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Abstract. A new anthraquinone appended oxacalix[4]arene (DAQOC) has been synthesized and charac-
terized by different '"H NMR, IR, ESI-MS and '*C NMR spectroscopic techniques. This compound was
explored for its sensing abilities towards various anions. DAQOC showed selective anion sensing behaviour
towards F~ ions which was supported by absorption as well as emission studies. Among other anions, only in
the presence of F~ ions, a quenching in the fluorescence emission of over 79% was observed due to changes
in the intermolecular charge transfer (ICT) process. DAQOC exhibited high selectivity and good sensitivity
toward F~ ions in the presence of competing ions and the detection limit was found to be 1.23 pM. '"H NMR
titration displays that the peak corresponding to -NH protons (at 12.91 ppm) disappears upon interaction with
F~, suggesting that the sensing mechanism follows the deprotonation route. The geometrical features of F~
bound oxacalixarene species were modelled by the Density Functional Theory (DFT) and NCIPIot calcu-
lations. The findings suggested that the appended substituents including nitro groups and anthraquinone can
make the calix[4]arene ring electron deficient and thereby more susceptible for F~ ions. Moreover, this
present chemosensor has been applied for recognition of F~ ions from waste water samples which is of direct

practical relevance.
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1. Introduction

Recently, there has been an upsurge in research
interests on selective detection of anions due to their
biological, technological, and environmental rele-
vance.' Fluoride anion plays a significant role in the
prevention of tooth decay.” It is also essential for the
maintenance of bone health owing to its capacity to
stimulate osteoblastic activity that leads to increased
bone formation.> Despite its indispensable virtues to
human health, there are a number of cases reporting
its acute toxicity in certain quantities, such as muscle
paralysis, extremity spasms, nausea, abdominal pain,
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bloody vomiting and diarrhoea.* The presence of
fluoride ions has also been seen in the environmental
samples for organophosphorus nerve agents, for
instance, hydrolysis products of sarin include fluo-
ride.>® Therefore, new approaches for fluoride ion
recognition are being developed more actively in the
areas of supramolecular chemistry.” In this respect,
calixarene analogues are well-documented to be of
significance as it possesses a developed hydrophobic
cavity and facile functionalization ability at both
upper and lower rims.® Such modification ensures
the feasibility of calixarene systems for the devel-
opment of efficient and selective receptors for ions
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as well as neutral molecules. Oxacalixarenes are new
generation synthetic host molecules of heteracal-
ixarene family which possess outstanding complex-
ing properties.””'! The presence of oxygen atoms in
oxacalixarenes, instead of methylene bridges of cal-
ixarene structures, not only changes its symmetry but
also enhances its recognition character. The flexible
scaffold of upper/lower rim modified oxacalixarene
hosts comprising amido groups,'? thio-ureido recep-
tors,'”” conjugation of amino groups with triazine
rings,"* 2,3-ethylene bridged dihomooxa-
calix[4]arene'” have been reported to detect anions.
From the viewpoint of complexing ability, com-
plexes of oxacalixarenes are spectacular from both
theoretical and practical aspects, for example, Wang
et al.,'® observed interesting ladder-like self-assem-
bly, of tetraoxacalix[2]arene[2]triazine host mole-
cules and demonstrated its applications of anion—n
interactions. Recently, Marcos et al., also reported
anion complexation studies of tetraureido-diho-
mooxacalix[4]arene where arrangements of ureido
groups, resulted in chains of dihomooxacalixarene
molecules generated by glide planes.'” Moreover, in
our previous studies, the energetics of quinolone
appended oxacalix[4]arene were studied where we
found that guest analyte, Cu”" occupies a binding
site outside the oxacalix cavity.'"® Following our
previous studies, we were interested in determining
how the recognition mode as well as selectivity
properties are influenced by appending different
organic moiety to the oxacalixarene skeleton. In the
present work, we have synthesized and tested
another receptor, 2,14-di(N-(9,10-dioxo-9,10-dihy-
droanthracen-1-yl)-acetamide) tetranitro-oxa-
calix[4]arene (DAQOC) for its anionic recognition
ability. The introduction of aminoanthraquinone units
on the oxacalixarene structure produced a selective
probe for fluoride ion detection through hydrogen-
bonding interactions. Herein, the anthraquinone
modified with amino groups changes the electronic
energy levels of the oxacalix ionophoric fragment
which opened new prospects in the design of
DAQOC with excellent selectivity towards fluoride
anions even in the presence of other competing ions.
Following the first report on the use of aminoan-
thraquinone appended oxacalixarene as a fluorescent
sensor for the selective and sensitive detection of
fluoride ions, we have also substantiated their com-
plexation abilities by computational modelling. The
work has also been successfully applied for real
water sample analysis to examine its possibilities for
analytical applications.

J. Chem. Sci. (2020)132:156

2. Experimental
2.1 Materials and instruments

l-amino anthraquinone, triethyl amine, tetrabutyl ammo-
nium salts of anions and other chemicals were supplied by
Sigma-Aldrich. Silica gel and fluorescence active TLC
plates (F-2009) were purchased from Merck. All the sol-
vents employed for synthesis were commercially available
and used as received without further purification. The
melting points (uncorrected) were obtained from an OPTI-
MELT (Model: MPA100) melting point apparatus. Samples
for infrared spectra were prepared as KBr pellets, spectra
were recorded on Tensor Bruker 27 (Ettlingen, Germany)
and expressed in cm ™. "H-NMR spectra were recorded on
a FT-NMR model Bruker, Avance II (500MHz) at 298 K
with TMS as the internal reference. ESI-MS were recorded
on micromassQuarter2 mass spectrometer. Ultra-violet
absorption spectra were obtained on a Jasco V-570 UV-Vis
spectrophotometer. Fluorescence spectra were recorded on
HORIBA FluoroMax-4 (Xenon lamp head Xe900)
spectrometer.

2.2 Synthesis and characterization of DAQOC

The parent 2,14-dihydroxy tetranitrooxacalix[4]arene was
initially prepared by the standard protocol proposed in the
literature. '’ Triethyl amine (TEA, 2.2 equiv) was added to
the solution of 2,14-dihydroxy tetranitrooxacalix[4]arene
(0.5 g, 1 equiv) in DMSO as solvent, to which chloro acetyl
derivative of 1-aminoanthraquinone (2.1 equiv) was added
with vigorous stirring and the reaction mixture was stirred
for 8 h at 80 °C. The reaction was monitored by TLC and
after completion of reaction, the mixture was added drop
wise to 1 M HCl (40 mL). The precipitate was filtered,
washed with water and dried in vacuo to get the desired
crude compound. The crude was purified with column
chromatography using silica gel with EtOAc:Hexane (3:7)
as an eluent. The fractions were separated, dried in vacuo to
give DAQOC? (yield of 48%, Scheme 1). Melting point:
273 °C;; '"H NMR (500 MHz, ds-DMSO (5 ppm) (Fig-
ure S1, Supplementary Information) 4.11 (s, 4H), 7.22 (t,
J=1.4Hz, 4H), 7.46 (d, J = 1.4 Hz, 2H), 7.56 (td, J = 7.5,
1.5 Hz, 2H), 7.94 (m, 4H), 7.98 (m, 4H), 8.27-8.18 (td, J =
7.5, 1.5 Hz, 6H), 9.17 (s, 2H), 12.91 (s, 2H); '>C NMR (125
MHz, ds-DMSO) (Figure S2, Supplementary Information)
(6 ppm: 43.5, 117.7, 118.2, 122.4, 125.1, 126.4, 127.0,
131.5, 132.1, 133.4, 134.7, 135.7, 140.2, 146.3, 156.8,
165.8, 172.8, 181.9, 186.3); Mass spectrometry m/z % (ESI-
MS) (Figure S3, Supplementary Information): 1107.4
[M+H]%(calc. 1106); FT-IR (Figure S4, Supplementary
Information): 3200, 3102, 2924, 1680, 1589, 1524, 1410,
1274, 1003, 833 cm™'; Elemental Analysis calculated for
C56H30N602()Z C,6077, H,273, N,7.59%; O, 2891%,
Found: C,60.72; H,2.86; N,7.65; 0,28.97%
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2.3 Spectrophotometric and spectrofluorimetric
titration studies of DAQOC

