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Synthesis and application of a new class of D—t—A
type charge transfer probe containing imidazole —
naphthalene units for detection of F~ and CO,+

Ramesh C. Gupta, Rashid Ali, Syed S. Razi, Priyanka Srivastava, Sushil K. Dwivedi
and Arvind Misra*

A new class of D—1t—A type charge transfer probe, 3 and 4, containing imidazole — naphthalene moieties as
donor and acceptor, respectively, has been synthesized via a Suzuki coupling reaction. Probe 3, upon
interaction with different classes of anions, showed high selectivity toward fluoride with a detection
sensitivity of 4 ppb (0.22 uM). The in situ generated imidazolyl ion (3 + F7) enables the detection of CO,
with the restoration of the original absorption and emission properties of 3. The mode of interaction has
been confirmed by *H NMR and DFT studies which suggested the deprotonation of the —NH fragment of
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1. Introduction

In recent years the scientific community has shown much
interest in developing specific molecular organic scaffolds for
the selective recognition of anions that have serious unfavor-
able effects on organisms." In the family of different classes of
anions the F~ anion has gained much importance in dental
care, treatment of osteoporosis, and treatment of drinking
water. Also fluoride has been used as in anesthetics, hypnotic
and psychiatric drugs, military nerve gases and in the refine-
ment of uranium.>® The Environmental Protection Agency
(EPA, USA) has set a standard of 2-4 ppm to protect individuals
against several disorders.” Over-exposure to fluoride may cause
serious health problems such as, fluorosis, neurological and
metabolic disorders®*** and even cancer like osteosarcoma.'
Therefore, it is highly important to develop selective, sensitive,
fast, and cost-effective detection methods for fluoride anions.
The selective recognition of specific anion is challenging
because of their lower charge to radius ratio, microenvironment
sensitivity (solvent effect), pH sensitivity, as well as their exis-
tence in a wide range of different geometries."* Particularly,
fluoride has smallest ionic radius, highest charge density, and
has hard Lewis base nature.** The conventional analytical
methods for F~ typically involve the use of ion chromatog-
raphy,” ion-selective electrodes,'*"” and capillary zone electro-
phoresis.” Moreover, among widely used sensing techniques
for the detection of anions optical based methods such as
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the imidazolyl unit in the presence of F~.

application of chemosensors (chromo or fluorogenic) has
recently emerged as the most convenient technique due to high
selectivity, sensitivity and naked eye visibility, low detection
limit and suitability for detection at the intracellular and tissue-
specific level.”

Recently great efforts have been made to develop suitable
molecular scaffolds to detect fluoride based on different pho-
tophysical processes.* However, molecular scaffolds based on
intramolecular charge transfer (ICT) and ratiometric fluores-
cence responses are in great demand. Ratiometric systems have
advantages because it allows simultaneous response at two
wavelengths. Thus, to make non-covalent recognition event
thermodynamically feasible and convenient to the naked-eyes
for a target anion there is a great need to develop a specific
molecular scaffold based on binding site signaling approach by
incorporating a suitable chromophore and a neutral anion
receptor unit such as -NH fragment.* This is also because both
fluoride and carboxylate anions easily interact with -NH frag-
ment through a strong hydrogen-bond interaction in an aprotic
medium. Moreover, the presence of hetero atoms in synthetic
polycyclic aromatic hydrocarbons of high planarity enable
better electron delocalization and generates good photophysical
properties, such as, intense fluorescence due to high charge
mobility.*>*” Thus, the typical structural and electronic changes
encountered upon anion-receptor interaction by directional
hydrogen bonding and/or by donation of one or more hydro-
gens of NH fragment to the anion are easy to follow by spec-
troscopic techniques.*®

Additionally, among the gases CO, is an important green-
house gas which is a major factor for global climate change as
well as has vital role in human physiology and diagnostic
applications in medical science.”**” Thus, the sensitive detec-
tion of CO, has great significance. Recently it has been found
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that anionic amine, carbene and anionic amide are suitable
substrate to demonstrate unique anion-activated CO, sensing
through a simple colorimetric and fluorescent change.’**°

In view of above facts and in continuation to our previous
efforts in the area of molecular recognition*' we herein report
a new class of organic scaffold for selective detection of fluoride
and CO, in DMSO. In our previous contribution we have
developed some D-m-A type organic scaffolds in which the
phenyl substituted imidazolyl and benzothiazole moieties are
linked with a phenyl and/or thiophene unit and realized their
application in the detection of anions, cations and CO,. In fact,
planar polycyclic aromatic hydrocarbons facilitate better pho-
tophysical properties due to extended conjugation, high extent
charge mobility and their mutual arrangement with in the
molecule.** Further, to develop a more selective and sensitive
probe for a target anion, we consciously extended m-conjugation
by conjugating phenyl substituted imidazolyl and naphthalene
moieties through a phenyl bridge. The newly synthesized D-mt-A
type molecular probe, 3 showed good optical behavior based on
intramolecular charge transfer (ICT) process in which, imida-
zolyl and naphthalene units worked as donor and acceptor,
respectively. As expected, upon interaction with different class
of anions in DMSO the -NH fragment of imidazole unit of probe
3 interacted with F~ selectively through H-bonding interaction
followed by deprotonation and exhibited naked-eye sensitive
colorimetric changes and fluorescence “turn-on” response
ratiometrically, due to charge transfer/propagation between
donor and acceptor moieties by push-pull mechanism. More-
over, the anionic fluoroionophore moiety, 3 + F~ has been
successfully utilized to detect and estimate CO, with high
sensitivity and unique chromo and fluorogenic responses.

2. Results and discussion
2.1 Synthesis and photophysical behavior of probe 3

The synthesis of probe 3 and the model compound 4 were
synthesized as shown in Scheme 1. The imidazole derivative 1
and 2 was obtained in good yield by one pot multi-component
reaction process.** Compound 1 was synthesized by reacting
p-bromobenzaldehyde, benzil and NH,OAc in glacial acetic acid
while for 2, aniline was refluxed along with p-bromobenzalde-
hyde, benzil and NH,OAc in glacial acetic acid. Now compound

Scheme 1 (i) CHsCOONH,/acetic acid/110 °C (ii) Pd(OAc),/TBAB/
K>CO3/H,0.
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1 and 2 were reacted with naphthalene-2-boronic acid using
Suzuki coupling reaction protocol* to get desired products 3
and 4 in quantitative yield. The compounds were characterized
by 'H NMR, *C NMR, IR and TOF-MS spectroscopy data
(Fig. S1-S12, ESIt).

2.1.1 Photophysical behavior of probe 3 in solid state and
anion selectivity. We first examine the behavior of 3 in solid
state. Upon excitation at 340 nm 3 showed weak emission at
432 nm and upon interaction with different anions such as, Cl -,
Br,I,AcO™, CN™ and F~ (as their tetrabutylammonium salt)
displayed change with F~, CN™ and AcO ™ in which the emission
band centered at 432 nm disappeared completely and new
emission bands appeared at 521, 520 and 502 nm respectively
(Fig. 1b). Notably, the solid state reaction resulting in an
instantaneous color change from brown to yellow when crystals
of tetrabutylammonium fluoride (TBAF) and tetrabutylammo-
nium cyanide (TBACN) are brought (even without grinding) in
contact with probe 3 (Fig. 1a). However, under UV-light, non-
fluorescent probe 3 with TBAF and TBACN displayed bright
fluorescent yellow color while relatively weak greenish yellow
color was observed with TBOAc. The other tested anions failed
to exhibit any significant change. The specificity for F~, CN™
and AcO™ anions appears to be due to their higher basicity
among the anions. Moreover, the probe 4 which do not have
active -NH fragment, upon interaction with tested anions
showed insignificant change. Thus, suggesting that proton on
imidazole N atom is important for reaction and sensing.*’

2.1.2 Photophysical behavior of probe 3 in solution and
anion selectivity. Next we examined the photophysical proper-
ties of probe 3 and 4 in solvents of different polarity (Tables S13
and S14t) and found that DMSO is better system to carry out
further studies (Fig. S15 and S16+). UV-vis spectrum of 3 (10 uM)
in DMSO showed an intramolecular charge transfer (ICT) band
at 340 nm (e = 4.29 x 10 M~ em ™). Similarly, upon excitation
at 340 nm 3 showed emission maxima at 448 nm (®; = 0.585)
with Stokes shift of ~108 nm. Further, to ensure the selectivity
of probe 3 toward anions in solution absorption and emission
spectra has been examined. Notably, upon interaction with
different anions (50 equiv.) such as, CI7, Br ,I ,AcO,CN™ and
F~ (as their tetrabutylammonium salt) 3 displayed high selec-
tivity for F~ in which the ICT band disappeared completely and
a new transition band appeared at 390 nm (¢ = 2.49 x 10" M "
cm ') and a naked-eye sensitive orange yellow color appeared in
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Fig. 1
showed solid state color change of probe 3 in the absence and
presence of F~, CN™, AcO™, Cl7, Br™, and I ions. (b) Solid state
emission spectra of probe 3 with F~, CN™, and AcO™.

(@) Images (i) under visible light (ii) under UV-light (365 nm)
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Fig. 2 (a) Absorption (10 uM) and (b) emission spectra of 3 (10 uM) upon interaction with tested anions (50.0 equiv.) in DMSO. Insets: absorption

and emission spectra of 3 + F~ upon interference with competitive anions (60.0 equiv.). Images: change in color of 3 (10 uM) upon interaction

(Images A) and interference (Images B) with different anions.

the solution (Fig. 2a). Similarly, upon interaction with F~ the
fluorescence intensity of 3 (10 uM, A, = 340 nm) centered, at
448 nm diminished and a dual emission band appeared at 453
and 565 nm (@, = 0.26) (Fig. 2b). Moreover, the naked eye
sensitive intense blue-green color of 3, under UV light,
switched-on to a light yellow color upon interaction with F~
(Fig. 2, images A). The interaction with other tested anions
revealed insignificant change in the photophysical behavior of
3. However upon increasing the concentration of anions (150
equiv.) CN™ also showed considerable fluorescence quenching
while quenching observed with AcO™ anion remained marginal

(Fig. S17, ESIt). Further to ascertain high selectivity of 3 toward
F~ competitive anion interference studies have been performed
by the addition of excess of tested anions (60 equiv.) to a prob-
able solution of 3 + F~ and reversibly, by the addition of F~ to
a solution of 3 containing another tested anions. Insignificant
change in the absorption and emission spectrum of 3 + F~
suggested about the high selectivity of 3 for F~ (Inset of Fig. 2a,
b and Images B).

Further, the binding affinity of 3 toward F~ has been realized
through the absorption and emission titration experiments
(Fig. 3). Upon a gradual addition of F~ (0-40 equiv.) to a solution

0.35 007 090 0
s]y=30145x+23m1
0.2844 o ° ° R =09918
30
2021 Sue] 3
_§ - 0 ° 20
=
§0.14 0 . 10
0.07 00 02 04 06 08 10 00 04 08 12 16
3/3+F] V[F](10uM)
0.00 T v v
300 350 400 450 500
Wavelength (nm)
020
3007 ®) 2% =02386x+0.0148
- ) 016) R=0972
5 2251 ° °
s 3 ° §012
i 0.08
z 150+ ]
2 () 0.04{
= 00 02 04 06 08 10 00 02 04 06 08
75 3/ 34 VIF] 10V
0
400 500 600 700
Wavelength (nm)

Fig. 3 Absorption (10 pM) (a) and emission (b) at Aex = 340 nm titration spectra of 3 (10 uM) upon sequential addition of F~ (0 to 40 equiv.) in
DMSO. Insets: Job's plot and B—H plots based on (a) absorption and (b) emission spectra.
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of 3 the absorption spectra displayed ratiometric behavior in
which band centered, at 340 nm decreased while the absorption
of a new band at 390 nm enhanced concomitantly (Fig. 3a).
Similarly, the emission titration studies displayed ratiometric
behavior in which fluorescence intensity of 3 (at, Aex = 340 nm),
centered at 448 nm diminished gradually and two new emission
bands appeared at 453 nm and 565 nm (Fig. 3b). The appearance
of isosbestic and isoemissive points at 365 and 532 nm, respec-
tively clearly supported about the existence of more than one
species in the medium. The observed significant red shift in the
photophysical behavior of 3 upon interaction with F~ is attrib-
uted to enhance intramolecular charge transfer encounter due to
deprotonation of -NH fragment.*>*® The reaction stoichiometry
between 3 and F~ has been realized by obtaining the absorption
and emission spectra as a function of F~ concentration. The
maxima at 0.5 mole fractions suggested about a 1:1 stoichi-
ometry for a probe-fluoride interaction. For which, the binding
constant has been estimated through Benesi-Hildebrand (B-H)
method* and were found to be K, (abs) = 7.90 x 10° M and
K.ssem) = 6.2 x 10° M respectively (inset of Fig. 3a and b).

The limit of detection (LOD) of probe 3 for F~ has been
estimated as reported previously.”® An approximately straight
line calibration curve, obtained by taking the emission spectra
of 3 at different concentration (1.0 to 0.1 uM) suggested about
a linear correlation between intensity and concentrations of the
probe with standard deviation 0.90 (Fig. 4a). Further, from the
slope of the fluorescence curve, obtained between AI(I — I,)
(where I, and I illustrate the emission intensities of 3 in the
presence and absence of F~) and concentration of the anions in
the aforementioned range, the calibration sensitivity (m) was
estimated and was found to be 12.099 (Fig. 4b). Now employing
eqn (3) the limit of detection (LOD) for F~ was calculated and
was found to be 0.22 uM which is well below the recommended
level and comparable to other reported methods.>

2.2 pH study of probe 3 in HEPES buffer

The photophysical behavior displayed by 3 in the presence of F~
suggested about the deprotonation of -NH fragment of imida-
zolyl unit**** consequently, the observed ratiometric enhanced
emission is attributed to polarization and/or charge propaga-
tion of an increase electron density on the imidazolyl unit.
Moreover, the moderately weak acidic -NH function of imid-
azole unit is susceptible to protonation and deprotonation
under acidic and alkaline pH. Therefore, to rationalize the effect

@ 0.204 (b)
=0.2386x +0.0148
- 7501 SD=0.90 0161 R2=0.9792
=
& 600
= g o0
g 0.08
= 300
0.04
02 04 06 08 10 00 02 04 06 08
Probe 3 (uM) V[F] (10uM)
Fig. 4 (a) Calibration curve for 3 and (b) calibration sensitivity plot of 3
for F.
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Fig.5 Change in absorption (a) and emission (b) spectra of 3 (10 uM) at
different pH in HEPES buffer.

of F~, pH dependent photophysical behavior of 3 was investi-
gated in HEPES buffer (10 mM, pH 7.04; 40% aqueous DMSO).

The absorption spectrum of 3 (10 uM) showed electronic
transition bands at 340 nm (¢ = 3.35 x 10* M~ " cm ™) (Fig. 5a).
Similarly, upon excitation at 340 nm probe 3 showed intra-
molecular charge transfer emission band at 448 nm (Fig. 5b).
Notably, under acidic (pH 7 to 6) conditions the molar absorp-
tivity of 3 increased and new band appeared at 326 nm (¢ = 3.50
x 10* M~ * em™%; blue-shift, ~14 nm) and remain constant at pH
6 to 1 wherein alkaline (pH 10 to 14), the band centered, at
340 nm disappeared and a new transition band appeared at
370 nm (e = 2.79 x 10* M~ "' em™'; red-shift, ~30 nm) (Fig. 5a).
The formation of isosbestic points at 334 and 352 nm in acidic
and alkaline medium, respectively suggested about the existence
of more than one species in the medium. Similarly, under acidic
pH (7-6) the emission intensity of 3 centered at 445 nm (A, = 340
nm) increased with a blue shift of ~27 nm while under alkaline
(>11) condition dual emission band appeared at 440 nm (blue
shift ~5 nm) and 545 nm (red shift ~100 nm) (Fig. 5b) and the
color of solution become yellowish orange. Thus, acid-alkali
titration studies clearly supported about the protonation-depro-
tonation of the probe in the medium.

2.3 Nature of interaction between 3 and F~

To get a deep insight about actual mechanism of interaction
between 3 and F~ the "H NMR studies have been performed
DMSO-ds. "H NMR spectrum of 3 (2.0 x 10> M) (Fig. 6) showed
aromatic protons resonance in the range at 6 8.35-7.25 ppm. The
imidazolyl -NH resonance appeared at ¢ 12.78(s) ppm due to
hydrogen bonding interaction with solvent DMSO-ds. Upon
addition of F~ (0-2.0 equiv.) to a solution of 3 the -NH reso-
nances broadened. Further addition of 3.0 to 5.0 equiv. of F~ the
-NH resonances disappeared completely and the resonances of
phenyl ring proton shifted up field. A broad band appeared at
0 16.05 ppm suggested about the formation of HF,™ species*’
in the medium. Thus, the proton NMR studies clearly favored
about the H-bonding interaction between -NH fragment of 3 and
F~ followed by deprotonation. Consequently, the ICT increased
due to charge propagation from imidazole to naphthalene unit.

2.4 DFT calculation

The geometry optimization and quantum chemical calculations
for 3 and the corresponding deprotonated product, 5 were

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Stacked *H NMR spectra of 3 (2.0 x 1072 M) upon addition of F~ (0-5.0 equiv.) in DMSO-d.

performed by density functional theory (DFT) method as
implemented in Gaussian 03 suits of program®! employing basis
set B3LYP/6-31G*. As shown in (Fig. 7), the relevant occupied
molecular orbital, HOMO (—0.30922 eV) is delocalized to the
entire unit probe 3, in which the electron density is spread over
the imidazole-phenyl bridge-naphthalene unit while unoccu-
pied molecular orbital LUMO (—0.22094 eV) are distributed
more towards naphthalene-phenyl unit. Similarly, for 5 the

HOMO (—0.29103 eV) is located to the entire unit while LUMO
(—0.21889 €eV) is more localized to naphthalene-phenyl bridge.
Thus, the molecular orbital approximation favors about the
intramolecular charge transfer (ICT) from imidazole to naph-
thalene unit. The deprotonation of imidazolyl -NH led to
a further polarization in electron density from the imidazole to
naphthalene unit. Furthermore, the energy gap between the
HOMO and LUMO of 5 (AE = 0.07214 eV) was found less than
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[A] DFT optimized minimum energy structures and HOMO-LUMO energy difference between 3 and 5 and proposed mechanism of

interaction between probe 3 and F~. [B] DFT optimized packing arrangement of probe 3.
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that of probe 3 (AE = 0.08828 eV) and in good agreement with
the red shift observed in the absorption spectra upon treatment
with F~. Thus both the theoretical and experimental observa-
tions corroborated the possible mode of interaction between 3
and fluoride anion.

Further, in DMSO the basic nature of anions follow the order
F~ >CN > AcO™ > H,PO,” > BzO > Cl~ > HSO4~ > SCN~ >
NO;™ > Br > I which is in general agreement with the Hof-
meister series and reported methods.”* Fluoride is the most
basic anion, and the following one is the cyanide. The different
emission behavior of probe toward tested anions in solid and
solution is possible and are known. The molecules in the solid
state hardly move at all reactions are also very slow because
molecules can't easily come into contact with each other. If two
solids are mixed, molecules on the surface of the solid grains
may react, but the molecules buried inside will be left
untouched. In the solid state the stoichiometric ratio between
the probe and tested anions are not maintained this could be
a reason to get exceptionally variable enhancement in the
intensities despite of the basicity order of the tested anions but
enhancement in emission toward high wavelength was
observed with anions such as CN~, AcO™ and F~ that could be
understood considering the formation of aligned dimeric
aggregate or excimer formation due to better aligned packing
arrangement and/or lattice fit between the deprotonated and
neutral molecules due to w-m and H-bonding interactions.
Although we failed to obtain crystal of the molecule and its
probable complex but minimum energy structure obtained
through DFT method suggested about the planarity and dimeric
alignment of the molecule (Fig. 7B).

In recent years we and others have demonstrated modula-
tions in photophysical behavior of anion-responsive probes
induced by fluoride in organic solvents, which usually originate
either due to hydrogen-bonded complex formation (in early
transition stage) and deprotonation (later stage) steps.****>* To
explain the fluorescence quenching of ICT emission of the
probe in solution size, basicity and solvation factor of the con-
cerned anions are decisive. In solution intensity of probe
drastically decreases at 448 nm with F~ only, upon using around
50-60 equiv. of all the tested anions. However when we
increased the concentration of anions probe also showed some
affinity with CN~ and AcO™ anions also probably due to
hydrogen bonding interaction. But change in optical behavior
was more pronounced with F~ obviously due to smaller size and
high basicity that ultimately leads to deprotonation of the
probe. Consequently, the diminished emission observed at
448 nm is clearly due to enhanced ICT process. On other side
with a rise in electron density on the naphthalene moiety, due to
charge propagation, would certainly increase the probability of
-1 interaction along with enhanced H-bonding interactions
between the deprotonated and neutral species. Thus, the
possibility of unstructured excimer emission or emission due to
aggregate formation can be understood and should be ratio-
nalized and justify to emission observed at 565 nm which
showed more red shift than the enhanced emission observed in
solid state at ~502-521 nm. The low intensity of excimer
emission observed at 565 nm may considered by accounting the

4946 | RSC Adv., 2017, 7, 4941-4949
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intermolecular H-bonding with DMSO solvent. Moreover in
solution the low intensity of emission observed at 565 nm is
obviously is due to the intermolecular H-bonding interaction
with the solvent.

2.5 Detection of F~ on cellulose paper strips

In order to make sure the potential applicability of probe 3 to
detect fluoride anion on test paper strips, small cellulose paper
strips (Whatman™) containing different concentration of 3 (5,
2 and 1 mM) were prepared (1.5 x 2.0 cm?) in acetone. The
dried test paper strips were dipped in different concentration
solutions of F~ (10 x 107%,5 x 107>, and 1 x 10> M; of TBAF
in ACN) for 5 min and then the air dried strips were visualised
under UV light (at 365 nm). The visibility of color on the strip
was good up to 1 mM level in which color of paper strips were
changed from blue to green (under UV light at 365 nm) (Fig. 8a).
The paper strip could able to detect F~ up to 10~ ° M concen-
tration. The paper strips of 0.1 and 0.01 mM concentration of
probe could also able to detect F~ but the visibility of color on
the strip was much better for 1.0 mM. Similarly, the probe 3 was
adsorbed on TLC plate and treated with the tested anions
(Fig. 8b), the immediate naked-eye sensitive fluorescent color
change from blue to green with F~ and yellow with CN™ under
UV light (at 365 nm) and unchanged with other anions sug-
gested the applicability of probe to sense anion on a solid
surface (Fig. 8b).

2.6 Anion induced CO, sensing

The probe 3 contains an active -NH unit which can be utilized
to detect CO, by a chemical-based optical method. This is
because the deprotonation of acidic -NH function of chromo-
phore by a suitable anion like, F~ generates negatively charged
nitrogen, which may act as an efficient nucleophile to react with
CO,. Therefore, to understand the potential applicability of
probe 3 for anion induced CO, sensing an attempt has been
made and the change in typical photophysical behavior
have been examined through the absorption and emission

0 (i) (i)

’ I I

(b)

Fig. 8 (a) Fluorogenic (blue to yellowish green) response of 3 on paper
strips containing different concentration of probe 3; (i) 5 mM, (ii) 2 mM,
(iii) 1 mM before and after addition of F~ (i) 10 x 107>, (i) 5.0 x 10~° and
(i) 1.0 x 107® M. (b) Fluorogenic response of 3 with different anions on
silica coated slides.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Change in absorption and emission spectra of 3 + F~ upon
interaction with CO, in DMSO. