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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) are
environmental pollutants as well as well-known carcinogens.
Therefore, it is important to develop an effective receptor for
the detection and quantification of suchmolecules in solution.
In view of this, a 1,3-dinaphthalimide derivative of calix[4]-
arene (L) has been synthesized and characterized, and the
structure has been established by single crystal XRD. In the crystal lattice, intermolecular arm-to-arm π 3 3 3π overlap dominates and
thus L becomes a promising receptor for providing interactions with the aromatic species in solution, which can be monitored by
following the changes that occur in its fluorescence and absorption spectra. On the basis of the solution studies carried out with
about 17 derivatives of the aromatic guest molecular systems, it may be concluded that the changes that occur in the fluorescence
intensity seem to be proportional to the number of aromatic rings present and thus proportional to the extent of π 3 3 3π interaction
present between the naphthalimidemoieties and the aromatic portion of the guest molecule. Though the nonaromatic portion of the
guest species affects the fluorescence quenching, the trend is still based on the number of rings present in these. Four guest aldehydes
are bound to LwithKass of 2000-6000M-1 and their minimum detection limit is in the range of 8-35 μM. The crystal structure of
a naphthaldehyde complex, L.2b, exhibits intermolecular arm-to-arm as well as arm-to-naphthaldehyde π 3 3 3π interactions.
Molecular dynamics studies of L carried out in the presence of aromatic aldehydes under vacuum as well as in acetonitrile resulted in
exhibiting interactions observed in the solid state and hence the changes observed in the fluorescence and absorption spectra are
attributable for such interactions. Complex formation has also been delineated through ESI MS studies. Thus L is a promising
receptor that can recognize PAHs by providing spectral changes proportional to the aromatic conjugation of the guest and the extent
of aromatic π 3 3 3π interactions present between L and the guest.

’ INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) possess condensed
benzene structures. These are widespread organic environmental
pollutants formed during the incomplete combustion of carbon-
containing fuels apart from their occurrence in natural crude oil,
fossil fuels, and coal deposits.1 PAHs are known to be hazardous
for human kind because of their carcinogenic and mutagenic
properties.2-8 Owing to their lipophilic nature, their solubility in
water is very poor and hence they persist in the environment for a
longer period.9-11 However, these are degraded bymicrobials by
way of conversion to some of their oxidative products and hence
become soluble. So it is important to find effective receptors to
detect these even at low concentrations.12-20 In this regard,
calixarenes are of interest because of their preformed cavities,
well-organized binding cores, and also for the presence of
hydrophobic moieties. By appropriate derivatization, calix-
[4]arene can be made as a selective host for different guest ions
and molecules. In the literature Raman spectroscopy and chro-
matography methods have been employed for the detection of
PAHs.21-23 Though there are few reports on silver nanoparticles

of the functionalized calix[4]arene24-26 for the detection of
PAHs, to our knowledge there are no reports on the selective
recognition of PAHs by any calixarene derivative in solution
using absorption and emission spectroscopy techniques, and
hence the present study. Recently, our group was involved in
synthesizing several calix[4]arene derivatives and studying their
ion and molecular (amino acids) recognition properties.27-35

Thus, in this paper, synthesis and characterization of a naphtha-
limide calix[4]arene conjugate L has been reported and studied
for its interaction toward polycyclic aromatic hydrocarbons and
their related molecules by spectroscopy, crystallography, and
computational methods.

’RESULTS AND DISCUSSION

The receptor 1,3-dinaphthalimide functionalized calix-
[4]arene (L) has been synthesized by going through several
steps starting from p-tert-butylcalix[4]arene (1) followed by
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dinitrile (2) and then the diamine (3) derivative and the reac-
tion of 3 with naphthalic anhydride in dry ethanol as shown in
Scheme 1.27,36 The precursors and final products were character-
ized by analytical and spectral techniques (Experimental Section,
Supporting Information, SI 01).

The receptor molecule L has been characterized by 1H and
13C NMR, IR, ESI MS, and elemental analysis. The protons of
the bridged methylene appear at 3.28 and 4.34 ppm owing to the
diastereotopic coupling with a coupling constant of 13.2 Hz
indicating the cone conformation. L was studied for the recogni-
tion of compounds possessing a varying number of aromatic
rings through fluorescence and UV-visible spectroscopy. The
structure of L and its complex with naphthaldehyde (L.2b) have
been established by single crystal XRD.
Structure of L. Single crystals of L were grown from chloro-

form solution by slow evaporation and the diffraction data were
collected at 120 K on OXFORD DIFFRACTION XCALIBUR-
S. L crystallizes in the monoclinic system with space group P21/n
(Z = 4) by accepting one chloroformmolecule per one unit of the
complex as solvent of crystallization. Preliminary data of diffrac-
tion, structure determination, and refinement are given in the SI,
section 02. The single crystal XRD structure of L exhibits cone
conformation for the calixarene as the lower rim intramolecular
circular hydrogen bonding is being retained (Figure 1). The cone
conformation persists even in the solution as is evident from the
1H NMR spectrum. The corresponding dihedral angles of the
two arms were found to be different except for C45-C46-N1-

C58 = C59-C60-N2-C72 = -86.5�. Interestingly, the
naphthalimide moiety of one of the arms lies almost perpendi-
cular to the principal axis of the calixarene platform, while the
other is in a parallel orientation. In the lattice, four units of L
come closer wherein two of these extend one of their arms in
such a way that there exists a π 3 3 3π stacking of naphthalimide
moieties disposed at a distance of 3.678 Å (Figure 2). All this
results in a well-organized channel-like molecular architecture
that is well poised for trapping aromatic guest molecules by using
the hydrophobic regions formed between calix-conjugate units
(Figure 2).
Fluorescence Titration of L. L has been titrated with differ-

ent aromatic derivatives shown in Chart 1. The choice for such
molecules arises from the point of view of understanding the
effect of ring size (one or more aromatic rings) and substitution-
(s) on fluorescence quenching of L.
The titrations were carried out in acetonitrile by exciting the

solutions at 334 nm and measuring the emission intensity in the
range 344 to 550 nm. The studies were carried out by maintain-
ing the concentration of L at 10 μM throughout the experiment
and varying the mole ratio of the added guest molecule. As the
emission has some contribution from the added guest, like what
happens in the case of the anthracenyl moiety (the emission
intensity is indeed low when the guest molecule is bound to
-CHO or -OH), corresponding emission of the guest species
was subtracted before analyzing the data quantitatively.While the
subtraction was done in every case, a representative titration in

Scheme 1. Synthesis of La

aReagents and conditions: (a) K2CO3, NaI, ClCH2CN, dry acetone, reflux for 12 h. (b) LiAlH4, dry THF, reflux for 7 h. (c) Naphthalic anhydride,
dry C2H5OH, reflux for 12 h. R = t-Bu.

Figure 1. Stereo view of the molecular structure as obtained from the single crystal XRD of L.
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the case of 1c has been shown in Figure 3. The emission band
observed at 378 nm for L gradually decreases as the concentra-
tion of the added guest species increases. Representative titration
results were shown in the case of 2c (Figure 4a). The number of
folds of quenching observed at saturation has been shown in
Figure 4b for all the cases and the histogram clearly suggests
significant quenching in the case of the guests possessing
aromatic moiety. The quenching is higher when this is the
anthracenyl or pyrenyl moiety. Thus the extent of fluorescence
quenching by different guests has the following order: pyrenyl- >
anthracenyl-. naphthyl- > phenyl-. The fluorescence quenching
is high by ∼4- to 5-fold on going from phenyl to naphthyl and
∼20-fold high on going from naphthyl to anthracenyl and it is

only 2-fold on going from the anthracenyl to the pyrenyl moiety.
All these results suggest that for the recognition, at least a
naphthyl or higher size aromatic moiety should be present in
the guest species.
Effect of aromatic ring size on fluorescence quenching:

The quenching of the 378 nm emission band follows a trend,
pyrenaldehyde (2d) . Glu-2-AI (5c) ∼ 9-anthraldehyde (2c) .
2-hydroxy naphthaldehyde (3b) > Glu-2-NI (5b) > naphthal-
dehyde (2b) ≈ salicilaldehyde (3a) ≈ Glu-2-SI (5a) g sub-
stituted phenyl derivatives as well some unsubstituted aromatic
molecules (Figure 4b and SI, section 04). Thus while phenyl
derivatives exhibit minimal quenching, those of anthracenyl and
pyrenyl derivatives exhibit very high quenching, and hence it is
possible to quantify guests possessing anthracenyl or higher
aromatic moiety. Among the aromatic aldehydes, the fluorescene
quenching efficiency has the following trend: 2a, 2b < 2c < 2d
(Figure 5b), suggesting that as the size of the aromatic ring
increases the fluorescence quenching ability also increases. A
similar trend was observed in the fluorescence quenching of L,
even among the aromatic glucosyl derivatives (5a , 5b < 5c)
(Figure 5c), supporting that the size of the aromatic ring plays a
role in quenching the fluorescence, since the bigger aromatic
moieties are expected to have greater π 3 3 3π interactions. The
presence of π 3 3 3π interactions between L and the guest
molecule has been shown in this paper based on absorption,
crystal structure of L.2b, and computational studies. Fluores-
cence quenching has indeed been attributed to the presence of
π 3 3 3π interactions in the literature.37,38 On the basis of
our study, it may be noted that the increase in quenching is
∼5-fold on going from phenyl to naphthyl and about ∼3-fold
on going from naphthyl to anthracenyl and ∼2-fold on
going from anthracenyl to pyrenyl. Thus there is about a 30- to
35-fold increase in the quenching of fluorescence intensity on
going from phenyl-based derivatives to those of the pyrenyl-
based ones.
Effect of substituent on fluorescence quenching: The 378

nm emission band is not affected by the titration of Lwith simple
aromatic guests, namely, benzene and naphthalene, but dimin-
ished when titrated with polar group attached derivatives, such as
2a and 2b (Figure 6). The presence of an electron-withdrawing
group such as -OH on the aromatic ring increases the quench-
ing of fluorescence of L. The 2a shows minimal quenching in the
fluorescence of L when compared to 3a, which has an -OH
group ortho to the aldehyde. Similarly, 2b shows less quenching
when compared to its -OH-substituted counterpart. Thus the
extent of quenching seems to be dependent on both the ring size
and the substituent present on the aromatic ring.
Fluorescence quenching of L is due to the transfer of electrons

from the excited naphthlalimide moiety of the calix-conjugate

Chart 1. Aromatic Hydrocarbons and Their Derivatives
(5a, 5b, 5c, 6b, 6c)aUsed in the Fluorescence and Absorption
Studies

a5a: 1-(D-glucopyranosyl-2-deoxy-2-iminomethyl)-2-hydroxybenzene
(Glu-2-SI). 5b: 1-(D-glucopyranosyl-2-deoxy-2-iminomethyl)-2-hydroxy-
napthalene (Glu-2-NI). 5c: 1-(D-glucopyranosyl-2-deoxy-2-iminomethyl)-
anthracene (Glu-2-AI). 6b: N-(2-hydroxynapthylid-2-ine)butylamine
(BNI). 6c: N-(2-hydroxyanthracenylid-2-ine)butylamine (BAI).

Figure 2. Crystal packing diagram of L.
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and then to the aromatic guest molecule that presumably
is facilitated by the extent of π 3 3 3π stacking and also due to
some weak interactions present between the polar groups of the
host-guest complex. Since benzene and its derivatives, such as
2a, 3a, 4a, 4b, and 4c, are just phenyl-based ones, these affect the
fluorescence of L to the least extent. The extent of quenching
increases considerably as the aromatic ring size increases, result-
ing in a better stacking while the polar ends drive the molecule
toward polar groups of L. Interactions of 2b with L results in the
formation of a 3:2 complex as analyzed by single crystal XRD and
the results are reported in this paper. The moderate quenching
observed in the case of 5b and 3b results from both stacking as
well as the interactions present between the polar groups in the
host-guest complex. All this is more pronounced in the case of

Figure 3. (a) Fluorescence spectra obtained during the titration of Lwith 1c (inset: fluorescence spectrum of L in the absence of a guest molecule). (b)
Fluorescence spectra obtained at similar concentrations of 1c as in (a) as control. (c) Difference spectra obtained by subtracting (b) from the
corresponding one in (a). Titrations were carried out between 6� 10-4M solution ofL to result in a cuvette concentration of 10 μMand varied volumes
of 6 � 10-4 M solution of 1c to result in appropriate mole ratios.

Figure 4. Fluorescence data for the titration of L by aromatic guests in acetonitrile: (a) Spectral traces obtained during the titration of L with 2c. (b)
Histogram representing the number of folds of quenching of fluorescence ofL by various aromatic guests (refer to Chart 1). Titration details are the same
as that given in the caption of Figure 3.

Figure 5. Plot of relative fluorescence intensity of L as a function of the mole equivalents of the aromatic guest molecules (refer to Chart 1): (a) 1a (9),
1b (b), and 1c (2); (b) 2a (9), 2b (b), 2c (2), and 2d (1); (c) 5a (9, Glu-2-SI), 5b (b, Glu-2-NI), and 5c (2, Glu-2-AI).

Figure 6. Plot of relative fluorescence intensity of L as a function of the
mole equivalents of the guest molecule added: (a) hydroxy aromatic
aldehydes, such as 2a (9), 3a (b), 2b (2), and 3b (1). (b) Nitro
aromatic compounds, such as 4b (9), 4a (b), and 4c (2).
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2c and 5c, followed by 2d owing to the increase in the size of the
aromatic moiety. On the basis of the recognizable changes
observed in fluorescence quenching, minimum detection limits
for aromatic aldehydes were found to be 8.85 ( 0.05, 19.85 (
0.15, and 33.8 ( 0.4 μM for 2d, 2c, and 2b, respectively (SI,
section 04). The Stern-Volmer quenching constants calculated
were given in Table 1.
Absorption Titration of L by Aromatic Guest Molecules.

Absorption titrations were carried out to support the results
obtained from the fluorescence titrations and also to confirm the
binding of the aromatic guest molecule with L. The absorbance
of the 230 nm band decreases upon addition of the guest
molecule, which is characteristic of the π 3 3 3π interaction
between L and the guest (Figure 7 and SI, section 05).32 The
extent to which the absorbance decreases follows a trend, i.e.,
pyrenyl > anthracenyl > naphthyl > phenyl, and this trend is the
same as that observed from the fluorescence quenching studies.
The association constants were found to be in the range 2500-
6000 M-1, with 2d > 2c > 2b (could not be determined in the
case of 2a), indicating the presence of incremental levels of
π 3 3 3π interaction between L and aldehyde-guests owing to the
size of the aromatic portion.
ESI-MS Studies. ESI-MS spectra of L treated with 2d ex-

hibited two very low abundance peaks, one at 1667 and the other
at 1787, besides a major [1118 for {LþNa}, 100%] and a minor
[1340 for{L þ Na þ N-alkylnaphthalimide fragment, 2.5%}]
peak. Similar low abundance peaks are observed even in the case
of other aldehyde-guests (2b and 2c) except for 2a (SI, section
06). The low abundance of the peaks arising for the complex may
be attributable to the weak interactions proposed. The corre-
sponding data have been given in Table 2.
Molecular Dynamics Studies. The L and aromatic alde-

hydes were optimized as explained in the Experimental Section
and the structures obtained from B3LYP/6-31G have been
used in simulation studies. MD studies were carried out to obtain

the structures of the complexes formed between L and
aldehyde-guest under vacuum as well as in acetonitrile medium.
In each case, except that of 2a, mainly two aldehyde-guests
were found to be interacting with the naphthalimide arms of L, at
the end of 2 ns vacuum simulation. However, some aldehyde-
guests were found to exhibit self-aggregation without interacting
with L (Figure 8). From this outcome, all the noninteracting
aromatic aldehydes were removed and those interacting with
L (i.e., a 1:2 complex) were retained. At this stage, the complex
was subjected to a 500 ps simulation under vacuum as well as
in acetonitrile medium. At the end of these simulations, it
was observed that some aldehyde-guests still interact with the
naphthalimide arm of L (Figure 8). The results were found
to be similar when these simulations were performed with 2b, 2c,
and 2d; however, no interacting 2a was observed from the
simulations carried out under vacuum or in acetonitrile. Indeed,
the fluorescence of L was not quenched by titration with 2a.
The interaction of these aldehyde-guests is throughπ 3 3 3πwith
a distance range of 3.6 to 4.2 Å� and the percent of overlap
observed follows the trend, 2d > 2c > 2b, and the results reflect
on the size of the aromatic moiety present in the guest.
As compared to 2b, the percent of overlap is 2-fold greater
for 2d and it is 1.5-fold greater for 2c. All this is in line with what

Table 1. Stern-Volmer quenching constants for the titration of L with aromatic guest molecules

aromatic guest Ksv (M
-1) aromatic guest Ksv (M

-1)

benzaldehyde (2a) 773((87) 3-nitrotoulene (4b) 922((96)

naphthaldehyde (2b) 7836((183) 4-nitrotoulene (4c) 1026((135)

anthraldehyde (2c) 37977((1865) 2-nitrotoulene (4a) 1356((110)

pyrenaldehyde (2d) 90118((4021) Glu-2-SI (5a) 3595((170)

salicylaldehyde (3a) 6174((411) Glu-2-NI (5b) 21093((57)

2-OH napthaldehyde (3b) 24586((914) Glu-2-AI (5c) 36478((1572)

BNI (6a) 28552((3228) BAI (6b) 52000((164)

Figure 7. (a) Absorption spectral studies for the titration of L with pyrenaldehyde (2d) after subtracting the corresponding control. (b) Plot of
absorbance of 230 nm band of L as a function of the mole equivalents of the aromatic aldehydes: 9, 2a; b, 2b; 2, 2c; 1, 2d. (c) Histogram showing
1/(A - A0) for the titration with the same aromatic aldehydes.

Table 2. ESI MS Studies of L with Aromatic Aldehydes

m/z species assigneda

1667 {L þ X þ 1.5 � 2d}

1787 {L þ 3 � 2d}

1687 {L þ X þ 2 � 2c-CHO}

1778 {(L-H) þ X þ 2 � 2c þ 2Na}

1856 {L þ 2 � X þ 2 � 2b}

1449 {L þ X þ 2b-CHO}
aX = N-alkylnaphthalimide fragment with 224 mass units.
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was observed in the fluorescence quenching, e.g., 2d > 2c > 2b.
2a. Such π 3 3 3π interactions were noticed from the lattice
structure of the complex formed between L and 2b, as given in
this paper.
Computational studies carried out under vacuum with 4

molecules of L and 12 molecules of 2b resulted in species (SI,
section 07) possessing π 3 3 3π interactions between 2b mole-
cules (4.165 Å), one 2b and the naphthalimide arm (NI) (3.8 to
4.0 Å), and between the NIs of the arms coming from two
neighbor Ls (3.9 to 4.7 Å). Interactions such as NI 3 3 3NI and
2b 3 3 3NI were found in the crystal lattice of the complex of L.2b
with distances being 3.7 to 4.1 Å, as reported in this paper.
Structure of the Complex of L.2b. Single crystals of the

complex of L.2b suitable for X-ray diffraction were obtained from
the mixture of chloroform and acetonitrile (1:1) by slow
evaporation. Since the crystals were found to be unstable, the
data collection was done under a stream of liquid nitrogen. L.2b
crystallizes in a centrosymmetric triclinic system. The asym-
metric unit is comprised of two molecules of L and three
molecules of 2b. Orientation of the NI side arms differs
considerably among the two L molecules present in the

asymmetric unit. In one L, both arms are oriented on the
same side, whereas in the other, they are opposite each other
(Figure 9).
In the lattice, L are arranged to form layers, where the two

adjacent layers have opposite flow of direction. The arms are
oriented to facilitate the intermolecular π 3 3 3π stacking interac-
tions of the NI units from the adjacent layers. The packing
diagram (Figure 10) reveals the importance of these π 3 3 3π
stacking interactions in the formation of the L.2b adduct. Two of
the three symmetry independent 2b molecules are found to be
arranged parallel to the NI units from the adjacent layers while
the third one lies in a vertical way (along c-axis).
The parallel arrangement of 2b molecules ensures the forma-

tion of aromatic π 3 3 3π interactions with the corresponding NI
units of the neighboring L (Figure 11, Table 3). It may be noted
that the layered arrangement of the 2b parallel to the NI units is
quite intact because of the π 3 3 3π stacking interactions whereas
the vertically arranged 2b molecules which do not show π 3 3 3π
stacking are loosely held. Indeed, these vertically arranged 2bs
could only be refined isotropically and the associated thermal
parameters are significantly large. Complexation through π 3 3 3π

Figure 8. Structures obtained from 500 psMD simulations of L carried out under vacuum (first row) and in acetonitrile (second row) in the presence of
2 molecules of aromatic aldehyde taken in a cubic box: (a) 2a; (b) 2b; (c) 2c; and (d) 2d.

Figure 9. ORTEP diagrams of L drawn at 30% probability ellipsoids: (a) crystal structure of L, (b) naphthalimide side arms oriented on the same side
from the crystal structure of L in the adduct of L.2b, and (c) naphthalimide side arms facing opposite to each other from the crystal structure of the
adduct of L.2b (calix[4]arene cavity and hydrogen atoms have been removed for clarity).
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has been noticed from three different crystal structures of
dinuclear-Pt(II)-diazapyrenium-based metallacycle with PAHs
as reported recently in the literature.39

’CONCLUSIONS AND CORRELATIONS

The receptor calix[4]arene conjugate derivatized with 1,3-
dinaphthalimide arms (L) has been synthesized and was

characterized by analytical and spectral methods. The structure
of L has been established by single crystal XRD. The naphtha-
limide moiety of one of the arms lies almost perpendicular to the
imaginary principal axis of the calixarene platform, while the
other is in a parallel orientation. L has been studied for the
recognition of aromatic guest molecules by fluorescence and
absorption spectroscopy. The fluorescence of L is quenched
upon the addition of the guest species. The quenching is higher in
the case of the guests possessing aromatic moiety, and follows a
trend, pyrenaldehyde (2d). Glu-2-AI (5c) ≈ 9-anthraldehyde
(2c) . 2-hydroxynaphthaldehyde (3b) > Glu-2-NI (5b) >
naphthaldehyde (2b) ≈ salicilaldehyde (3a) ≈ Glu-2-SI (5a) g
substituted phenyl derivatives as well some unsubstituted aro-
matic molecules. Benzaldehyde (2a) shows minimal quenching
in the fluorescence of L as compared to 3a, which has a -OH
group ortho to the aldehyde. A similar trend was found between
2b and 3b. However, the glucosyl-substituted derivative 5a
shows quenching similar to that of its aldehyde precursor, 3a.
Similar trends were observed for 5b vs 3b and 5c vs 2c. Hence,
the extent of quenching is dependent on both the ring size as well
as the nature of the substituent present. Thus for the detection, at
least a naphthyl moiety and a polar group are required, whereas
the anthracenyl and higher PAHs are recognized to almost equal
extent. The minimum concentration that can be detected was
found to be 8.85( 0.05, 19.85( 0.15, and 33.8( 0.4 μM for 2d,
2c, and 2b, respectively. The proposed interactions between
L and aromatic guest have been shown in Figure 12.

Figure 10. Packing diagrams of the complex L.2b: (a) layered arrangement of L molecules and (b) positions of 2b molecules (shown as space filling
model) in the crystal lattice of this adduct.

Figure 11. Packing diagram ofLwith 2b viewed down the b-axis highlighting the presence of aromaticπ 3 3 3π stacking interactions in the adduct ofL.2b
(molecules in different colors indicate the symmetry independence). Note that vertically arranged 2b molecules are not shown in the diagram for the
purpose of clarity; d1= 3.517 Å, d2 = 3.721 Å, d3 = 4.071 Å, d4 = 3.942 Å, and d5 = 3.658 Å.