The selectivity of DAQOC (stock solution of 4 X 107> M
prepared in acetonitrile) was tested against a series of
anions (2 X 1074 M) such as F~, CI", Br, I", AcO™,
PO; 3, OH™ and H,PO, ™. The anions in the spectral studies
were added as tetrabutylammonium salts in order to avoid
any possible complexation of ionic species with DAQOC.
The solution of anions were also prepared in acetonitrile.
Equal volumes (2.5 mL) of DAQOC and each anion were
prepared and added in the 5 mL volumetric flask, so that the
effective concentration of DAQOC ligand is 2 X 107> M.
Absorption and emission spectra of prepared solutions of
DAQOC and that of anions were compared.

2.4  Theory and computational details

All calculations were carried out at GAUSSIAN 09 (G09)
(Revision B.01) software package by using the Grimme’s
B97D exchange correlation functional.>-?? Moreover,
double zeta basis set (6-31+G*) was considered for all the
elements to locate the singlet ground state of the calix host
structure. The optimized host structure of DAQOC (in 1,3-
alternate conformation) was used for the generation of
guess anionic complex (with fluoride ion) by positioning the
anion in the vicinity acetamide —NH and the centroid of the
anthracene and oxacalix moieties.”> Obtained energetically
stable optimized complex structure was further subjected
for vibration frequency calculations to ensure that the
retrieved geometries represent local minima associated with
positive eigen values only. Further, the interaction energy

1AAQAC

DMSO | 80°C
TEA | 8h

O,N

OZNj/g,\L}OE%LKNOZ

DAQOC

Scheme 1. Synthetic route for the synthesis of DAQOC.
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(AEpinding) Was calculated from the single point calculations
with correction for the basis set superposition error (BSSE)
by using the Boys—Bernardi counterpoise method***’ at the
B97D/6-314-G* level. It was also of interest to examine the
thermochemistry of the anion binding with the calixarene
receptor; and hence we have calculated the complexation
enthalpy and free energy at 298 K. Further, comprehending
the role of the non-covalent interactions, it was analyzed by
using NCI (Non Covalent Interaction) plot which uses the
electron density and its derivatives to enable the identifi-
cation and visualization of non-covalent interactions
efficiently.®

3. Results and Discussion
3.1 Synthesis of DAQOC

For the synthesis of DAQOC, 2,14-di(N-(9,10-dioxo-
9,10-dihydroanthracen-1-yl)acetamide) tetranitro-oxa-
calix[4]arene, 2,14-dihydroxy tetranitrooxa-
calix[4]arene (DHTNOC) was chosen as starting
material (Scheme 1). The other starting material,
chloro acetyl derivative of 1-aminoanthraquinone
(1AAQAC) was prepared by the reaction of
l-aminoanthraquinone with chloro acetyl chloride
using chloroform as solvent and triethyl amine as base
(further details in Supplementary Information). The 'H
NMR of DAQOC (DMSO-ds solvent at 25 °C)
showed the signal of -NH proton at 12.91 ppm, which
indicates its hydrogen-bonding ability.>’ The two arms
of DAQOC are covalently linked with aminoan-
thraquinone units with good yields. In addition to the
extended pi-conjugation in the DAQOC structure, the
incorporation of aminoanthraquinone moiety renders
intramolecular H-bonding between the amine proton
and the quinone oxygen.”® According to previous
reports, in comparison to other anions, fluoride ions
seems to interact more strongly with a hydrogen bond
donor of a receptor such as amine, hydroxyl or with
amido functionalities.*’

