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Abstract: The binding behaviour of two ureido-hexahomotrioxacalix[3]arene derivatives bearing
naphthyl (1) and pyrenyl (2) fluorogenic units at the lower rim towards selected nitroaromatic
compounds (NACs) was evaluated. Their affinity, or lack of it, was determined by UV-Vis absorption,
fluorescence and NMR spectroscopy. Different computational methods were also used to further
investigate any possible complexation between the calixarenes and the NACs. All the results show
no significant interaction between calixarenes 1 and 2 and the NACs in either dichloromethane or
acetonitrile solutions. Moreover, the fluorescence quenching observed is only apparent and merely
results from the absorption of the NACs at the excitation wavelength (inner filter effect). This
evidence is in stark contrast with reports in the literature for similar calixarenes. A naphthyl urea
dihomooxacalix[4]arene (3) is also subject to the inner filter effect and is shown to form a stable
complex with trinitrophenol; however, the equilibrium association constant is greatly overestimated
if no correction is applied (9400 M−1 vs 3000 M−1), again stressing the importance of taking into
account the inner filter effect in these systems.

Keywords: hexahomotrioxacalix[3]arenes; nitroaromatic compounds; calixarene-nitroaromatic
supramolecular association; explosives sensing; fluorescence inner filter effect

1. Introduction

The detection of explosives continues to be an imperative task for all countries in their
antiterrorist and homeland security activities. These materials, with their huge destruction
potential, can be cheaply and easily prepared. Among them, nitroaromatic compounds
(NACs), such as trinitrotoluene (TNT), dinitrotoluene (DNT) and trinitrophenol (TNP,
also known as picric acid), are common explosives used for military purposes and the
principal components of landmines [1,2]. They are also employed in agrochemical and
pharmaceutical industries, being considered environmental pollutants. Concerning human
health, they can cause skin irritation, eye cataracts, male infertility, kidney and liver damage,
among other diseases [1,2].

Although a wide variety of methods have been used for trace detection of explo-
sives, such as mass spectrometry, ion mobility spectrometry, surface enhanced Raman
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spectroscopy, gas chromatography coupled with different detectors and nuclear quadruple
resonance, expensive and complex equipment is required, causing limitations for their use
in real-time applications [3]. Therefore, low-cost detection techniques, with high portability,
high sensitivity and selectivity are needed for in-field analyte effective sensing. Among
analytical techniques, luminescence-based methods meet these requirements [4].

Lately, a wide range of fluorescence sensors for monitoring explosives in the solid,
solution and vapor phases have been developed [5], in particular based on calixarenes [6,7].
Owing to their structural features, these macrocycles have been widely investigated as
ion and neutral molecule receptors [8,9]. They possess a pre-organized cavity available
in different sizes and conformations, and they can be functionalised at the upper and
lower rims, leading to an almost unlimited number of derivatives. Fluorophores such as
naphthalene, anthracene and pyrene are among the most incorporated in the calixarene
framework, leading to potential fluorescent probes for NACs [10–16]. The introduction
of calix[4]arene moieties in fluorescent conjugated polymers has also been used to detect
explosives [17,18].

In the course of our recent studies on anion binding by fluorescent homooxacal-
ixarenes [19–21], calixarene analogues in which the CH2 bridges are partly or completely re-
placed by CH2OCH2 groups [22,23], we have extended our research into the recognition of a
different kind of analyte, namely nitroaromatic compounds, by hexahomotrioxacalix[3]arene-
based receptors. These macrocyclic compounds, with an 18-membered ring and having
only two basic conformations, have already been investigated to detect explosives. A
triazole-modified hexahomotrioxacalix[3]arene has been reported as a selective chemosen-
sor for TNP, evidenced by UV-Vis and fluorescence studies [24]. Thus, in this paper, we
investigate the binding behaviour of two ureido-hexahomotrioxacalix[3]arene derivatives
recently obtained and containing naphthyl (1) or pyrenyl (2) residues at the lower rim,
towards selected NACs (Scheme 1). Their affinity, or lack of it, was determined by UV-Vis
absorption, fluorescence and NMR spectroscopy. Different computational methods were
also performed to bring further insights to the analysis of the complex formation between
the calixarenes and the NACs.
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2. Results and Discussion
2.1. Detection of Nitroaromatic Explosives
2.1.1. UV-Vis Absorption and Fluorescence Studies

Recently, we reported the anion binding properties of fluorescent ureido-hexahomo-
trioxacalix[3]arene receptors 1 and 2, obtained in the partial cone conformation [21]. Fol-
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lowing this line of research, the potential of naphthyl (1) and pyrenyl (2) ureas as chemosen-
sors to detect nitroaromatic explosives was explored by fluorescence titrations. Selected
NACs, 2-nitrotoluene (NT), 2,4-dinitrotoluene (DNT), 2,4,6-trinitrotoluene (TNT), 2,4,6-
trinitrophenol (TNP), 1-nitrobenzene (NB) and 1,3-dinitrobenzene (DNB), were tested in
dichloromethane and, in the case of 1, also in acetonitrile (Figure 1). TNT from a military
grenade was also analysed, showing similar results to the commercially sourced sample.
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Figure 2. Normalised emission spectra of 1 (blue) and 2 (green)  in CH2Cl2 at 25 °C. [1] = 20 μM, 
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to 1 in both solvents, as shown for NB in Figure 3, as well as upon addition of TNP to 2 in 

dichloromethane (Figure S1). 