Table 3. Intermolecular Aromatic π 3 3 3π Interactions
Observed in the Crystal Structure of the Complex L.2b

Cg 3 3 3Cg
c

symmetry

code

d[Cg 3 3 3Cg]
(Å)

R
(deg)a

slippage

(Å)

Cg(1) 3 3 3Cg(7) 1-X,2-Y,1-Z 3.4971 (d1)
b 1.88

Cg(2) 3 3 3Cg(12) -X,2-Y,1-Z 3.7217 (d2)
b 2.00

Cg(11) 3 3 3Cg(11) 1-X,1-Y,1-Z 4.0687 (d3)
b 0.00 1.823

Cg(21) 3 3 3Cg(20) -X,1-Y,1-Z 3.9336 (d4)
b 13.10

Cg(24) 3 3 3Cg(9) 1þX,-1þY,Z 3.6776 (d5)
b 15.05

Cg(2) 3 3 3Cg(20) -X,2-Y,1-Z 3.7758 3.75

Cg(2) 3 3 3Cg(24) -1þX,1þY,Z 4.0679 14.49

Cg(7) 3 3 3Cg(7) 1-X,2-Y,1-Z 3.8518 0.00 1.717

Cg(7) 3 3 3Cg(8) 1-X,2-Y,1-Z 3.9716 1.54

Cg(9) 3 3 3Cg(12) -X,2-Y,1-Z 3.7066 4.01

Cg(9) 3 3 3Cg(24) -1þX,1þY,Z 3.6776 15.05
aR is a dihedral angle between planes of the two rings (deg). bDistances
shown in Figure 11. cCentroids of the rings.
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The absorption studies showed a decrease in the absorbance
of the 230 nm band upon addition of a guest molecule, a trend
that has been generally seen when even π 3 3 3π interactions can
set in. The extent of π 3 3 3π interactions present between L and
guests follows a trend, i.e., pyrenyl > anthracenyl > naphthyl >
phenyl, and this trend is the same as that observed in the
fluorescence quenching studies. On the basis of the absorption
spectral changes, the association constants were found to be in
the range of 2500-6000M-1. ESI-MS studies of Lwith aromatic
aldehydes showed the presence of complexes formed between L
and a guest molecule. Molecular dynamics studies carried out
between L and aromatic aldehydes under vacuum as well as in
acetonitrile medium showed the interaction of aromatic alde-
hydes with L, and these are primarily through π 3 3 3π type
interactions. These interactions were found to be stronger in
the case of aromatic aldehydes having more rings. The percent of
overlap observed between aromatic aldehyde and the naphtha-
limide arm varies as 2d > 2c > 2b, suggesting that the extent of
overlap is dependent on the size of the aromatic ring. Similar
studies carried out with 4 molecules of L with 12 molecules of 2b
showed π 3 3 3π interactions between two 2bs, one 2b, and the
NI-arm, and between theNI-arms coming from two neighbor Ls.
Similar types of interactions were also found to be present in case
of the crystal structure of the L.2b adduct. Thus L can be
employed as a potential molecule for the analytical detection
and quantification of environmental pollutants of anthracenyl
and higher aromatics.

’EXPERIMENTAL SECTION

Materials. All the aromatic compounds used in the titrations were
obtained from local sources except for the glyco-conjugates which were
synthesized in our lab. All the solvents used were dried and distilled by
usual procedures before use. The elemental analysis, FTIR, absorption
and emission, and 1H and 13C NMR and ESI MS were measured. Single
crystal X-ray diffraction data were also measured for L and its complex
with naphthaldehyde.
Synthesis and Characterization Data for the Receptor

Molecule L. L has been synthesized in three steps on going from
simple p-tert-butylcalix[4]arene (1) to give a dinitrile (2) followed by the
diamine (3) as reported by us and others in the literature
(Scheme 1).27,36 To a mixture of 3 (1.5 g, 2.04 mmol) in dry ethanol
(150 mL) was added naphthalic anhydride (1.01 g, 5.09 mmol) with
stirring and the mixture was heated at reflux for 12 h under nitrogen

atmosphere. The product was settled upon cooling the reaction mixture
and was separated by filtration and dried under vacuum. The product
was purified by chromatographic column filled with silica gel and was
eluted with a mixture of dichloromethane and methanol (98:2) to give a
yield of 1.45 g (65%). 1H NMR (CDCl3, δ ppm) 0.82 (s, 18H,
C(CH3)3), 0.88 (s, 18H each, C(CH3)3), 3.28 (d, 4H, Ar-CH2-Ar, J =
13.2Hz), 4.28 (t, 4H, CH2-CH2, J = 7.2Hz), 4.34 (d, 4H, Ar-CH2-Ar, J =
13.2 Hz), 4.93 (t, 4H, CH2-CH2-, J = 7.3 Hz), 6.70 (s, 4H, Ar-H), 6.86
(s, 2H, Ar-OH), 6.98 (s, 4H, Ar-H), 7.76 (t, 2H, napthalimide, J = 7.3
Hz), 8.17 (d, 1H, napthalimide, J = 8.1 Hz), 8.68 (d, 1H, napthalimide,
J = 7.3 Hz); 13C NMR (CDCl3, 100 MHz, δ ppm) 31.1, 31.8, 31.7, 33.9,
34.0, 39.6, 72.1, 122.6, 125.0, 125.6, 127.0, 127.9, 128.3, 131.5, 131.7,
132.4, 134.1, 141.2, 146.8, 150.0, 150.7, 164.2; ESI-MS m/z 1118 [Mþ
Na]þ, 100%. Anal. Calcd for C74H82N2O10: C, 76.66, H, 7.13, N, 2.42.
Found: C, 76.24, H, 6.92, N, 2.53.
Fluorescence and Absorption Titrations. Fluorescence emis-

sion spectra were measured on a Perkin-Elmer LS55 by exciting the
samples at 334 nm and the emission spectra were recorded in the 344-
550 nm range. The bulk solutions of L and aromatic guest molecules
were prepared in CH3CN in which 100 μL of CHCl3 was used for
dissolving L. Bulk solution concentration of L and aromatic guest
molecules were maintained at 6 � 10-4 M. All the measurements were
made in a 1 cm quartz cell and maintained the effective cuvette
concentration of L as 10 μM in all the titrations. During the titration,
the concentration of aromatic guest molecules was varied accordingly in
order to result in the requisite mole ratios of these to L by taking a fixed
volume of solvent and varying volumes of the solution of the guest
molecule. The total volume of the solution used for the fluorescence
measurements was maintained constant at 3 mL in all cases by simply
adding the requisite volume of acetonitrile as the making up solvent.
Appropriate background subtractions have been done wherever re-
quired. The solutions used for the fluorescence experiments have been
used even for absorption titrations.
Computational Modeling. The starting models for L, 2a, 2b, 2c,

and 2d were modeled computationally by using the Gaussian G03
package40 at the B3LYP/6-31G level and were used in the present study.
The initial coordinates for L were taken from our single crystal XRD
structure. The interactions were modeled by carrying out molecular
dynamics (MD) simulations initially under vacuum and then followed
by the same in acetonitrile solvent. All the simulations were carried out in
a cubic box. The vacuum simulations were carried out for 2 ns with the
mixture, viz., {L þ 5 copies of the aromatic aldehyde}, wherein all
are randomly placed. Noninteracting aromatic aldehydes are being
removed from the output of the vacuum simulation and the resulting
model has been subjected to 500 ps simulation upon filling the cubic
box of dimension 1.63, 2.686, 2.339 nm3 with acetonitrile (∼4900
molecules). The MD simulations were performed with the GROMACS
4.0.541software package, using the GROMOS96 43a1 force field under
vacuum. In acetonitrile medium, the simulations were carried out
under periodic boundary conditions. The DFT optimized aromatic
aldehydes were manually placed around L in a random fashion, using
an Accelrys DS visualizer. Force fields for L and aromatic aldehydes
were generated by using a PRODRG2.542 server and were included in
the topology file. The total contents of the system were then energy
minimized for∼2000 steps with the Steepest Descent (SD) method43

in the case of vacuum, followed by position restraint being applied for
50 ps in the case of the presence of the solvent, and were treated under
NVT condition (T = 300 K) with the equation of motion being
integrated by the leapfrog algorithm with a step size of 2 fs. At the time
of carrying out the computations L and aromatic aldehydes were
coupled separately to a v-rescale temperature bath. The electrostatic
interactions were calculated by using the particle Mesh Ewald summa-
tion method.44 All bond lengths were constrained by using the LINCS
algorithm.45

Figure 12. Proposedmode of interaction between L and aromatic guest
molecule.
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