3.2 Absorption and emission studies

The absorption profile of a ligand is dictated by the
nature and position of its chemical substituents.
Electron donating group such as amine on the
anthraquinone unit induces absorption band to a longer
wavelength region >350 nm.”” In the present study,
for DAQOC, the absorption spectrum revealed a
spectral feature centred at 393 nm. On the addition of
fluoride, the absorption band of DAQOC
bathochromically shifts to 408 nm (Figure 1). It is
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well-known that large bathochromic shift is induced in
anthraquinone derivatives which is caused by
intramolecular charge transfer involving lone pair of
electrons of the amino groups. The extent of the shift
depends on the electron-donating ability of the sub-
stituents on the amino group.”' However, it cannot be
deduced that not all the anthraquinone functional
moieties exhibit this behaviour. 1-aminoanthraquinone
derivatives are prone to exhibit the absence of a large
wavelength shift or drastic colour change due to
weaker substituent effect. In the present case, the
presence of electron withdrawing -nitro substituent
groups and electron rich aminoanthraquinone units
broadens the conjugation in the pre-organised struc-
ture, and also modulates the photo-physical properties
of the DAQOC as a host compound. Intermolecular
charge transfer occurs between the oxacalix iono-
phoric unit and the carbonyl group or the intramolec-
ular hydrogen bonded carbonyl chelated ring of
aminoanthraquinone. According to the intermolecular
charge transfer (ICT) mechanism?>’ upon excitation of
light, the absorption spectrum of DAQOC may cause
red-shift in the UV-vis spectra and can be used as
selective probe for F~ ions. The fluoride ion recogni-
tion is due to the induced deprotonation of DAQOC
through hydrogen bonding interaction of —-NH groups.
Furthermore, the intermolecular H-bonding to inves-
tigate NH-F interactions has been substantiated by
NMR titration experiments and computational results
which has been discussed in the later section. The
comparative interference absorption studies were
conducted using other anions with DAQOC-F~ com-
plex (Figure S5, Supplementary Information). The
addition of other anions showed only nominal changes
in its absorption maxima indicates the remarkable
selectivity and that the DAQOC-fluoride ion interac-
tions were not significant with these anions. Notably,
the modification of structurally simple anthraquinone
sensing moiety with the oxacalix[4]arene units pos-
sessing electron-withdrawing (—NO, groups) changes
the sensing abilities and thus accounts for selective
anion recognition ability.?*->

Regarding the fluorimetric response, the emission
wavelength of DAQOC was observed at 508 nm under
excitation wavelength at 393 nm (Figure 2). Upon the
addition of F~ ion, the fluorescence intensity of
DAQOC decreased considerably, revealing 79%
quenching behaviour (Figure S6, Supplementary
Information). The quenching (Figure 3) of DAQOC
decreased in the presence of 1-100 fold excess of F~
ions, which may be due to fluorides’ high charge
density.** Additionally, the good sensitivity and
selectivity in the fluorescence results of DAQOC is
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also attributed to the presence of electron withdrawing
element (O or N) bound to a carbon with o-hydro-
gens.” In the presence of other competitive anions,
the fluorescence quenching results remained unaf-
fected (Figure 4). Similar studies and competitive
interferences studies were performed with other anions
(Figure S7, Supplementary Information) and cations
(Figure S8, Supplementary Information) i.e., perchlo-
rate salts (Zn2+, C02+, Fe3+, Ca2+, AP T Na™, Mg2+,
Mn**, Cr’", Pb*"and Ni*") where, as expected none
of the anions or cations exhibited any change in the
emission pattern.