Figure 1. Structures of the nitroaromatic compounds studied.

Compound 1 exhibits emission bands at approximately 375 nm in dichloromethane
and acetonitrile, characteristic of the naphthylurea group, while compound 2 presents both
monomer (ca. 400 nm) and excimer (ca. 500 nm) bands in dichloromethane arising from
the pyrene moieties, as reported previously (Figure 2) [21].
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Figure 2. Normalised emission spectra of 1 (blue) and 2 (green) in CH2Cl2 at 25 ◦C. [1] = 20 µM,
λex = 300 nm; [2] = 10 µM, λex = 340 nm.

A decrease in the fluorescence intensity was observed upon addition of all the NACs
to 1 in both solvents, as shown for NB in Figure 3, as well as upon addition of TNP to 2 in
dichloromethane (Figure S1).

As all NAC studied significantly absorb at 300 nm and TNP absorbs also at 340 nm
(Figure 4 and Figure S2) the excitation wavelengths used in the case of naphthyl urea 1 and
pyrenyl urea 2, respectively, it is essential to correct for this inner filter effect (absorption of
the NAC at the excitation wavelength) before concluding on the existence of genuine static
fluorescence quenching (association quenching).
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Figure 3. Relative fluorescence intensity (black circles) of Napht urea 1 (20 µM) upon addition of NB
(up to 20 equiv) in (a) CH2Cl2 and (b) MeCN. F0 is the intensity in the absence of quencher. Also
shown are the intensities corrected for the inner filter effect (red circles). λex = 300 nm.
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Figure 4. Electronic absorption spectra of the NACs in CH2Cl2.

In the case of emission collected only from the centre of the cell, as is the current situa-
tion, the correction of the excitation inner filter effect is straightforward, as it immediately
follows on from Beer’s law (1):

Fcorr = 10∆A/2F (1)

where Fcorr is the corrected fluorescence intensity, F the measured fluorescence intensity, and
∆A = A − A0, where A and A0 are the absorbances (for 1 cm pathlength) at the excitation
wavelength for the solutions of calixarenes 1 and 2 with and without NACs, respectively. The
factor of 1/2 in the exponent accounts for the 0.5 cm effective pathlength of the exciting beam.

As shown in Figures 3 and 5 (see also Figures S3–S7 for the remaining nitroaromat-
ics), it is concluded that the fluorescence quenching by the NACs is only apparent and
merely results from the excitation inner filter effect. The apparent quenching indeed cor-
relates with the absorption coefficient of the NAC (Figure 4). No significant association
thus exists between calixarenes 1 and 2, and the NACs studied, both in dichloromethane
and acetonitrile.
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of 1 (10 µM) alone (black) and in the presence of 20 equiv. of NB (green). The absorption spectrum
of 20 equiv. of NB is also shown (dashed blue). Right side (long wavelengths): fluorescence spectra
(λex = 300 nm) of 1 (10 µM) alone (black) and in the presence of 20 equiv. of NB, before (green) and
after (dashed red) correction for the inner filter effect.

To further support this conclusion, UV-Vis absorption titrations were carried out with
both urea compounds and all the NACs (see, for example, Figure 6 for 1 + DNB and Figures
S8–S14), in order to evaluate association constants from absorption data.
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Figure 6. UV absorption spectra of Napht urea 1 (10 µM) upon addition of DNB (up to 30 equiv.) in
CH2Cl2. The arrow indicates increasing amounts of DNB. The spectra of the mixtures are the result
of the sum of the two constituent spectra.

The association constants determined (Table 1) for both 1 and 2 are indeed very small,
always lower than 0.1 M−1, with the exception of 1 + TNP in dichloromethane where it
is slightly higher. Thus, the results obtained in all cases indicate only the existence of
statistical complexes [25] of 1 and 2 with all NACs studied.

Table 1. Association constants (Kass/M−1) of ureas 1 and 2 with NACs determined by UV-Vis
absorption at 25 ◦C.

Solvent NT DNT TNT TNP NB DNB

1 CH2Cl2 <0.1 <0.1 <0.1 0.5 <0.1 <0.1
MeCN <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

2 CH2Cl2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
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The fluorescence decays of 1 can be fitted with a sum of three exponentials only
(Table 2). The complexity of the decay may result from the existence of several different
configurations of this supramolecular entity. All three decay components (and hence
the average lifetimes) show no significant changes (both in lifetimes and amplitudes)
upon NACs addition in substantial amounts (up to 30 equiv.), as shown in Table 2. This
invariability, associated with the apparent quenching of the steady-state fluorescence,
could mean that static quenching was operative. However, given the negligible association
constants found by UV-Vis absorption titrations, the conclusion is simply that no quenching,
either static or dynamic, takes place. Indeed, for a possible dynamic quenching mechanism
with diffusion control, NAC concentrations (always less than 200 µM) are too low for it to
be observable.

Table 2. Two- and three-exponential analysis of fluorescence decays of 1 with 30 equiv. of NACs in
CH2Cl2 at 25 ◦C.

τ1/ns (%) τ2/ns (%) τ3/ns (%)
_
τ/ns

1 * 0.35 (6) 2.6 (59) 9.3 (35) 4.8
1 + NT 0.33 (6) 2.5 (58) 8.6 (36) 4.6

1 + DNT 0.37 (6) 2.6 (59) 9.1 (35) 4.7
1 + TNT 0.39 (6) 2.7 (60) 9.4 (34) 4.8
1 + TNP 0.33 (6) 2.5 (57) 8.7 (37) 4.6
1 + NB 0.35 (6) 2.6 (58) 9.0 (36) 4.7

1 + DNB 0.35 (6) 2.6 (58) 8.8 (36) 4.7
* λex = 300 nm.

The conclusions based on fluorescence are in stark contrast with the claims from
two previous reports on NAC sensing using the fluorescence of calixarenes bearing naph-
thyl [13] and phenylethynylenyl moieties [14]. In these two cases, the excitation inner
filter effect is very likely at play but is not mentioned. Both inner filters, excitation and
emission, are frequently overlooked or entirely ignored in complexation studies based on
fluorescence. Even when not as drastic as in the above-mentioned systems, these effects, if
not accounted for, may result in grossly overestimated association constants [18].

An example of a homooxacalixarene system where this situation is observed is in the
interaction of 3 (Scheme 2) with TNP, with data now presented and analysed. This system
also exhibits a strong inner filter effect (Figure S15). As shown in Figure 7, the excitation
inner filter correction is not enough to restore the intensities to their original value. It is thus
concluded that a genuine quenching exists. Given the concentrations of quencher, dynamic
collisional quenching can be ruled out. This is indeed borne out by lifetime measurements
as displayed in Table 3. It can thus be concluded that the quenching is static, corresponding
to the formation of an association complex.
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Figure 7. Relative fluorescence intensity (black circles) of Napht urea 3 (10 µM) upon addition of
TNP (up to 20 equiv.) in CH2Cl2. F0 is the intensity in the absence of quencher. Also shown are the
intensities corrected for the inner filter effect (red circles). λex = 300 nm.

Table 3. Two- and three-exponential analysis of fluorescence decays of 3 with TNP in CH2Cl2 at 25 ◦C.

τ1/ns (%) τ2/ns (%) τ3/ns (%)
_
τ/ns

3 * 0.26 (10) 2.2 (12) 11.2 (78) 9.0
3 + 4 equiv. TNP 0.25 (10) 2.0 (12) 10.9 (78) 8.7
3 + 10 equiv. TNP 0.24 (10) 2.1 (12) 10.8 (77) 8.6

* λex = 300 nm.

Stern-Volmer plots of uncorrected and corrected fluorescence intensity data are shown
in Figure 8. It is observed that the uncorrected data deviate from linearity for the higher
concentrations, displaying a pronounced upward curvature. Note that, for the sake of
clarity in the comparison with corrected data, the last four points are omitted from Figure 8.
The slopes are the association constants in µM−1. It is thus seen that the uncorrected data
yield an apparent association constant of 9400 M−1, whereas the corrected data yield an
association constant of 3000 M−1 for a 1:1 complex.
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Figure 8. Linear regression of F0/F versus [TNP] (black circles) of Napht urea 3 (10 µM) upon
addition of TNP (up to 20 equiv.) in CH2Cl2. F0 is the intensity in the absence of quencher. Also
shown is the same linear regression for the intensities corrected for the inner filter effect (red circles).
λex = 300 nm.
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A sequential approach to the use of fluorescence in quenching studies, namely with
NACs, is depicted in Scheme 3, stressing the need to check for potential inner filter effects,
both in excitation (absorption by the quencher at the excitation wavelength) and emission
(absorption by the quencher at the emission wavelength). We concentrate here on the
excitation inner filter effect. In some cases, a change in the excitation wavelength suffices
to remove the interference. However, when extensive spectral overlap of the absorption
spectra of the fluorescent compound and quencher (NAC) exists, this may not be possible.
The use of cells with a small optical path can also work, if enough fluorescence intensity
is still obtained, and if the quencher absorption is weak. In any case, a correction should
still be applied, as is done here, even if only to confirm that the inner filter effect is indeed
negligible. Note that the correction depends on the emitting area sampled by the detector. In
many systems, as it happens in this work, only the central part of the cell matters. However,
there are correction formulas in the literature that do not apply to this case [18], so users
should check the situation for the fluorimeter used, in order not to apply inadequate
correction formulas.
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Scheme 3. Simplified sequence for the analysis of fluorescence quenching, highlighting the role of
potential inner filter corrections. To simplify, only the two main types of quenching are considered,
thus discarding situations of mixed quenching.

2.1.2. NMR Studies

Although unlikely, it is conceivable, in principle, that the host and guest can associate
without either the electronic absorption (of both host and guest) or the fluorescence (of the
host in this case) being altered, if chromophores and fluorophores are not directly involved
in the binding or indirectly affected by it. For this reason, the interaction between ureas 1
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and 2 and guests TNP, NB and DNB was also studied by NMR spectroscopy, in an effort to
add further insights into the possible binding of the NACs. Proton NMR titrations were
performed by adding increasing amounts of the NACs (up to 50 equiv.) to CDCl3 solutions
of 1 and 2. Due to the Cs-symmetry of the macrocycles, two sets of naphthyl/pyrenyl
aromatic protons are present in the spectra, resulting in extensive peak overlapping and,
consequently, greater difficulty to follow them during the titrations. However, it is possible
to observe small upfield shift variations (∆δ ≤ 0.06 and 0.15 ppm, respectively, for 1 and 2)
upon addition of TNP to the hosts (see, for example, Figure S16 for 1 + TNP). This shielding
effect may suggest weak interactions between the fluorophore moieties and the guest. No
variations were seen in the NMR spectra of both ureas throughout the titrations with DNB
and NB (see Figure S17 for 1 + DNB).

2.2. Computational Studies
2.2.1. Semiempirical Calculations

To further investigate any possible complexation between hexahomotrioxacalix[3]arene
ureas 1 and 2 and the NACs, they were subjected to computational analysis. The calixarenes,
NAC guests and their complexes were built in Spartan 20 [26] and geometry optimised
using molecular mechanics (MMFF) before gas phase semiempirical calculations (PM6)
were undertaken using our previously published methods [27,28]. The resulting structures
(Figures S18 and S19) indicate the possibility of π–π interactions in some cases, so the
thermodynamics of the systems were calculated.

To investigate the stabilities of these complexes, ∆G(binding) was calculated from (2):

∆G(binding) = ∆G(complex) −
[
∆G(host) + ∆G(binding)

]
(2)

An initial investigation, in which the NACs were bound by the macrocycles, generated pos-
itive values suggesting that the Gibbs energies of binding were unfavourable. Subsequent
calculations, in which the NACs interacted with the macrocycle aromatic substituents,
resulted in very negative values (Table S1). While the data support NAC binding, the
binding energies are, as is not uncommon with semiempirical calculations, unrealistically
large. Consequently, higher level DFT calculations were undertaken.

2.2.2. QM Calculations

The binding of the different guests with naphthyl urea 1 was also studied by a
QM/MM approach. The optimisation of the host shows energy minima structures, where
the two naphthyl urea arms oriented on the same side of the macrocyclic ring (pair P)
interact through π-stacking and hydrogen bonds, while the inverted arm (M) is isolated. In
solution, the guests may interact with the inverted arm (M) or with the pair of arms (P). The
computed binding energies obtained (Table 4) indicated that the guests form very labile
complexes with naphthyl urea 1, as shown by the positive or almost zero values, except for
TNP for which the Gibbs energy suggests some binding.

Table 4. QM/MM computed ∆G(binding) (kJ·mol−1) for complexes of 1 with NAC guests.

1

M P

NT 9.2 3.3
DNT −0.4 3.3
TNT 2.1 1.7
TNP −1.7 −13.0
NB 12.6 8.8

DNB 9.6 2.5
M denotes inverted urea arm. P denotes pair of urea arms on the same side of the macrocycle.
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Further refinement of the structures using DFT methods and analysis of interaction
modes between naphthyl urea 1 and a given guest (i.e., DNB) were performed using
B3LYP/6-31G(d,p) optimisations in the gas phase, resulting in twenty different initial
positions of the guest, leading to fourteen different minimised conformations. Optimised
structures and energies of free 1 and DNB ⊂ 1 are given in Figures S20, S21 and Table S2.

The most stable conformation of free 1 possesses intramolecular H-bonds between the
two urea groups oriented on the same side of the macrocyclic ring, and it is more stable
than the two other minima by about 37–42 kJ·mol−1 (Figure S20). The QM optimisations
of the DNB ⊂ 1 display a great variety of structures and interaction modes between the
calixarene and the guest (Figure S21). All the conformations are within an energy range
of 50 kJ·mol−1 and show typical host···guest interactions that can be either (i) H-bonding
between the oxygen atoms of one or two nitro groups of DNB and the hydrogen atoms from
one or two urea groups (see, for example, conformations 10, 8, 7 or 6); (ii) π···π interactions
between the aromatic phenyl moiety of DNB and the naphthyl group (conformations 12 or
13); (iii) inclusion of the DNB in the calixarene upper rim (conformations 3 or 4); (iv) CH
. . . π interactions between the aromatic ring of DNB and the urea oxygen (conformations
13 or 14). Complexation energies were calculated taking into consideration the most stable
conformation of 1 (conformation 3 in Figure S20), which explains the energy differences
obtained for interactions of similar nature, as for example the conformations 10 and 6 which
both display a NH···ONO2 interaction but differ in the conformation of the calixarene and
thus conducted to ∆E of −51.9 vs +3.4 kJ·mol−1. These QM calculations clearly show the
large variety of loose pairs that can be formed between 1 and DBN molecules.

2.2.3. MD Simulations

MD simulations were also performed in order to better understand the structure and
dynamics of the interactions between naphthyl urea 1 and the guests in solution. Systems
containing one host and either TNP, DNB or NT guests were simulated during 50 ns in
dichloromethane and acetonitrile solvent. Figure 9 shows initial and final configurations of
urea 1 with 20 DNB molecules in both solvents.

In solution, 1 always displays intramolecular H-bonds between the two urea arms
oriented on the same side of the macrocyclic ring. Meanwhile, the inverted naphthyl urea
arm is very flexible and has multiple conformations over time. In this case, as with the two
other guests, the DNB molecules are dispersed in the simulation box and display, during
the simulation, close contact with the calixarene. In both solvents, free guests remain either
isolated or involved in small loose pairs formed via π···π or CH···π interactions. TNP, DNB
and NT also interact with the calixarene during the simulation, as illustrated in Figure 10 by
snapshots of typical host···guest aggregates. NACs display close contact with the naphthyl
groups via π···π bonds, thus forming dimers or trimers with the naphthyl moiety.

In all the simulated systems, the global calixarene···guest interaction energies were
evaluated as a function of the nature of both guest and solvent (Table 5). The influence of
guest is the same in acetonitrile and dichloromethane. Total interaction energies obtained
from three independent MD runs show the same trends with TNP interacting more than
10 times more strongly than NT and 2–3 times than DNB. These variations correlate with
the number of urea arm···guest interactions observed during the simulations, which follow
the order TNP > DNB > NT in both solutions (Table 5). In acetonitrile, the interactions
are quite weak as the average number of urea arm···guest interactions is always below
1 and the lifetimes of the species are around 12–35 ps. Conversely, in dichloromethane,
the higher interaction energies are linked to more frequent urea arm···guest contacts with
longer lifetimes (up to 110 ps). On average, for all the guests and solvents, MD simulations
show the lability and slight interactions between the calixarene and the NACs in direct
connection with the experimental results.
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Table 5. Host···guest interaction energies and fluctuations (in kJ·mol−1), number of urea arm···guest
interaction (N) per arm and fluctuations (arm 1/arm 2/arm 3) and average lifetimes (in ps) a.

TNP DNB NT

MeCN E −110 ± 75 −29 ± 35 −11 ± 15
−123 ± 52 −31 ± 31 −13 ± 16
−123 ± 52 −22 ± 26 −12 ± 16

N 0.54/0.34/0.82 ± 0.68 (24–35) 0.30/0.26/0.30 ± 0.52 (22–35) 0.21/0.18/0.13 ± 0.42 (14–15)
0.74/0.41/0.50 ± 0.58 (20–34) 0.32/0.23/0.44 ± 0.47 (20–35) 0.17/0.16/0.17 ± 0.43 (14–15)
0.30/0.37/0.97 ± 0.53 (24–28) 0.24/0.27/0.17 ± 0.51 (25–30) 0.19/0.17/0.17 ± 0.41 (12–15)

CH2Cl2 E −246 ± 97 −86 ± 50 −17 ± 20
−336 ± 60 −59 ± 39 −18 ± 19
−247 ± 71 −93 ± 61 −35 ± 29

N 1.98/1.53/1.38 ± 0.68 (50–90) 0.58/0.33/0.83 ± 0.50 (21–37) 0.27/0.21/0.22 ± 0.42 (12–15)
1.30/1.69/1.79 ± 0.60 (50–110) 0.33/0.51/0.23 ± 0.52 (15–30) 0.20/0.19/0.26 ± 0.40 (14–16)
1.39/1.10/1.56 ± 0.55 (40–85) 0.43/0.51/0.54 ± 0.45 (28–40) 0.32/0.21/0.27 ± 0.42 (14–16)

a Napht urea 1···20 molecule guests in MeCN and CH2Cl2 (3 separate runs).

These conclusions are also consistent with the QM analysis (see above) and with
the value of the calculated electrostatic potential maps (Figure S22) that indicate a better
affinity between a naphthyl group, which has roughly a −50 kJ·mol−1 potential, and TNP
with a highly positive potential (+165 kJ·mol−1) compared to DNB (+95 kJ·mol−1) and NT
(+12 kJ·mol−1), thus explaining the large differences observed during the MD simulations.

3. Materials and Methods

The naphthyl (1) and pyrenyl (2) ureido-hexahomotrioxacalix[3]arene compounds
studied in this work were previously synthesised [21], as well as the naphthyl urea diho-
mooxacalix[4]arene 3 [20].

3.1. UV-Vis Absorption and Fluorescence Studies

Absorption and fluorescence studies were carried out using a Shimadzu UV-3101PC UV-
Vis-NIR spectrophotometer and a Fluorolog F112A fluorimeter in right-angle configuration,
respectively. The studies were made in CH2Cl2 and MeCN at 25 ◦C. The absorption spectra
were recorded between 225 and 400 nm and the emission ones between 320 and 550 nm and
using quartz cells with an optical path length of 1 cm. The excitation wavelengths used were
at the maximum absorption of the calixarenes, using a right-angle geometry. The titrations
were performed cell by cell with different concentrations of nitroaromatic compounds
up to 30 equiv. and with a constant concentration of the receptors (10–20 µM). Emission
spectra were corrected for the spectral response of the optics and the photomultiplier. In
addition, the emission spectra were further corrected for the internal filter effect. The
spectral changes were interpreted using the HypSpec 2014 program [29]. Time-resolved
fluorescence intensity decays were obtained using the single-photon timing method with
laser excitation and microchannel plate detection, with the set-up already described [30].
The excitation wavelength used was at the maximum absorption of the calixarene and the
emission wavelength at the maximum emission, using a right-angle geometry. Decay data
analysis with a sum of exponentials was achieved by means of a Microsoft Excel spreadsheet
specially designed for lifetime analysis that considers the convolution with the IRF.

3.2. 1H NMR Studies

Several aliquots (up to 50 equiv.) of the nitroaromatic compounds (TNP, NB and
DNB) in CDCl3 were added to CDCl3 solutions of the hosts (1.25 × 10–3 M) directly in the
NMR tube. The spectra were recorded on a Bruker Avance III 500 spectrometer after each
addition of the NAC’s, and the temperature of the NMR probe was kept constant at 25 ◦C.
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3.3. Computational Details
3.3.1. QM/MM Calculations

All QM/MM calculations were performed with a Gaussian 09 program [31] using an
ONIOM approach [32]. The QM part was carried out at a DFT level of theory with wB97XD
functional [33], which includes dispersion corrections. Atoms were described by Pople’s
basis set 6-31+G** [34]. The MM part was described by the Universal Force Field UFF [35].
Calculations were performed in solution and the solvent (DCM) described by a PCM [36].
Full geometry optimisations were performed, followed by a frequency calculation. Gibbs
free energies were extracted from this frequency calculation.

3.3.2. DFT Calculations

Geometry optimisations were performed with the Gaussian 09 program [31] with the
B3LYP density functional [37] and with the 6-31G(d,p) basis set. Starting structures for
geometry optimisation were constructed by hand with Spartan [26]. All reported structures
were confirmed as energy minima, with no negative eigenvalue in the Hessian matrix.
Electrostatic potential maps were performed with Spartan [26]. Details concerning the
molecular dynamics simulations are given in the Supporting Information.

4. Conclusions

The recognition of several nitroaromatic compounds by two fluorescent ureido-
hexahomotrioxacalix[3]arenes bearing naphthyl or pyrenyl residues at the lower rim was
investigated by different analytical and theoretical methods. As inferred from electronic
absorption, fluorescence, NMR spectroscopy and computational studies, naphthyl urea 1
and pyrenyl urea 2, both containing aromatic moieties, have no significant interaction with
nitroaromatic compounds in both dichloromethane and acetonitrile solutions. DFT calcu-
lations performed suggest the formation of very weak and labile complexes between the
calixarenes and the NACs, this being corroborated by MD simulations. On the other hand,
the observed fluorescence quenching is spurious and can be entirely ascribed to an excita-
tion inner filter effect, whereby the fluorescence decrease results from significant absorption
of the excitation radiation by the NAC. This is in stark contrast with the conclusions from
some previous reports on NAC sensing using the fluorescence of calixarenes bearing long
wavelength absorbing aromatic moieties. A naphthyl urea dihomooxacalix[4]arene (3) in-
vestigated is also subject to the inner filter effect but forms a stable complex with TNP;
however, the equilibrium association constant is largely overestimated (9400 M−1 vs 3000
M−1) if no correction to the inner filter effect is applied, again stressing the importance of
taking into account this effect.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/molecules28073052/s1, UV-Vis absorption spectra and
fluorescence intensity plots; NMR titration spectra; semiempirical calculations; details of molecular
dynamics simulations; DFT calculations. References [38–44] cited in the Supplementary material.

Author Contributions: A.S.M.: steady-state fluorescence and absorption experiments, data acquisi-
tion and analysis, editing; P.M.M.: supervision, NMR data acquisition, analysis and interpretation,
writing and editing; J.R.A.: NMR data analysis and interpretation; M.N.B.-S.: conceptualisation,
supervision, photophysics data analysis, interpretation and writing; P.J.C.: MM and semiempirical
calculations, analysis and writing; R.S.: DFT calculations and MD simulations, analysis and writing;
C.G.: QM/MM calculations, analysis and writing. All authors contributed to the discussion and final
form of the paper. All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank Fundação para a Ciência e a Tecnologia, Projects UIDB/00100/2020
and UIDB/04565/2020. A. S. Miranda thanks a PhD Grant ref. SFRH/BD/129323/2017 and
COVID/BD/152147/2022.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/molecules28073052/s1


Molecules 2023, 28, 3052 14 of 15

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Alexander Fedorov for performing the fluorescence life-
time measurements.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Sun, X.; Wang, Y.; Lei, Y. Fluorescence based explosive detection: From mechanisms to sensory materials. Chem. Soc. Rev. 2015, 44,

8019–8061. [CrossRef] [PubMed]
2. Martelo, L.M.; Marques, L.F.; Burrows, H.D.; Berberan-Santos, M.N. Explosive detection: From sensing to response. In Fluorescence

in Industry; Pedras, B., Ed.; Springer Series on Fluorescence; Springer: Cham, Switzerland, 2019; Volume 18.
3. Moore, D.S. Recent advances in trace explosives detection instrumentation. Sens. Imaging. 2007, 8, 9–38. [CrossRef]
4. Meaney, M.S.; McGuffin, V.L. Luminescence-based methods for sensing and detection of explosives. Anal. Bioanal. Chem. 2008,

391, 2557–2576. [CrossRef] [PubMed]
5. Rasheed, T.; Nabeel, F.; Rizwan, K.; Bilal, M.; Hussain, T. Conjugated supramolecular architectures as state-of-the-art materials in

detection and remedial measures of nitro based compounds: A review. Trends Anal. Chem. 2020, 129, 115958. [CrossRef]
6. Kumar, R.; Sharma, A.; Singh, H.; Suating, P.; Kim, H.S.; Sunwoo, K.; Shim, I.; Gibb, B.C.; Kim, J.S. Revisiting fluorescent

calixarenes: From molecular sensors to smart materials. Chem. Rev. 2019, 119, 9657–9721. [CrossRef]
7. Desai, V.; Panchal, M.; Dey, S.; Panjwani, F.; Jain, V.K. Recent advancements for the recognition of nitroaromatic explosives using

calixarene based fluorescent probes. J. Fluoresc. 2022, 32, 67–79. [CrossRef] [PubMed]
8. Gutsche, C.D. Calixarenes, An Introduction; Monographs in Supramolecular Chemistry; The Royal Society of Chemistry: Cambridge,

UK, 2008.
9. Neri, P.; Sessler, J.L.; Wang, M.-X. (Eds.) Calixarenes and Beyond; Springer International Publishing: Cham, Switzerland, 2016.
10. Lee, Y.H.; Liu, H.; Lee, J.Y.; Kim, S.H.; Kim, S.K.; Sessler, J.L.; Kim, Y.; Kim, J.S. Dipyrenylcalix[4]arene—A fluorescence-based

chemosensor for trinitroaromatic explosives. Chem. Eur. J. 2010, 16, 5895–5901. [CrossRef] [PubMed]
11. Zhan, J.; Zhu, X.; Fang, F.; Miao, F.; Tian, D.; Li, H. Sensitive fluorescence sensor for nitroaniline isomers based on calix[4]arene

bearing naphthyl groups. Tetrahedron 2012, 68, 5579–5582. [CrossRef]
12. Zhang, F.; Luo, L.; Sun, Y.; Miao, F.; Bi, J.; Tan, S.; Tian, D.; Li, H. Synthesis of a novel fluorescent anthryl calix[4]arene as picrid

acid sensor. Tetrahedron 2013, 69, 9886–9889. [CrossRef]
13. Cao, X.; Luo, L.; Zhang, F.; Miao, F.; Tian, D.; Li, H. Synthesis of a deep cavity calix[4]arene by fourfold Sonogashira cross-coupling

reaction and selective fluorescent recognition toward p-nitrophenol. Tetrahedron Lett. 2014, 55, 2029–2032. [CrossRef]
14. Boonkitpatarakul, K.; Yodta, Y.; Niamnont, N.; Sukwattanasinitt, M. Fluorescent phenylethynylene calix[4]arenes for sensing TNT

in aqueous media and vapor phase. RSC Adv. 2015, 5, 33306–33311. [CrossRef]
15. Bandela, A.K.; Bandaru, S.; Rao, C.P. A fluorescent 1,3-diaminonaphthalimide conjugate of calix[4]arene for sensitive and selective

detection of trinitrophenol: Spectroscopy, microscopy, and computational studies, and its applicability using cellulose strips.
Chem. Eur. J. 2015, 21, 13364–13374. [CrossRef] [PubMed]

16. Dinda, S.K.; Hussain, M.A.; Upadhyay, A.; Rao, C.P. Supramolecular sensing of 2,4,6-trinitrophenol by a tetrapyrenyl conjugate of
calix[4]arene: Applicability in solution, in solid state, and on the strips of cellulose and silica gel and the image processing by a
cellular phone. ACS Omega 2019, 4, 17060–17071. [CrossRef] [PubMed]

17. Prata, J.V.; Costa, A.I.; Teixeira, C.M. A solid-state fluorescence sensor for nitroaromatics and nitroanilines based on a conjugated
calix[4]arene polymer. J. Fluoresc. 2020, 30, 41–50. [CrossRef]

18. Barata, P.; Prata, J.V. Fluorescent calix[4]arene-carbazole-containing polymers as sensors for nitroaromatic explosives. Chemosensors
2020, 8, 128. [CrossRef]

19. Miranda, A.S.; Martelo, L.M.; Fedorov, A.A.; Berberan-Santos, M.N.; Marcos, P.M. Fluorescence properties of p-tert-
butyldihomooxacalix[4]arene derivatives and the effect of anion complexation. New J. Chem. 2017, 41, 5967–5973. [CrossRef]

20. Miranda, A.S.; Marcos, P.M.; Ascenso, J.R.; Berberan-Santos, M.N.; Schurhammer, R.; Hickey, N.; Geremia, S. Dihomooxacalix[4]arene-
based fluorescent receptors for anion and organic ion pair recognition. Molecules 2020, 25, 4708. [CrossRef]

21. Miranda, A.S.; Marcos, P.M.; Ascenso, J.R.; Berberan-Santos, M.N.; Menezes, F. Anion binding by fluorescent ureido-
hexahomotrioxacalix[3]arene receptors: An NMR, absorption and emission spectroscopic study. Molecules 2022, 27, 3247.
[CrossRef]

22. Cottet, K.; Marcos, P.M.; Cragg, P.J. Fifty years of oxacalix[3]arenes: A review. Beilstein J. Org. Chem. 2012, 8, 201–226. [CrossRef]
23. Marcos, P.M. Functionalization and properties of homooxacalixarenes. In Calixarenes and Beyond; Neri, P., Sessler, J.L., Wang,

M.-X., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 445–466.
24. Wu, C.; Zhao, J.-L.; Jiang, X.-K.; Ni, X.-L.; Zeng, X.; Redshaw, C.; Yamato, T. Click-modified hexahomotrioxacalix[3]arenes as

fluorometric and colorimetric dual-modal chemosensors for 2,4,6-trinitrophenol. Anal. Chim. Acta 2016, 936, 216–221. [CrossRef]
25. Sarova, G.; Berberan-Santos, M.N. Stable charge-transfer complexes versus contact complexes. Application to the interaction of

fullerenes with aromatic hydrocarbons. J. Phys. Chem. B 2004, 108, 17261.

http://doi.org/10.1039/C5CS00496A
http://www.ncbi.nlm.nih.gov/pubmed/26335504
http://doi.org/10.1007/s11220-007-0029-8
http://doi.org/10.1007/s00216-008-2194-6
http://www.ncbi.nlm.nih.gov/pubmed/18587566
http://doi.org/10.1016/j.trac.2020.115958
http://doi.org/10.1021/acs.chemrev.8b00605
http://doi.org/10.1007/s10895-021-02832-y
http://www.ncbi.nlm.nih.gov/pubmed/34687396
http://doi.org/10.1002/chem.200903439
http://www.ncbi.nlm.nih.gov/pubmed/20432415
http://doi.org/10.1016/j.tet.2012.04.076
http://doi.org/10.1016/j.tet.2013.08.083
http://doi.org/10.1016/j.tetlet.2014.02.029
http://doi.org/10.1039/C5RA02758F
http://doi.org/10.1002/chem.201500787
http://www.ncbi.nlm.nih.gov/pubmed/26239263
http://doi.org/10.1021/acsomega.9b02855
http://www.ncbi.nlm.nih.gov/pubmed/31646253
http://doi.org/10.1007/s10895-019-02466-1
http://doi.org/10.3390/chemosensors8040128
http://doi.org/10.1039/C7NJ00652G
http://doi.org/10.3390/molecules25204708
http://doi.org/10.3390/molecules27103247
http://doi.org/10.3762/bjoc.8.22
http://doi.org/10.1016/j.aca.2016.06.045


Molecules 2023, 28, 3052 15 of 15

26. Spartan 20 software, Version 1.1.3; Wavefunction Inc.: Irvine, CA, USA.
27. Sheehan, R.; Cragg, P.J. Supramolecular chemistry in silico. Supramol. Chem. 2008, 20, 443–451. [CrossRef]
28. Sambrook, M.R.; Vincent, J.C.; Ede, J.A.; Gass, I.A.; Cragg, P.J. Experimental and computational study of the inclusion complexes

of β-cyclodextrin with the chemical warfare agent soman (GD) and commonly used simulants. RSC Adv. 2017, 7, 38069–38076.
[CrossRef]

29. Gans, P.; Sabatini, A.; Vacca, A. Investigation of equilibria in solution. Determination of equilibrium constants with the
HYPERQUAD suite of programs. Talanta 1996, 43, 1739–1753. [CrossRef]

30. Menezes, F.; Fedorov, A.; Baleizão, C.; Valeur, B.; Berberan-Santos, M.N. Methods for the analysis of complex fluorescence decays:
Sum of Becquerel functions versus sum of exponentials. Methods Appl. Fluoresc. 2013, 1, 015002. [CrossRef]

31. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 09, Rev. D.01. Wallingford, CT, USA. 2016. Available online: https://gaussian.com (accessed on 2
March 2016).

32. Dapprich, S.; Komáromi, I.; Byun, K.S.; Morokuma, K.; Frisch, M.J. A New ONIOM implementation in Gaussian 98. Part 1. The
calculation of energies, gradients and vibrational frequencies and electric field derivatives. J. Mol. Struct. THEOCHEM 1999,
461–462, 1–21. [CrossRef]

33. Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615–6620. [CrossRef]

34. Ditchfield, R.; Hehre, W.J.; Pople, J.A. Self-consistent molecular orbital methods. IX. Extended Gaussian-type basis for molecular-
orbital studies of organic molecules. J. Chem. Phys. 1971, 54, 724. [CrossRef]

35. Rappé, A.K.; Casewit, C.J.; Colwell, K.S.; Goddard III, W.A.; Skiff, W.M. UFF, a full periodic-table force-field for molecular
mechanics and molecular-dynamics simulations. J. Am. Chem. Soc. 1992, 114, 10024–10035. [CrossRef]

36. Miertuš, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilization of ab initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, 55, 117–129. [CrossRef]

37. Becke, A.D. Density functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
38. Case, D.A.; Ben-Shalom, I.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, E.; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.; Ghoreishi, D.;

Gilson, M.K.; et al. AMBER 18. University of California: San Francisco, CA, USA, 2019.
39. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A. Development and testing of a general amber force field. J. Comput. Chem. 2004,

25, 1157–1174. [CrossRef] [PubMed]
40. Bayly, C.I.; Cieplak, P.; Cornell, W.D.; Kollman, P.A. A well-behaved electrostatic potential based method using charge restraints

for deriving atomic charges: The RESP model. J. Phys. Chem. 1993, 97, 10269–10280. [CrossRef]
41. Fox, T.; Kollman, P.A. Application of the RESP methodology in the parametrization of organic solvents. J. Phys. Chem. B 1998, 102,

8070–8079. [CrossRef]
42. Jorgensen, W.L.; Briggs, J.M. Monte Carlo simulations of liquid acetonitrile with a three-site model. Mol. Phys. 1988, 63, 547–558.

[CrossRef]
43. Allen, M.P.; Tildesley, D.J. Computer simulation of liquids. Clarendon Press: Oxford, UK, 1987.
44. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/10610270701302465
http://doi.org/10.1039/C7RA03328A
http://doi.org/10.1016/0039-9140(96)01958-3
http://doi.org/10.1088/2050-6120/1/1/015002
https://gaussian.com
http://doi.org/10.1016/S0166-1280(98)00475-8
http://doi.org/10.1039/b810189b
http://doi.org/10.1063/1.1674902
http://doi.org/10.1021/ja00051a040
http://doi.org/10.1016/0301-0104(81)85090-2
http://doi.org/10.1063/1.464913
http://doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://doi.org/10.1021/j100142a004
http://doi.org/10.1021/jp9717655
http://doi.org/10.1080/00268978800100371
http://doi.org/10.1016/0263-7855(96)00018-5

	Introduction 
	Results and Discussion 
	Detection of Nitroaromatic Explosives 
	UV-Vis Absorption and Fluorescence Studies 
	NMR Studies 

	Computational Studies 
	Semiempirical Calculations 
	QM Calculations 
	MD Simulations 


	Materials and Methods 
	UV-Vis Absorption and Fluorescence Studies 
	1H NMR Studies 
	Computational Details 
	QM/MM Calculations 
	DFT Calculations 


	Conclusions 
	References

