

Pyrenes themselves are known to form stable molecular com-
plexes with both aromatic*** and nitro-aromatic**”? compounds in
a face-to-face mode via n-n-stacking. Therefore, stronger interactions
are expected in the case of more electron-deficient poly-nitrated
aromatic compounds, such as 2,4-DNT, TNT and others. In addition,
extra bonding between NACs and the electron-rich walls of the
iptycene receptor is also expected.

Fluorescence quenching studies

The photophysical properties of iptycenes 2-4 were investigated
by using UV/Vis and fluorescence spectroscopy. Thus, the
absorption spectra of chromophores 2-3 exhibit two major
bands centered at ca. 290-310 nm and 340-360 nm attributed
to the electronic transitions between the So-S; and Sy-S, energy
levels along with some other vibrational bands of each
transition® (Fig. 4). The emission spectra of iptycenes 2-3 are
typical for the monomeric form of pyrene with the emission
maxima centred at ca. 380 nm (Fig. 4, Table 1 and Fig. S2, S3,
S8, S9, ESI).

The fluorescence quantum yields for dibromoiptycenes 2-3
are lower than that of pyrene (Table 2) which may be attributed
to the fluorescence quenching by the internal heavy atom effect
that encourages intersystem crossing to non-radiative triplet
states.>® As a result, we did not observe a strong fluorescence
response of compounds 2-3 towards 2,4-DNT and TNT both in
solution and in the solid state (Table 2 and Fig. S4-S7, S10-S18,
ESIf). The high value of the quenching constants in the case
of TNP can be attributed to the suppression of the fluorescence
of the pyrene moiety due to FRET since the emission spectra of
receptors 2-3 overlap to a large extent with the absorption
spectra of TNP.

To improve the conjugation of the fluorophores and/or the
electron-donating properties in the next step, we have synthesized
iptycenes 4b-c¢ by means of Stille cross-coupling between
dibromoiptycene 3 and (hetero)aromatic organostannanes
(Scheme 1 and Tables 1, 2). Whereas iptycene 4a has been
synthesized indirectly as a side-product in Stille cross-coupling
(path iv) or directly by the reaction of 3 with n-butyl lithium
(path iii) with the following quenching of in situ generated
lithium salt with methanol or water.

As expected, compared to iptycenes 2-3 both the photo-
physical properties and the sensory response towards NACs
improved for chemosensors 4a-c. Thus, the fluorescence quan-
tum yields (®g) for 4a—c increased up to 0.64 (Table 2), and ca.
10-30 nm bathochromic shifts were observed in both the
absorption and emission maxima. In the case of sensor 4c,
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Fig. 4 Normalized absorption (top) and emission (bottom) spectra of
iptycenes 3 (red), 4a (green), 4b (blue) and 4c (sky blue).

the lower quantum yield value can be vide supra, due to the
presence of two heavy (sulfur) atoms.

Compounds 4a-c in THF solutions exhibited a strong fluores-
cence response to 2,4-DNT, TNT and TNP, as was anticipated.
Fig. 5 shows the result of the spectrofluorimetric titration of the
most representative sensor 4a (1.00 x 10~ ° M) with incremental
concentrations of TNT upon excitation with UV-light (1ex = 375 nm).
By increasing the concentration of TNT, the fluorescence intensity of
4a gradually depletes, showing up to 90% quenching (Fig. 5a and
Fig. S24, ESIi). The Stern-Volmer plot shows that the quenching
process is nonlinear with the increased concentration of the
quencher (TNT) (Fig. S25, ESIi). These observations support the
commonly accepted mechanism of quenching as a result of
static quenching at the low concentration of the quencher and the
combined dynamic and static quenching at higher concentration.
Based on the time-resolved fluorescence emission of compound
4a, the possible role of collisional or dynamic quenching at low
concentration of the quencher was ruled out as the decay lifetime of
ca. 4.78 ns of chemosensor 4a was constant, being independent of
the TNT concentration (Fig. 5b and Fig. S60-S68, Table S1, ESI).

The data obtained from the SV plots indicate high values
of the apparent Stern-Volmer constants in the case of TNT
(K& = 1.0-1.3 x 10° M), TNP (PK&" = 6.9-8.3 x 10° M)
and 2,4-DNT (*K%™ = 0.7-1.1 x 10* M) (Table 2, Fig. 5a and
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Fig. 5 (a) Fluorescence quenching of sensor 4a in the presence of TNT.
The inset shows the Stern—Volmer plot; (b) TNT detection limit graphs for
sensors 3—4; (c) fluorescence decay profiles for sensor 4a in the presence
of TNT. The inset shows the 1o/71_¢ ratios. The excitation wavelength was
375 nm and the solvent was THF.

Fig. $21-S57, ESI¥) calculated for chemosensors 3-4, the detection
limit for TNT is lower than 1 ppm (Fig. 5b). Even in toluene
solution (as a competitive solvent) the apparent Stern-Volmer
constant values were relatively high (Table 2, compound 4b) and
comparable with the constants observed for the iptycene-based

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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amplifying polymers® (Ksy = 1.17 x 10° M~ )"/ or polysilole
sensors (Ksy = 4.34 x 10° M~ '),"” and they were higher than that
of pyrene itself (Ksy = 3.1-3.9 x 10> M *).2 As for previously
reported 1,4-disubstituted [1.1.15.1.1]pentiptycenes (*Kgy = 1.0-
4.5 x 10> M~")*"* their apparent abilities for NAC detection
could be affected by inner-filter effects since they were excited at
the shorter wavelength (1ex = 300 nm). In order to substantially
reduce the above effects, the present compounds were excited at
longer wavelengths (1ex = 375 nm). The best sensory response
towards nitroaromates has been observed in the case of non-
substituted iptycene 4a (Fig. S57, ESIf), which can also be
explained by the higher ability of the non-substituted iptycene
cleft to fit in larger nitroaromatics. Indeed, the *Kgy values
reported for 2,4-DNT and TNT are apparently higher than those
reported previously.!”/27

This high quenching efficiency of the emission of chemosensors
4a-c upon the addition of NACs can be primarily attributed to
the static quenching mechanism due to the possible formation
of a non-fluorescent donor-acceptor complex in the ground
state via strong m-m interactions between the nitroaromatic
quencher and the pyrene moieties of 4a-c¢ and/or so-called
“sphere-of-action” quenching. In our experiments in the UV-Vis
spectra of the most representative iptycene 4a, the pyrene moiety
absorbance bands were found to be stable during the titrations
by NACs (Fig. S31-S32, ESI}), so no stable n-n-complex formation
was observed. These results may indicate the so-called false static
(quasistatic) quenching due to “sphere of action”.>” The commonly
accepted Perrin model describes this case of (false) static quenching
between randomly distributed fluorophores and quenchers that are
located in proximity. In this model, one assumes that there is
instantaneous quenching of an excited donor by a quencher
molecule, if the quencher is located inside a sphere of volume
V4 around the fluorophore and there is no quenching when the
quencher is outside of this quenching sphere.*® It is common,
that in “sphere of action” fluorescence quenching no ground
state complex is formed.>”

In order to demonstrate the selectivity of iptycenes 3-4 toward
nitroaromatic compounds, we carried out a fluorescence titration
experiment using a non-explosive compound (such as benzoqui-
none (BQ)), which also displays high electron affinity. Only sensor
4a, which shows the highest sensitivity towards NACs, exhibited a
very weak fluorescence quenching response to BQ even at very
high concentrations (2.0 x 107> M) with the apparent Stern-
Volmer constant of *Kg¢ = 0.38 x 10> M~ * (Fig. $31 and $32,
ESI%), while the other sensors exhibited only subtle changes in the
fluorescence spectra in the presence of high concentrations of BQ.

As a next step, we investigated the interaction of the best
sensor 4a with a non-aromatic nitro-explosive, i.e. RDX. It was
reported before that both pyrene*'’ and 1,4-disubstituted
[1.1.1h.1.1]pentiptycenes*’* demonstrated very weak interactions
with RDX at the limit of the diffusional quenching mechanism
due to both steric factors and the high LUMO energy restricting
the significant PET quenching. In our experiments, due to both
of its pyrene-based central moiety and the larger cavity, the sensor
4a demonstrated a very pronounced fluorescence quenching
response to RDX with a Stern-Volmer constant value as high as
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Fig. 6 (a) Fluorescence quenching of sensor 4a in the presence of RDX.
The insert shows the Stern—Volmer plot; (b) fluorescence decay profiles
for sensor 4a in the presence of RDX. The insert shows the 7o/71_g ratios.
The excitation wavelength was 375 nm and the solvent was THF.

1.53 x 10° M. Fig. 6 shows the result of spectrofluorimetric
titration of sensor 4a (1.00 x 10~ ° M) with incremental con-
centrations of RDX upon excitation with UV-light (1** = 375 nm).
Likewise for NACs, upon increasing the concentration of RDX
the fluorescence intensity of 4a decreases (Fig. 6a). The Stern—
Volmer plot demonstrates the close to linear fluorescence-
quenching response with the increased concentration of RDX.
Most probably in the case of RDX only one quenching mechanism,
i.e. sphere of action static quenching, could possibly be the
prevailing mechanism. To confirm that mechanism, the time-
resolved fluorescence emission of chemosensor 4a in the presence
of RDX has been investigated (Fig. 6b and Fig. S69-S77, Table S2,
ESIf). Thus, it has been concluded that the decay lifetimes
of chemosensor 4a were constant values of 4.78 ns, being
independent of the concentration of RDX. The quenching
efficiency of sensor 4a in response to RDX is better than that
of 2,4-DNT and TNT (Fig. 7). It is worth mentioning that
chemosensor 4a demonstrates a higher value of the Stern-Volmer
constant for RDX than pyrene itself*" and other chemosensors,'*
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Fig. 7 Quenching efficiency of 4a depending on the quencher type.

and also demonstrates a comparable value with a pyrene-based
turn-on probe for RDX reported by Anzenbacher Jr. and
co-workers.**¥

DFT modeling and studies

In order to fully understand the nature of the interaction of
RDX with sensor 4a and to provide further support to the
observed high fluorescence quenching response toward RDX,
density functional theory (DFT) calculation was carried out
using the Gaussian 09° suite of programs and employed the
density functional theory method using the Austin-Frisch-Petersson
functional with dispersion corrections’® and the balanced polarized
triple zeta basis set of Ahlrichs and co-workers.*!

After each geometry optimization, frequency calculations
were performed to ensure the local energy minimum structures.
The optimized structure of the complex of 4a with RDX is shown
in Fig. 8. As can be seen from Fig. 8, the RDX molecule shows a
strong tendency to form an inclusion complex with 4a via a face-
to-face binding motif. The calculated minimal intermolecular
distance between the molecular plane of 4a and that of NO,
moieties of RDX is about 3.30 A, which suggests the possibility
of n-m interactions between them.*’

In addition to the geometry of the complex “iptycene 4a*RDX”
the HOMO-LUMO energies for compounds 4a, 4b, and
previously reported®”® 1,4-bis(phenylethynyl){1.1.10.1.1]pentiptycene
(compound 6) were calculated using the same program suite
(Table 3 and Fig. 9). By analyzing the results of DFT-calculations,

/
/

Fig. 8 Optimized structure of complex 4a-RDX. The B3LYP/6-31G(d) level
of theory was used for the calculations.
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Table 3 APFD/DEF2-TZVP DFT calculations for the HOMO and LUMO of nitro-explosives and selected chemosensors

Compound Enomo, au (eV) Erumo, au (eV) Compound Enomo, au (eV) ErLumo, au (eV)
2,4-DNT —0.31211 —0.11373 3 —0.20979 —0.07510
(—8.4929) (—3.0947) (—5.7086) (—2.0435)
TNT —0.32498 —0.13096 4a —0.20272 —0.06276
(—8.8431) (—3.5636) (=5.5163) (-1.7077)
PA —0.31510 —0.14578 4b —0.20015 —0.06287
(—8.5743) (~3.9668) (—5.4463) (~1.7107)
RDX —0.32744 —0.08901 6“ —0.21643 —0.07338
(—8.9101) (—2.4220) (—5.8893) (—2.0334)
4a-RDX —0.20703 —0.07517
(—5.6335) (—2.0454)

“ From ref. 27a. The best LUMO matches are indicated in bold.

one may conclude that for pyrene-based iptycenes due to their
higher LUMO energies, as compared to previously reported
1,4-disubstituted pentiptycenes, PET quenching is more preferable
in the presence of both aromatic (2,4-DNT, TNT and TNP) and
non-aromatic nitro-explosives (RDX). The best response of
compound 4a towards RDX can be possibly explained by its
highest LUMO energy of —1.70 eV, compared to compound 4b
(-1.71 eV), and compound 6 (—2.03 eV),”’* which is 0.72 eV
(69.45 k] mol ") higher than the LUMO energy of RDX (—2.42 €V).
We assume that this 0.72 eV difference is the driving force
favoring the most efficient PET quenching of sensor 4a in the
presence of trace amounts of RDX.

In addition, the HOMO-LUMO band gaps for sensors 4a-b
are lower than that of for compound 6; therefore the electronic
transitions from the HOMO to the LUMO occur with lower
energy (upon photoexcitation with longer wavelength UV-light).
Thus, based on all of the above provided explanations one may
conclude that this high affinity of sensor 4a towards RDX is due
to its larger cavity compared to previously reported iptycenes,
which provides both the extra space to accommodate sterically
hindered RDX molecules and some extra binding sites provided
by aromatic walls of the iptycene cavity. In addition, the
introduction of the pyrene moiety into the iptycene core seems
to increase the LUMO energy level of pyrene-based iptycene vs.
pentiptycenes. Therefore, the first ones have higher affinity

E, eV ) 5, ", LUmMo
4.5 “‘;’3‘{’% ':‘.7:.‘%& M 3
T p ) }3.6} (2 . é'namcso
1 an 2 170 N & ~ ‘e,
25 [ab -2.03 . RX 2

6 (ref. 270) -2.42 4a + RDX

_ P
" AT A o
e (jefhold a

9§

5.88 ,*.

-8.91

HOMO

Fig. 9 DFT calculations for iptycenes 4a—b and 62’2 and RDX.
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(due to their higher LUMO) to non-aromatic nitro-explosives,
such as RDX.

Fabricating the sensor-doped polymer films and the sensory
chip

As a final step in order to explore the future practical application
of the herein reported chemosensors, we have prepared sensor
films by doping iptycenes 3 and 4a-c into a polyurethane matrix in
order to apply the obtained polymer films for the fluorescence
turn-off detection of nitro-explosives in their vapors.

For that we have solution-casted the solutions of sensors 3
and 4a-c in polyurethane (ca. 5% w/w) in the wells of aluminium
chips to form sensor films. After that these chips were exposed to
vapors of the components of nitro-explosives (TNT, 2,4-DNT and
RDX) at equilibrium. As shown in Fig. 10, depending on the
nature of both the sensor and the analyte, different fluorescence
quenching responses of the sensor films are observed. Thus,
after 250 seconds of exposure to the TNT and 2,4-DNT vapors,
observable fluorescence quenching (around 50% vs. unexposed
films) occurred for all the sensors. After 450 seconds, around
90% fluorescence quenching occurred (Fig. 10, bottom). In the
case of RDX, exposure for 450 seconds resulted in 50-75%
quenching. This can be explained by the higher vapor pressures
of 2,4-DNT and TNT compared to RDX. Upon re-equilibration in
pure air or by washing with methanol, the fluorescence of the
sensor films was recovered.

Conclusions

In summary, we have synthesized extended cavity pyrene-based
iptycenes for the turn-off fluorescence detection of RDX and
common hitro-aromatic explosives. Due to the presence of both
the large iptycene cavity and the central pyrene core these
chemosensors demonstrate high selectivity towards RDX (in
the case of the most representative chemosensor 4a, the Stern—-
Volmer constant value was as high as 1.53 x 10° M™') and
common nitroaromatic explosives (the Stern-Volmer constant
values were “Kgy = 0.4-8.0 x 10° M~ '). The “face-to-face”
binding mode between sensors 2-4 and nitro-explosives was
proposed to be the most probable based on both DFT calculations
and single crystal X-ray diffraction studies. The “sphere of action”
fluorescence quenching model was suggested based on the results
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Blank

TNT

2,4-DNT

RDX

3 4c 4b 4a

Fig. 10 Fluorescence quenching of PU films of sensors 3 and 4a—c in air
before (top) and after (middle) exposure to vapors of nitro-explosives. The
3D diagram (bottom) demonstrates the degree of quenching of the nitro-
explosive-exposed films vs. blank.

of UvV-titrations and time-resolved fluorescence emission
experiments. Further practical application of chemosensors 3
and 4 has been explored by preparing sensing chips for the
visual detection of NACs and RDX in the vapor phase. Thus,
these present pyrene-based iptycenes 4a—c can be used as new,
easily-prepared yet sensitive chemosensors for the visual detection
of nitro-explosives, especially RDX.

Experimental section

Measurements and characterization

"H (400 MHz) and “C NMR (100 MHz) spectra were measured
on a Bruker Avance-400 spectrometer. Fluorescence spectra
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were measured on Horiba-Fluoromax-4 and Ocean Optics
USB4000-FL spectrofluorometers. Fluorescence titration experiments
were carried out by using the Horiba-Fluoromax-4 and Ocean Optics
USB4000-FL spectrofluorometers. UV/Vis absorption spectra were
recorded on a Shimadzu UV-2550 spectrometer.

Materials and reagents

All chemicals and reagents were used as received from commercial
sources without further purification. Solvents for chemical
synthesis were purified or freshly distilled prior to use, according
to standard procedures. All chemical reactions were carried out
under an inert atmosphere. The synthesis of 1,3,6,8-tetrabromo-
pyrene 1 has been described previously.*® Compounds 4b-c were
synthesized according to the previous method.>***

General procedure for the synthesis of iptycenes 2-3

Method A. A mixture of 1,3,6,8-tetrabromopyrene (1 g,
1.93 mmol), anthracene (3.44 g, 19.31 mmol), sodium tert-
butoxide (0.77 g, 8.0 mmol) and freshly prepared sodium amide
(0.16 g, 4.1 mmol) was suspended in 60 mL of dry xylene and
the mixture was stirred at 140 °C for 48 h. The resulting
suspension was cooled to room temperature, washed with water
(3 x 50 mL) and dried over CaCl,. After filtration, the solution was
evaporated under reduced pressure, and the residue was separated
from the excess of anthracene by using column chromatography
(eluent : hexane, then dichloromethane-hexane (1:1)). The fractions
with the same Ry were collected and evaporated under reduced
pressure. After that the residue was dissolved in toluene (20 mL); the
mixture was kept at —18 °C for 24 h. The resulting precipitate was
filtered off to afford compound 3 as a 1:1 solvate with toluene
(200 mg, 0.25 mmol, 13%). The rest of the solvent was evaporated
under reduced pressure. The residue was separated again by
column chromatography using a 1:1 mixture of petroleum ether
and toluene as the eluent to afford the additional amount of
compound 3 and compound 2.

Method B. A mixture of 1,3,6,8-tetrabromopyrene (1 g,
1.93 mmol), anthracene (3.44 g, 19.31 mmol) and potassium
tert-butoxide (0.65 g, 5.79 mmol) was heated at 210 °C for 22 h.
The resulting melt was crushed, suspended in toluene (50 mL),
washed with water (3 x 50 mL) and dried over CaCl,. After
filtration, the solution was evaporated to dryness and separated
by column chromatography using a 1:1 mixture of petroleum
ether and toluene as the eluent.

Compound 2. Yield 24% (Method A), 40% (Method B).
M.p. > 250 °C. 'H NMR (CDCl,): 6.45 (s, 2H, H-C(sp?)), 6.47
(s, 2H, H-C(sp®)), 7.02 (m, 8H, anthracene), 7.56 (m, 8H, anthracene),
8.43 (s, 2H, pyrene), 8.58 (s, 2H, pyrene). >*C NMR (DMSO-d,):
48.6 (C(sp®)), 53.8 (C(sp®)), 117.0, 124.2, 124.3, 125.3, 125.4,
125.6, 125.8, 128.2, 128.9, 137.3, 143.0, 144.8, 144.8, 145.1.
EI-MS (m/z): 712 (100). Anal. calcd for C44H,4Br,: C, 74.14; H
3.40. Found: C, 73.97; H, 3.32%.

Compound 3. Yield 61% (Method A), 42% (Method B).
M.p. > 250 °C. 'H NMR (CDCl;): 6.43 (s, 2H, H-C(sp?)), 6.48
(s, 2H, H-C(sp%)), 7.04 (m, 8H, anthracene), 7.57 (m, 8H,
anthracene), 8.33 (d, 2H, J = 9.6 Hz, pyrene), 8.48 (d, 2H, J =
9.6 Hz, pyrene). *C NMR (DMSO-d,): 48.8 (C(sp?)), 54.0 (C(sp?)),
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117.0, 124.1, 124.2, 124.5, 125.4, 125.6, 126.2, 126.3, 128.1,
128.8, 141.8, 143.3, 144.8, 145.1. EI-MS (m/z): 712 (100). Anal.
Caled for C4H,4Br,: C, 74.14; H 3.40. Found: C, 73.97; H, 3.32%.

General procedure for the synthesis of iptycenes 4

A mixture of iptycene 3 (75 mg, 0.100 mmol) and the corres-
ponding organostannane (0.300 mmol), PACl,(PPh;), (7.4 mg,
0.010 mmol) and triphenylphosphine (5.5 mg, 0.02 mmol) was
stirred in dry toluene (15 mL) for 24 h under reflux. The solvent
was evaporated under reduced pressure and the oily residue
was separated by column chromatography by using a mixture of
petroleum ether and dichloromethane (20:1) as the eluent.

Typical procedure for the synthesis of compound 4a

Compound 3 (100 mg, 0.14 mmol) was dissolved in dry THF
(25 mL) and cooled to —78 °C under argon (Schlenk procedure).
n-BuLi solution in hexane (2.5 M, 0.12 mL, 0.31 mmol) was
added dropwise at —78 °C and the resulting mixture was
allowed to stand for 1 h while cooling was stopped and the
temperature of the mixture was increased to room temperature.
Methanol (15 mL) was added and the mixture was poured into
water (50 mL). The product was extracted with benzene (3 x
25 mL); the extract was dried over Na,SO,. After filtration the
solution was evaporated under reduced pressure to give the
product as colorless crystals. An analytical sample was obtained
by recrystallization from acetonitrile. Yield 70 mg (90%).
"H NMR (CDCl,): 5.78 (s, 2H, H-C(sp?)), 6.38 (s, 2H, H-C(sp?)),
6.99 (m, 8H, anthracene), 7.50 (m, 4H, anthracene), 7.95 (d, 2H,
J = 9.2 Hz, pyrene), 8.12 (s, 2H, pyrene), 8.46 (d, 2H, J = 9.2 Hz,
pyrene). *C NMR (CDCl,): 49.9 (C(sp?)), 55.0 (C(sp®)), 120.2,
121.4, 123.1, 123.8, 123.9, 125.2, 125.3, 125.9, 127.5, 128.1,
139.0, 142.4, 145.4, 146.3. EFMS (m/2): 554 (100). Anal. caled for
CusH,e: C, 95.28; H, 4.72. Found: C, 95.33; H, 4.92%.

Compound 4b. Yield 58 mg (82%). "H NMR (CDCl,): 5.61 (s,
2H, H-C(sp?)), 6.41 (s, 2H, H-C(sp?)), 6.96 (m, 8H, antracene),
7.23-7.29 (m, 4H, Ph), 7.47 (m, 8H, anthracene), 7.60-7.72 (m,
6H, Ph), 7.78 (d, 2H, J = 9.2 Hz, pyrene), 8.43 (d, 2H, J = 9.2 Hz,
pyrene). '*C NMR (CDCl;): 50.0 (C(sp®), 52.1 (C(sp?)), 121.4,
123.3, 123.7, 123.9, 125.2, 125.3, 125.4, 126.0, 126.8, 127.6,
128.5, 131.0, 132.9, 139.0, 139.2, 141.3, 145.6, 146.2. EI-MS
(m/z): 706 (100). Anal. caled for Cs¢Hz,: C, 95.15; H, 4.85. Found:
C, 95.02; H, 4.71%.

Compound 4c. Yield 50 mg (45%). '"H NMR (CDCI;): 0.88
(t, 6H, J = 7.2 Hz, CH;), 1.17-1.49 (m, 36H, thiopene-
CH,CH,(CH,)s), 1.90 (m, 4H, thiopene-CH,CH,), 3.05 (t, 4H,
J = 7.2 Hz, thiopene-CH,), 5.84 (s, 2H, H-C(sp%)), 6.40 (s, 2H,
H-C(sp?)), 6.98 (m, 10H, anthracene, H-4 (thiophene)), 7.05 (d,
2H, J = 3.2 Hz, H-3 (thiophene)), 7.36 (m, 4H, anthracene), 7.48
(m, 4H, anthracene), 8.04 (d, 2H, J = 9.6 Hz, pyrene), 8.46 (d, 2H,
J = 9.6 Hz, pyrene). ">*C NMR (CDCly): 27.2, 29.1, 29.3, 29.36,
29.4, 29.5, 29.7, 29.8, 30.4, 31.8, 31.9, 31.9, 49.9, 52.18, 121.6,
123.0, 123.8, 123.9, 124.1, 125.2, 125.3, 125.6, 125.9, 126.2,
128.5, 128.7, 136.5, 139.1, 143.1, 145.5, 146.07, 147.4. EI-MS
(m/z): 1054 (100). Anal. caled for C,6H;sS,: C, 86.48; H, 7.45.
Found: C, 86.33; H, 7.29%.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fluorescence quenching studies in solution

Solutions of 2, 3 and 4a-c were prepared by dissolving the
samples in freshly distilled dry THF. In a typical titration
experiment, 1.0 mL of the solution of sensors (1-10 x 10~° M)
was placed in a standard quartz macrocell, followed by adding
aliquots of ca. 0.1 molar equivalent of each nitro-explosive in a
solution of the sensor.

The fluorescence emission spectra were measured (298 K)
under /., = 375 nm. The fluorescence quenching experiments were
carried out by means of the titration of the solutions (1-10 x 10~ ° M)
of sensors.

Fluorescence quenching of sensors 3 and 4a-c in polymer
matrices

The THF solutions of sensors 3 and 4a-c in polyurethane (ca.
5% w/w) were solution-casted in wells of aluminium chips to
form sensor films. After evaporation of the solvent overnight at
room temperature the resulting chips were exposed to vapors of
components of nitro-explosives (TNT, 2,4-DNT and RDX) at
equilibrium. The fluorescence quenching of the chips was
carried out by placing the sensor chip in a tall sealed glass
chamber in which the analyte vapors had been equilibrated. The
equilibrium vapor pressure for TNT at 25 °C is 9.4 ppb v/v,**“ for
2,4-DNT it is 180 ppb v/v,**” and for RDX it is 0.006 ppb v/v.*>*
These analytes were delivered to the sample chip by diffusion.
The blank samples were prepared by placing the scotch-tape
film over the wells to prevent the penetration of the vapors of
nitro-explosives.

Abbreviations

NB Nitrobenzene

2,4-DNT  2,4-Dinitrotoluene

TNT 2,4,6-Trinitrotoluene

TNP 2,4,6-Trinitrophenol

RDX 1,3,5-Trinitroperhydro-1,3,5-triazine
BQ Benzoquinone
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