As only fluoride showed considerable change in
emission intensity, therefore its fluorescence data was
evaluated to assess its binding constant with DAQOC
(Figure 5a) using the literature procedure.’®

Fo—F

Log = Ky + nLog[Q)]

Here, K, is the binding constant, n represents
number of binding sites, F, and F are the relative
fluorescence intensities of the complex without addi-
tion of F~ and with maximum concentration of F—,
respectively. Thus, by plotting log (Fy-F/F) versus log
[Q], binding constant K}, is found. The plot of log [(F,-
F)/F] versus log [Q] for selected fluoride has been
depicted in Figure 5(b) and the binding constant of
complex found to be 4.45 x 10" M.

The emission spectra of 1-amino anthraquinone was
inspected to determine the quantum yield of DAQOC.
The reported quantum yield of 1-aminoanthraquinone
was approximately 1.0°7 and that of DAQOC-F~ ions
complex was found to be 0.87. It was observed that the
number of emitted photons decreases with the addition
of increasing concentration of F~ ions, that is,
quenching takes place. The binding stoichiometric of
DAQOC with fluoride ions was determined by the
modified Job’s method of continuous variation. (Fig-
ure S9, Supplementary Information). In our case, the
absorbance of DAQOC and F~ complex approaches
maximum when a mole fraction of fluoride ions was
0.5, thereby confirming 1:1 complex formation
between DAQOC and F™ ions.

3.3 NMR titration studies

The formation of the DAQOC-F~ complex affects the
electron transition process of aminoanthraquinone
moieties and causes changes in the absorption and
emission spectrum of DAQOC. Moreover, in order to
gain more insights into the sensing mechanism, proton
NMR titration studies was carried out. As shown in
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Figure 1. UV-Visible spectra of DAQOC ligand (4 X 107> M) with different anions (2 X 10~* M) in acetonitrile.
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Figure 2. Emission spectra of DAQOC (4x 107> M)
upon the addition of F~ in acetonitrile.
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Figure 3. Emission spectral change of DAQOC (4x 107>
M) upon the addition of 0-100 equivalents of F~ in
acetonitrile.
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Figure 4. Emission spectral change of DAQOC- F~
(4x 107> M) upon the addition of other anions.

Figure 6, due to hydrogen bonding of F~ ions with
—NH group of amide linkage of DAQOC ligand, the
—NH peak at J value at 12.91 ppm diminishes appre-
ciably by gradual addition of F~ into DAQOC
ligand.*® In the present case, probably due to partial
deprotonation, the amount of F~ (1.0 equiv.) made the
signal of -NH proton at 12.91 ppm disappear to a
greater extent. A weak hydrogen bond interaction
exists between highly electronegative F~ with —-NH
protons which favours deprotonation and causes
change in the absorption and emission spectral results
of F~ ions. However, it is anticipated that further
increase of the amount of fluoride ions (about ten-fold
excess) should have obliterated the —-NH proton signal,
as reported elsewhere.*”*°
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(a) Stern—Volmer plot (b) Modified of Stern—Volmer plot of DAQOC-F™ system (Inset: Linearity plot).
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Figure 6. Partial '"H NMR spectra of DAQOC in DMSO solvent upon gradual addition of F~ ions.

3.4 Computational modeling

In an attempt to shed light on structural orientation and
identify the mode of fluoride interaction with the
DAQOC, Density Functional Theory (DFT) calcula-
tions were performed. The unconstrained DFT opti-
mized structure of the DAQOC-F~ complex is given
in Figure 7. It can be clearly perceived from the

depiction that the complex was stabilized by the
hydrogen bonding interactions contributed by the NH
H-bond donors with bond lengths 1.61 and 2.63 A.
However, weaker halogen bonding through the aro-
matic proton of two opposite rings with bond length of
2.06 and 1.76 A were also observed. Certainly, it can
be rationalized that the acidic protons stabilizes the
negative charge of the fluoride ion by classical or non-
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Figure 7. Optimized structure of the complex at B97D/6-
31+G* level of theory. Interaction distance from central
fluoride anion to donor hydrogens has been enlisted in A,
however remaining hydrogen atoms were omitted for
clarity.

classical halogen bondings, in consistent with earlier
studies.*! Around the fluoride ion and the opposite
oriented rings of the DAQOC, the non-covalent
interactions were also prevalent as depicted in
Figure 7. This suggests that the stability of the com-
plex can be exemplified from the mixed interactions of
electrostatic and van der Waal types.

Furthermore, the feasibility of the complexation was
confirmed by the favourable thermodynamic consid-
eration (Table 1) with enthalpy and free energy
change of — 129.809 and — 121.475 kcal/mol. Sub-
sequently, greater negative complexation values of the
interaction energies (— 213.758 kcal/mol) were fur-
ther substantiate the possibility of stable DAQOC-F~
complexation. Certainly, this indicates that fluoride
generates the complex relying on the potential of
stable hydrogen (or halogen) bonds.

NCI Plot calculations as depicted in Figure 8
revealed that the aryl rings (Anion-r) and amide motif
of anthraquinone appended oxacalix played important

Table 1.

Figure 8. Non-covalent interaction plot for the DAQOC-
F~.

role in stabilizing the fluoride anions. It is worth
mentioning that most of the interactions were con-
tributed from the pi-rings in correspond with earlier
study.*? The analysis indicated that the appended
substituents including nitro groups make the ring
electron deficient and thereby more susceptible for the
fluoride anion.

3.5 Analytical application

In order to evaluate fluoride ion sensor in an artificial
system, the practicality of the DAQOC for real sample
analysis was performed. Table 2 shows the estimation
of water samples (in the present study, our lab tap
water) using standard addition method. The fluoride
ion concentration in the water sample was determined
from a Stern—Volmer plot as depicted in Figure 5. The
recovery of fluoride ions was estimated by spiking the
water samples with four different concentrations, i.e.,
10 uM, 20 uM, 30 pM, and 40 pM, of F~. Thus, the
results demonstrated DAQOC can be used to deter-
mine F~ in the samples with no significant
interferences.

Calculated thermochemistry values of the DAQOC-F~ complex formation.

Enthalpy Change (AH) Free Energy Change (AG)

AZPE (kcal/mol/particle)

Complexation Energy (E;,)*

—129.809 — 121.475

— 0.62688 — 213.758

All values are in Kcal/mol.

*Energies were computed using counterpoise basis set superposition correction (BSSE).
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Table 2. Water sample estimation using the standard addition method.

Water Spiked Fluoride conc. Conc. of Fluoride obtained from (N = 3, Found conc. of %
Sample (UM) mean £ SD), Fig. 5 Fluoride (uM) Recovery
1 0 18.13 £+ 0.03 N/A N/A

2 10 28.26 £+ 0.17 18.26 101.44
3 20 38.60 + 0.43 17.89 99.39

4 30 48.20 4+ 0.84 18.2 101.11
5 40 58.70 £ 0.89 17.88 99.33

4. Conclusions

In summary, we present a selective and sensitive flu-
orescent probe, DAQOC bearing two aminoan-
thraquinone units for the detection of fluoride ions.
The fluorescent intensity of DAQOC was significantly
quenched with the addition of F~ ions which suggest
towards the selective behaviour among various anions.
From the outcome of this investigation, we can con-
clude that anion-m interactions, anthraquinone appen-
ded oxacalix[4]arene cavity and nitro groups are
pivotal for the specific binding with fluoride anion.
The DFT calculations deciphers towards the hydrogen
bonding interactions contributed by the NH H-bond
donors and favourable thermodynamic binding (AG =
— 121.475 kcal/mol). The fluorescence probe,
DAQOC has lower detection limit as well as high
selectivity towards F~ (1.23 uM). This highly sensi-
tive, selective, easy and cost-effective spectrofluori-
metric method will provide great interest for routine
analysis of F~.

Supplementary Information (SI)

Figures S1-S9 are available at www.ias.ac.in/chemsci.
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