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ABSTRACT: A new organic complex (ANNBA) was synthesized using the
solvent-free, solid-state reaction involving anthranilamide (AN)−m-nitrobenzoic
acid (NBA). The established phase diagram specifies the formation of a complex in
a 1:1 stoichiometric ratio which melts congruently at 142 °C. The diagram also
infers the formation of two eutectics, E1 and E2, on either side of the complex with
their respective melting at 118 and 106 °C. The stability and novelty of the
synthesized complex was confirmed by differential scanning calorimetry, powder X-
ray diffraction, and spectroscopic FTIR, 1H, and 13C NMR studies. The significant
thermodynamic parameters such as the heat of mixing, the entropy of fusion, the
roughness parameter, the interfacial energy, and excess thermodynamic functions
have been studied. The novel complex (ANNBA) material displayed intense
fluorescent emission as compared to the parent and the other well-known
fluorescent organic material “pyrene.” The influence of solvent’s polarity on the
absorption and emission of the complex has been studied in different solvents.
Herein, we have displayed remarkable affinity of the complex toward hexavalent chromium ions in water, affecting its fluorescent
property. We have deployed the synthesized complex as a turn-off fluorescent sensor to detect the most hazardous hexavalent
chromium ions in water for the first time.

1. INTRODUCTION
The organic materials have been found to be promising and
superior than inorganic materials for their various electronic and
optoelectronic applications such as conductors, semiconductors,
superconductors, light-emitting diodes, nonlinear optical
materials, ferromagnetic materials, and optical sensors.1−5

Over the last few decades, binary organic systems have shown
importance in developing binary materials for thermal energy
storage6,7 and in designing pharmaceutical binary organic
eutectic drugs, particularly by molecular association of different
potential components of interest.8−10 A promising application of
binary organic materials has also been found for the multidrug
therapy,11−13 in which drugs are mixed together and the change
in behavior of mixtures is studied. The materials’ applications in
binary organic systems, having electron donor and acceptor
molecules, can be found in conductors, laser applications, and
fluorescence probes.1,14−16 The organic compounds containing
the nitro group attached to the aromatic ring have been known
for their versatile medical applications. The use of nitrofurazone
(C6H6N4O4), chloramphenicol (C11H12Cl2N2O5), nitrofuran-
toin (C8H6N4O5), and furazolidone (C8H7N3O5) are, respec-
tively, known for the treatment of bacterial infections of the skin,
cholera, urinary tract infections, and bacterial or protozoal
diarrhea.17−21With a view of the usefulness of the binary organic
complexes, we have chosen one parent component having a
nitro group as meta-nitrobenzoic acid (NBA) which belongs to
the monoclinic system with the centrosymmetric space group

P21/c,
22 and another chosen parent component is anthranila-

mide (AN). The ANs containing the amide group have been
used either as a starting compound or as an intermediate in the
synthesis of significant biologically compounds such as
quinazolone and benzoxazinones.23,24 Moreover, the amides
are good hydrogen-bond donors and hence capable of forming
intermolecular hydrogen bonds with O-atoms or N-atoms of
other hydrogen-bond acceptor compounds.25 On the other
hand, AN has already shown its application as a fluorescence
label for the visualization of oligosaccharide materials.26 The
fluorescence materials for imaging are of immense importance,
for the researchers, to be considered for investigations required
for imaging in microbiology.
In view of the importance of binary materials for various

applications and for fluorescence imaging in particular, the
studies of compositional behavior of NBA and AN have been
done in the entire range by the phase diagram investigation. The
particular compositions of eutectics and the composition
forming the intermediate compound, with novel behavior,
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have been identified. The materials’ properties of significant
compositions are being reported in detail. For establishing the
phase diagram of the AN−NBA system as well as for the
synthesis of the complex, the environment friendly solvent-free/
solid-state synthesis route has been adopted. The structural
changes of the complex have been studied using Fourier
transform infrared (FTIR), Fourier transform nuclear magnetic
resonance (FT-NMR), and powder X-ray diffraction (PXRD),
and thermal behaviors of interesting compositions have been
studied by differential scanning calorimetry (DSC) and
differential thermal analysis (DTA) analysis. However, the
studied optical property of the newly synthesized complex
(ANNBA) shows a significantly enhanced fluorescence intensity
than the well-known organic fluorescent pyrene as well as better
than the parent compound. For plausible use of the complex as a
fluorescent sensor, the studies were systematically extended to
evaluate its applicability in the detection of environmental
pollutants such as hexavalent chromium ions in water samples. It
is one of the most harmful pollutants present in the groundwater
and water bodies of Northern part of India (two districts, Unnao
and Kanpur, in Uttar Pradesh which are in between Rishikesh
and Varanasi). The major pollutants for Cr6+ are tanning
industries, which discharge several tons of chromium (Cr6+)
over the permissible limits into the river water. An analysis of
upstream and downstream water and sediments revealed a 10-
fold increase in chromium levels in Ganga water, stretching right
from Rishikesh to Varanasi. In this stretch, segments from
Kannauj to Varanasi via Kanpur have been found to be the most
polluted.27 Some sensors have been developed for environ-
mental pollutants, and advanced and smart materials that are
environmental friendly have also been discovered.28,29 However,
such sensors are rare and mostly find application in gas sensing.
In the present study, we report the synthesis of a novel organic
complex in a single step using the “solid-state reaction method,”
with the 100% yield of the novel compound. The significant
fluorescent property of the complex has been utilized to
investigate for the environmental pollutant sensing purpose, and
its efficiencies have been checked toward different metal ions
(Cd2+, Co2+, Hg2+, Mg2+, F−, Ca2+, Cu2+, Zn2+, Cl−, Sn2+, and
Fe2+) in aqueous solution. Interestingly, the novel complex
(ANNBA) displays selective behavior toward chromium (Cr6+)
ions present in the water samples and have been used as a turn-
off fluorescent sensor. This significant finding of the complex in
the present work is likely to open a new pathway to synthesize
more novel complexes and to study other known organic
biodegradable fluorescent materials30,31 to be used as sensors.

2. RESULTS AND DISCUSSION
2.1. Phase Diagram. The phase diagram study is one of the

significant techniques of materials science to study the
properties and change in behavior of each and every
composition. The diagram helps in identifying the composition
forming the compound of novel behavior. Therefore, to study
the phase diagram and compositional behavior, the binary
mixtures of parent components (AN and NBA) were prepared
in the entire range of composition, and the phase diagram was
established. The melting temperature of all synthesized mixtures
was determined, and the solid−liquid phase equilibrium curve
was plotted in terms of melting temperature versus composition.
The phase diagram of the AN−NBA system shows the
formation of a complex (ANNBA) with a congruent melting
temperature and two eutectics (E1 & E2) on either side of
complex (Figure 1). The diagram clearly shows the composi-

tional behavior reflecting in terms of change in their melting
temperatures. On addition of AN to NBA, the melting
temperature starts decreasing and acquires the minimum value
of 119 °C called E1 where the mole fraction of AN is 0.22. On
further addition of AN, the melting temperature of the binary
materials keeps on increasing and finally attains a maximum
value of 142 °C for the complex (ANNBA), where the molar
ratio of AN and NBA is 1:1, and this composition melts
congruently. Beyond this composition, further addition of AN
again causes the decrease in the melting temperature to its
second minima, called E2, at 106 °C where the mole fraction of
AN is 0.92. Thereafter, on addition of AN, the melting
temperature again increases and attains the melting temperature
of AN. At the eutectic temperatures, the eutectic reaction occurs,
which may be represented as

+ +FL S S1 2 (1)

The above reaction shows that, at the eutectic temperature,
the two solid phases are separated from its homogeneous liquid
phase. The points E1 and E2 are invariant points and have zero
degree of freedom.

2.2. Spectral Analysis. 2.2.1. IR Absorption. 2.2.1.1. FTIR
Spectra of AN.The band observed at 3412 cm−1 is primarily due
to the NH2 stretching of the aromatic primary amine. The two
bands appearing at 3324 and 3198 cm−1 are asymmetric and
symmetric stretchings of N−H in (−CONH2). The peak at
1660 cm−1 is the characteristic (CO) stretch. The C−N
stretching and N−H bending vibrations are at 1258 and 1586
cm−1, respectively. The peak assigned at 1629 cm−1 is due to
NH2 scissoring.

2.2.1.2. FTIR Spectra of NBA. The bands observed between
2552 and 3096 cm−1 are due to−OH stretching of the−COOH
group. The sharp intense band at 1693 cm−1 is the characteristic
of−CO stretching. Asymmetric and symmetric stretchings of
the (−NO2) band are observed at 1531 and 1354 cm−1,
respectively. The bands observed at 1585 and 1417 cm−1 are
indicative of the −CC aromatic stretch. The C−N stretching
and C−O stretching vibrations occur, respectively, at 1151 and
1294 cm−1. The peaks at 926 and 723 cm−1 are attributed to OH
and NO2 bending vibrations.

2.2.1.3. FTIR Spectra of Complex (ANNBA). The recorded
spectra for the synthesized novel organic complex show that
some of the bands of parents remained as such, while there are

Figure 1. Phase diagram of the AN−NBA system.
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changes in their vibrational frequencies of some of the bands.
The peak observed at 3412 cm−1 of the NH2 group of AN is
observed at 3469 cm−1 in the complex. The bands of AN
observed at 3324 and 3198 cm−1 for the −NH stretch of
−CONH2 shifted to a higher wave number and appeared in the
complex at 3370 and 3208 cm−1, respectively. However, there is
no significant change in the vibrational frequencies of −NO2

asymmetric and symmetric stretchings (1530 and 1351 cm−1).
The strong peak at 1681 cm−1 corresponds to −CO
stretching and lies in between the −CO stretching peaks of
AN and NBA. Some bands appear in the region 2493 to 2950
cm−1, and the shifts in the peaks of −NH and −CO are
indicative of the presence of intermolecular hydrogen bonding
between AN and NBA in the complex. The FTIR spectra of AN,
NBA, and complex (ANNBA) are depicted in Figure 2.

2.2.2. NMR Analysis. The FT-NMR spectra of AN, NBA, and
complex were recorded in DMSO-d6 and are discussed here.

2.2.2.1. AN. The 1HNMR spectrum (Supporting Information
S2a) shows seven peaks as δ 7.66 (br s, 1H), δ 7.46 (d, 1H), δ
7.08 (t, 1H), δ 7.00 (br s, 1H), δ 6.61 (d, 1H), δ 6.51 (br s, 2H),
and δ 6.42 (t, 1H).32 Its 13C spectrum (Supporting Information
S2b) also shows seven peaks for the respective skeletal as δ
171.81 for the carbonyl carbon, δ 150.71 for the carbon at which
the NH2 group is directly attached, δ 132.39 for C5, δ 129.26 for
C7, δ 116.90 for C6, δ 114.87 for C2, and δ 114.19 for C4.
The 1HNMR spectrum (Supporting Information S3a) shows
four signals for the corresponding protons as δ 8.57 (s, 1H), δ
8.42 (d, 1H), δ 8.29 (d, 1H), and δ 7.77 (t, 1H). The 13C
spectrum (Figure S3b) shows seven peaks as δ 166.05 for
carbonyl carbon at C1, δ 148.42 for C3 carbon to which the

Figure 2. FTIR spectra of AN, NBA, and complex (ANNBA).

Figure 3. PXRD pattern of the AN−NBA system.
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−NO2 group is attached, δ 135.90 for C6, δ 133.00 for C7, δ
131.09 for C5, δ 127.88 for C4, and δ 124.21 for C2.
2.2.2.3. Complex (ANNBA). In the 13CNMR spectra, 14 peaks

appear corresponding to different carbon atoms present in the
complex, and their chemical shift values are δ 171.79, δ 166.09, δ
150.71, δ 148.41, δ 135.90, δ 133.36, δ 132.39, δ 131.03, δ
129.26, δ 127.75, δ 124.19, δ 116.90, δ 114.86, and δ 114.19. The
1HNMR spectra shows 10 signals having chemical shift values as
δ 8.62 (br s, 1H), δ 8.45 (d, 1H), δ 8.34 (d, 1H), δ 7.81 (t, 1H), δ
7.71 (s, 1H), δ 7.51 (d, 1H), δ 7.12 (t, 1H), δ 7.04 (br, s), δ 6.66
(d, 1H), and δ 6.47 (t, 1H). The proton and 13CNMR spectra of
the complex have been shown in Supporting Information S4a
and b, respectively. The given NMR data in the manuscript do
not reveal the nature of hydrogen bonding of the formed
ANNBA complex.
2.2.3. PXRD Analysis. PXRD is one of the significant

techniques to study the crystallinity of materials, identification
of the crystalline phases, spacing between lattice planes, and
novelty of the synthesized compound as well.33 The recorded
PXRD pattern with the newly synthesized complex, parent
components (AN and NBA), and eutectics (E1 and E2) are
depicted in Figure 3. It is evident from the figure that some new
peaks, which could not be assigned for the PXRD pattern of
parents AN and NBA, have appeared in the XRD pattern of the
complex. The appearance of new peaks and the change in
intensity of some of the peaks of the parents suggest the
formation of a new entity.34 While in the case of eutectics, the

XRD pattern of E1 shows either the peaks of NBA or the peaks of
ANNBA, XRD of E2 shows either the peaks of AN or the peaks
of ANNBA. The existence of new peaks in the XRD pattern of
the complex (ANNBA) suggests that the complex is entirely a
new entity and is of crystalline nature; however, the existence of
XRD peaks of either of the parent components or complex
(ANNBA) in the XRD of eutectics (E1 or E2) confirm that the
eutectics are of the same nature as the mechanical mixtures.

2.3. Thermal Analysis. 2.3.1. Enthalpy of Fusion and
Thermochemistry. In order to understand the thermal behavior,
feasibility of the reaction, phase transitions, and other
thermodynamic parameters, the DSC studies of the parent
components, eutectics, and the novel complex have been done.
The DSC curves of the pure components, the eutectics, and the
complex are given in Figure 4. The experimental enthalpy of
fusion values, which help in understanding the mechanism of
solidification, the structure of the eutectic melt, and the nature of
interaction between the components forming the eutectics and
the complex, have been determined from DSC. The
experimentally determined values of enthalpy of fusion and
the theoretical values, calculated using the mixture law, are given
in Table 1. The values of enthalpy of mixing for samples were
obtained by subtracting the calculated values of enthalpy of
fusion from the experimentally determined values. Based on the
enthalpy of mixing values, three types of structures are
suggested: quasi-eutectic for ΔHmix > 0, clustering of molecules
forΔHmix < 0, and molecular solution forΔHmix = 0. The highly

Figure 4. DSC plot of the AN−NBA system.

Table 1. Melting Temperature, Heat of Fusion, Heat of Mixing, and Entropy of Fusion of the AN−NBA System

component melting temperature (K) heat of fusion (kJ mol−1) heat of mixing (kJ mol−1) entropy of fusion (kJ mol−1 K−1)

AN 385.82 ± 0.5 21.54 ± 0.01 0.06 ± 0.001
NBA 415.19 ± 0.5 20.62 ± 0.01 0.04 ± 0.001
eutectic-1 391.96 ± 0.5
(exp.) 19.54 ± 0.01 −11.04 ± 0.01 0.04 ± 0.001
(cal.) 30.58 ± 0.01
eutectic-2 379.49 ± 0.5
(exp.) 24.59 ± 0.01 −0.42 ± 0.01 0.06 ± 0.001
(cal.) 25.01 ± 0.01
ANNBA (1:1) 415.14 ± 0.5 43.26 ± 0.01 0.14 ± 0.001
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negative values of enthalpy of mixing for both the eutectics
suggest that there is associative interaction in the molecules
forming the eutectic melt. The positive values for the entropy of
fusion in all cases suggest that the process of melting favors.
Other thermodynamic information, such as the interfacial

energy, the roughness parameter, and the grain boundary
energy, which help in crystal growth and significantly influence
the morphology of the crystal were also calculated using heat of
fusion values. The interfacial energies were calculated by using
the formula35

σ =
ΔC H

N V( ) ( )
fus

A
1/3

M
2/3

(2)

where NA is the Avogadro number, VM is the molar volume, and
parameterC is a constant lying between 0.30 and 0.35. The value
of C used for calculation was 0.35. The values of interfacial

energies are given in Table 2. The Jackson’s roughness
parameter was studied using the following relation

α
ξ

=
Δ H
RT

fus
(3)

where ξ is a crystallographic factor which is generally equal or
less than1; for the present calculation, it is taken as 1, and the
values are tabulated in Table 2.
2.3.2. Excess Thermodynamic Function. To understand the

deviation from ideal behavior of eutectics and the nature of
interactions existing between the components forming the
eutectics, the excess thermodynamic functions in terms of excess
free energy (gE), excess enthalpy (hE), and excess entropy (sE)
were studied by using the equations mentioned earlier.31 The
positive value of excess free energy suggests that there is a strong
interaction between the like molecules forming the eutectic at E1
and eutectic at E2. The values of gE, hE, and sE for both the
eutectics are tabulated in Table 3.

2.4. Optical Studies. 2.4.1. UV−Visible Absorption
Spectra. To study the absorption spectra of the complex
(ANNBA) and its parent components, AN and NBA were
dissolved in ethanol to prepare 1 ppm solution at room
temperature, and the spectra were recorded from 190 to 900 nm.
In the UV−vis spectrum of m-NBA, two bands appear, first
having a strong intensity at 215 nm due to n−σ* transition and
the second having a weak intensity at 256 nm due to π−π*

transition. For AN, three bands appear at 212, 248, and 331 nm
which are, respectively, due to n−σ*, π−π* and n−π*
transitions. In the case of the synthesized complex, three
bands appear similar to that of AN, but the absorption intensity
increases which infers the hyperchromicity and sensitivity to
hydrogen bonding.36 The recorded absorption spectra of the
complex along with parent components are shown in Figure 5a.

2.4.2. Emission Spectra. The emission spectra of the
ANNBA complex along with its parent components are depicted
in Figure 5b. The emission spectra were recorded by exciting
with their respective λmax. NBA did not show any noticeable
fluorescence emission upon excitation, while AN shows a
remarkable fluorescence intensity at 410 nm, that is, in the blue
region. However, the complex shows significant intense
fluorescence as compared to AN in the same region.
In order to study the importance of the newly synthesized

complex (ANNBA) for its fluorescence emission, comparative
fluorescence studies of ANNBA to that of well-known standard
organic fluorescence material, pyrene, have been done with the
identical concentration solutions of ANNBA and pyrene. The
synthesized novel ANNBA on excitation with 250 nm shows
significant intense and promising fluorescence emission, and its
intensity was found to be greater than thrice that of pyrene
(Figure 6a). When the synthesized novel ANNBA was excited
with 330 nm, the observed emission intensity was also found
promising and comparable to the fluorescence observed on
excitation with 250 λmax, and its intensity is still 2.5 times greater
than that of pyrene. Two particular observations of ANNBA
emission have been noted with 330 λmax: first, the wavelength of
maximum emission red-shifted with broadening, and second,
the emission intensity slightly decreased as compared to
excitation at 250 nm (Figure 6b).
To study the influence of polarities of solvents on the emission

of the complex, the absorption and emission spectra of the
complex (ANNBA) with its λmax excitation in different solvents
of different polarities were also studied in selected solvents
[methanol, ethanol, acetonitrile, ethyl acetate, and tetrahydro-
furan (THF)] and are depicted in Figure 7a,b, respectively. The
observation of promising fluorescence emission with the newly
synthesized complex opens the road map for the study of its
possible application to be used for sensing the environmental
pollutants.

2.4.3. Solvatochromism. The influences of polarities of
solvents on the fluorescence emission of the complex (ANNBA)
have found to be red-shifted from the nonpolar solvent to the
highly polar solvent, whereas in the case of absorptions, the
polarity effect does not follow the order of sequence. This
indicates that the fluorescence transitions are much more
sensitive toward the polarity of the solvent than the absorption.
The observed Stoke’s shift value for the complex in different
solvents shows an ordered pattern and increases from polar
(ethanol) to moderately polar THF which exhibits its sensitive
behavior toward different solvents. The finding is clearly
apparent from Table 4. The observed large shifting explains
that when an electron-donating group (amino group) and an
electron accepting group (carbonyl group) combines either
directly or through a bridge of conjugated double bonds, the
migration of electrons is possible from the former to the latter,
and subsequently, the complex gives rise to a special absorption
band totally different from the parent components.37−39 The
variation in the absorption maxima and the fluorescence have
been plotted in terms of Lippert−Mataga solvent polarity

Table 2. Roughness Parameter (α), Interfacial Energy (σ),
and Grain Boundary Energy (γ) of AN, NBA, Eutectics, and
AN−NBA (1:1)

component α σ (erg cm−2) γ (erg cm−2)

AN 6.71 38.78 77.56
NBA 5.98 36.82 73.64
eutectic-1 5.98 37.25 74.51
eutectic-2 7.79 38.62 77.25
ANNBA (1:1) 17.16 37.80 75.61

Table 3. Excess Thermodynamic Functions for the Eutectics
of the AN−NBA System

component gE (kJ mol−1) hE (kJ mol−1) sE (J mol−1 K−1)

eutectic-1 0.52 −6.76 −0.01
eutectic-2 0.50 19.31 0.04
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Figure 5. (a) UV−vis and (b) emission spectra of ANNBA, AN, and NBA in ethanol.

Figure 6. (a) Emission spectra of ANNBA vs pyrene at 250 nm. (b) Emission spectra of ANNBA vs pyrene at 330 nm.

Figure 7. (a) UV−vis spectra of ANNBA in different solvents. (b) Emission spectra of ANNBA in different solvents.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04282
ACS Omega 2022, 7, 7460−7471

7465

https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04282?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


parameter (Δf) which is a function of the dielectric constant (ε)
and refractive index (η) of the solvents.40,41

η ηΔ = −f f f( )
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The linear variation of absorption and emission maxima with
the solvent polarity function (Δf) shown in Lippert−Mataga
plot (Figure 8) is indicative that the hydrogen-bonded
complexes are sensitive toward the polarity of the solvents.42

2.5. ANNBA as a Turn-Off Fluorescent Sensor for Cr6+

Detection. The synthesized complex (ANNBA), when excited
at 330 nm, displayed a Stoke’s shift of∼82 nm, with an emission
maximum of 412 nm (Figure 9). For the estimation of
hexavalent chromium in ground water through development
of a fluorescent sensor, the emission intensity at 412 nm
(maxima) was used. Upon addition of [Cr6+] to the solution
containing the complex, the emission was quenched, which is
explicitly visible by naked eyes under UV irradiation (Figure 10).
Notably, with the decrease in ANNBA emission, Isignal

corresponding to the concentration of chromium in aqueous
solution increases. This increase in Isignal occurs due to the signal
processing (ref to eq 6). Furthermore, on addition of Cr6+ ions

to the solution containing ANNBA, it was allowed to equilibrate
for 10−15 min. For the quantitative estimation of hexavalent
ions in the ground water, the linear increase in Isignal as a function
of the chromium concentration was evaluated.

= −I I I1 ( / )signal i blank (6)

Ii = intensity of ANNBA after addition of the metal analyte; Iblank
= raw emission intensity of ANNBA; Isignal (eq 6) is plotted
against the Cr6+ concentration.
It was observed that for serially diluted (2−50 mM)

hexavalent chromium solutions, the fluorescent emission of
ANNBA gradually decreased (Figure 11a), whereas the Isignal
increased gradually when the concentration of the Cr6+ ions
varied from 2 to 50 mM as shown in Figure 11b. Figure 11a
displays a gradual decrease in fluorescence emission and a
subsequent rise in the Isignal (Figure 11b) with an increase in the
hexavalent chromium concentration (2 to 50 mM). Note, that
the linear region of the calibration curve (Figure 11b inset) is
used to estimate the unknown concentration of chromium in the
synthetic ground water sample, in this study.
Furthermore, the sensor selectivity toward hexavalent

chromium ions in the solution was evaluated (Figure 12a) by
screening Cd2+, Co2+, Hg2+, Mg2+, F−, Ca2+, Cu2+, Zn2+, Cl−,
Sn2+, and Fe2+ against the fixed concentration of ANNBA using
the outlined protocol provided in the Experimental Section. It
was observed that fluorescence emission of the complex
(ANNBA) is significantly quenched (Isignal increased) in the
case of Cr6+ and to some extent in the case of Sn2+ and Cu2+.
However, this quenching is significantly small as compared to
Cr6+, which is also visible via naked eyes (Figure 10), while for
other ions (Cd2+, Co2+, Hg2+, Mg2+, F−, Ca2+, Cu2+, Zn2+, Cl−,
Sn2+, and Fe2+), Isignal is found to decrease. It is important to
mention here that with the addition of the interfering ions
(Cd2+, Co2+, Hg2+, Mg2+, F−, Ca2+, Cu2+, Zn2+, Cl−, Sn2+, and
Fe2+), ANNBA emission increased (Supporting Information S6)
leading to a decrease in Isignal (Figure 12a).
To keep the presentation of the data simple, the Isignal change

for interfering ions is presented at a single concentration, and an
interesting observation with Cr6+ has been exploited for its
further study in detail. It is worth noticing that ANNBA behaves
very different when treated with interfering ions as compared to
Cr6+ ions. Two mechanisms, viz, (i) electron transfer and (ii)
fluorescence resonance energy transfer (FRET), can be
responsible for such behavior of the sensor. To delineate the

Table 4. Wavelength of Maximum UV−Vis Absorption and
Fluorescence, Stoke’s Shift of Complex in Different Polar
Solvents, and Solvent Polarity Function

S
no. solvent

absorption
λmax (nm)

fluorescence
λmax (nm)

Stoke
shift
(nm)

solvent
polarity
function
(Δf)

1 methanol 328 411 83 0.3927
2 ethanol 331 412 81 0.3796
3 ethyl acetate 328 397 69 0.2924
4 acetonitrile 328 400 72 0.3937
5 tetrahydrofuran 332 396 64 0.3090

Figure 8. Lippert−Mataga plots of absorption; fluorescence and
Stoke’s shift against the solvent polarity function (Δf) of the complex in
(1) methanol, (2) ethanol, (3) acetonitrile, (4) ethyl acetate, and (5)
THF.

Figure 9. Excitation and fluorescent emission spectra of the ANNBA
complex.
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sensing mechanism, change in absorption spectra of ANNBA as
a function of ion concentration (Cr6+/interfering ions) was
recorded.
On close observation of Figure 13a, it is observed that no

significant shift in absorption spectra occurred, ruling out the
role of electron transfer in the detection mechanism. This

indicates that fluorescence quenching is possibly due to FRET.
Occurrence of this phenomenon can be evaluated by verifying
the overlap between the absorption spectra of the acceptor (in
the ground state) and the emission spectra of the donor (in the
excited state). The occurrence of FRET at a very short donor
and acceptor separation distance (10 nm) makes this method

Figure 10.Analysis of fluorescence emission of the ANNBA complex and significant quenching with Cr6+ ion, onUV-irradiation, which is not reflected
with other analytes.

Figure 11. (a) Influence of concentration of Cr6+ ion on the luminescence emission intensity with ANNBA. (b) Fluorescent signal calculation in the
Cr6+ concentration range of 2−50 mM. Polynomial curve elucidating the linear calibration curve within the range 2−10 mM (inset).

Figure 12. (a) Selectivity of the developed ANNBA sensor toward the Cr6+ ion. (b) Matrix effect representing ultrasensitivity of ANNBA toward Cr6+

ion even in the presence of 100 μL each of Cu2+, Pb2+, Zn2+, and Hg2+.
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very selective and sensitive. It is well known that FRET does not
require an acceptor to be fluorescent.43 Besides, emission and
reabsorption of photons do not take place during this process.
However, similar to FRET, another competing mechanism such
as radiative energy transfer is known to exhibit a similar effect.
However, this can be easily excluded by performing the
experiments at lower absorbance values (less than 0.1). As the
FRET occurs, a subsequent decrease in donor emission and an
increase in acceptor emission (only when acceptor is
fluorescent) becomes evident. This phenomenon occurs due
to exchange of energy from the oscillating dipole of the donor to
the acceptor.44

Interestingly, Figure 13b shows a significant overlap (over-
lapping area: ∼42) between the absorption spectra of Cr6+ and
the emission spectra of the complex (ANNBA), indicating the
probability of FRET. The absorption spectra of Cr6+ overlap
with the emission spectra of ANNBA, designated as an acceptor
and donor, respectively. Hence, upon addition of Cr6+ ions to
the solution, a concomitant decrease in the emission spectra of
ANNBA is observed due to the FRET mechanism (Figure 11a).
The occurrence of FRET between the designated donor and
acceptor again is supported by the fact that there is an effective
interaction between ANNBA and Cr6+ ion as indicated in
(Figure 13a). This effective interaction between ANNBA and
Cr6+ ions can be visible from the increased ANNBA absorption
spectra (Figure 13a) with a rise in the added Cr6+ concentration.
It is important to mention here that Cr6+ acts like an acceptor,
which is not intrinsically fluorescent. The increase in the optical
absorption of ANNBA with the concentrated sample of Cr6+ ion
as a result of effective interaction led to enhanced spectral
overlapping between the acceptor and the donor. Thus, there are
stronger chances of FRET to occur, which consequently
decreases the emission of ANNBA (donor) and thus increases
the Isignal value.
On the contrary, addition of some interfering ions (Cd2+,

Hg2+, Cu2+, and Sn2+) to the solution (Figure 13a inset) leads to
no noticeable change in the absorption spectra of ANNBA (in

fact a slight decrease in absorption is noticed) coupled with the
increase in the emission from the ANNBA. As the absorption
decreases slightly, there is no significant change in the overall
spectral overlap due to which FRET between the donor and
acceptor becomes weak, and hence a slight increase in ANNBA
emission (decrease in Isignal) is noticed (Figure 12a). This
distinct and significant behavior of ANNBA is employed to
distinguish the analyte from interfering ions (Figure 12a) which
is certainly impressive. This capability can be further examined
to check the sensor ability to detect the analyte even in the
mixture of interfering ions.
Briefly, to the water sample consisting of Cd2+, Pb2+, Zn2+, and

Hg2+ ion mixture (each of 10 mM concentration and 100 μL), a
predetermined concentration of Cr6+ (2 mM and 50 μL) was
added, and a change in the ANNBA emission was noted.
Interestingly, the ANNBA based sensor displayed quenched
fluorescent emission (Figure 12b) (Isignal increased), indicating
the sensor’s ability to detect hexavalent chromium ions in the
heavy metal mixed complex water samples.
The analytical parameters, viz., the theoretical limit of

detection (LOD) and the limit of quantitation (LOQ = 10 ×
LOD), for the sensor to detect hexavalent chromium in the
water samples are calculated in the dynamic range. It is found
that the developed sensor is capable of detecting hexavalent
chromium as low as (3σ value) 0.4 mM, whereas the LOQ for
the developed sensor is found to be 4 mM. The performance of
the newly developed ANNBA sensor toward hexavalent
chromium is encouraging to explore other such biodegradable
novel organic materials; nevertheless, there are several
fluorescent sensors that have better performance toward
hexavalent chromium.45−47 However, current research certainly
demonstrates the ability of ANNBA to detect hexavalent
chromium in water samples for the first time.

3. CONCLUSIONS

A novel complex (ANNBA) of AN and NBA has been
synthesized by adopting a green synthetic route of solvent-free

Figure 13. (a) Regular increase in the optical absorption spectra of ANNBA at different mM Cr6+ ions. Inset showing nearly unchanged or random
variation of absorption band in the presence of Hg2+, Cu2+, Sn2+, and Cd2+ions. (b) Spectral overlapping of the absorption intensity of Cr6+ ions with
the emission intensity of ANNBA, indicating the plausible energy transfer process. Same is not visible in the case of Hg2+ ion.
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synthesis. The phase diagram study, which is a significant tool to
study the compositional behavior of AN−NBA, infers that in the
entire range of compositions, there are formations of two
eutectics and a novel organic complex. The novelty and
structural changes of the newly synthesized complex have
been confirmed by the FTIR, NMR, PXRD, and DSC
techniques. The optical properties of the novel complex and
parent components were studied using UV−vis absorption and
fluorescence emission. Significant intense fluorescence emission
was recorded with newly synthesized complex. The intensity of
fluorescence emission recorded with the newly synthesized
complex was found to be greater than its parent compounds as
well as 3 times greater than that of pyrene, which is a well-known
organic fluorescent compound. The Lippert−Mataga study has
suggested that the charge transfer is higher in the excited state
than in the ground state. The remarkable fluorescence property
of the newly synthesized complex has been exploited in detail.
The fluorescence emissions of the complex in the presence of
interfering ions (Cd2+, Co2+, Hg2+, Mg2+, F−, Ca2+, Cu2+, Zn2+,
Cl−, Sn2+, and Fe2+) were studied. The complex (ANNBA)
shows marvelous affinity toward Cr6+ ions in water samples, and
the observation indicated that it can be used as a (turn-off)
fluorescent sensor. The developed ANNBA luminescent probe
has a wide dynamic range (2−50 mM) concentration with the
limit of linearity within 2−10 mM of Cr6+. Our approach for
synthesizing the novel biodegradable organic sensor materials
using solvent-free solid-state reaction would be the novel
opening for the designing of novel fluorescent organic sensors
with better lower detection limit on applying some modification
in the structure. Besides the synthesis of novel materials with
100% yield, the report will also be insisting to explore the
fluorescent properties of known organic materials as well as to
synthesize new promising materials in the future.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Purification for Synthesis. The

parent compounds NBA and AN were obtained from Sigma-
Aldrich, Germany, having purity of 99 and 98%, respectively.
The purity of both NBA and AN were checked by their melting
points and NMR studies, and these were found in agreement
with the values reported in the literature.48

4.1.1. Chemicals for Fluorescence Sensing. Chemicals
procured from SRL Chemicals (sodium fluoride, tin chloride,
cobalt sulphate, and ferrous sulphate), SDF Chemicals (sodium
arsenite and nitric acid), Alfa Aesar (hydrofluoric acid, sodium
fluoride, sodium chloride, and zinc chloride), Merck India Pvt.
Ltd. (mercury chloride and lead chloride), Fisher Scientific
(cadmium chloride and phosphoric acid), and Rankem (calcium
chloride, magnesium chloride, potassium dichromate, and
ferrous sulfate) were used as such without any further
purification. Importantly, for the preparation of hexavalent
chromium solution, protocols outlined in the American Public
Health Association, the AmericanWaterWorks Association, and
the Water Pollution Control Federation have been employed.49

4.2. Phase Diagram Study.The phase diagram of the AN−
NBA system was established in the form of the melting
temperature-composition curve.50 The mixtures of the parent
component were prepared for the entire range of composition by
weighing their appropriate amount using the balance of accuracy
±0.0001 g. The mixtures were taken in different test tubes, and
the mouth of the test tubes was sealed to avoid contamination.
The mixtures in test tubes were homogenized in silicon oil bath
by repeating the process of melting and mixing followed by

chilling in ice−cold water for four times. The melting points of
these homogenized compositions were determined using a
Toshniwal melting point apparatus attached with a thermometer
which can read up to ±0.5 °C. The graph was plotted between
the compositions and their corresponding melting temperatures
along X and Y axes, respectively.

4.3. Thermal Study.The enthalpy of fusion values of parent
components, their eutectics, and complex (ANNBA) were
determined with the help of DSC (Mettler DSC-4000 system),
which was calibrated using indium and zinc samples by taking
the samples about 4−7 mg in a sealed aluminum pan. DTA and
thermogravimetric analysis (TGA) were also performed for
parents and complex using a PerkinElmer, STA 6000 system.
For the thermal studies, DSC, DTA, and TGA, the samples were
heated with a heating rate of 10 °C/min under a constant flow
(20 mL/min) of nitrogen gas. The values of enthalpy of fusion
were found to be reproducible within ±0.01 kJ/mol.

4.4. Spectral Study. The FTIR spectra of the parent
components and the synthesized complex (ANNBA) were
recorded by dispersing powder samples in KBr and pelletizing
them. The spectrum of pellets was studied using a PerkinElmer
FTIR spectrophotometer in the region of 4000−400 cm−1. The
1H and 13C FT-NMR spectra of the samples were recorded using
a JNM-ECZ500R/S1 500 MHz spectrometer in DMSO-d6
solvent.

4.5. PXRD Study. The XRD pattern of the parent
components, their eutectics, and complex were recorded using
an 18 kW rotating (Cu) anode-based Rigaku powder
diffractometer. The graphite was used as a monochromator.
Each sample was recorded at a scanning rate of 4°/min.

4.6. Optical Study.TheUV absorption spectra of the parent
components and the complex (ANNBA) were recorded at 300
Kwith an identical concentration solution (1 ppm) in ethanol by
employing a UV/Vis/NIR (JASCOmodel V-670) spectrometer
from 190 to 1200 nm. However, the fluorescence emission
spectra were recorded for the respective samples at the same
temperature using a QM-400, Horiba Canada Fluorescence
spectrometer, a step size of 0.5 nm, and an integration time of 0.1
s. The well-known standard organic fluorescence compound,
pyrene, was used for the comparative studies of ANNBA
fluorescence. The influences of polarity of solvents were also
studied using the same spectrofluorometer.

4.7. Analyte Sensing Methodology. All chemicals
(analytes) were prepared using the serial dilution method
from 100 mM stock solution. The fluorescence spectra of
ANNBA solution (10−5 M) in the ethanol solvent was recorded
in the above-mentioned spectrofluorometer. Hexavalent
chromium [Cr6+] was added to the ANNBA solution
sequentially ranging from 2 to 100 mM, and the resulting
spectra were recorded. Further, an absorbance spectrum (250−
500 nm) of ANNBA was also obtained using the same UV−vis
spectrometer. The same procedure was adopted for other
analytes as well.
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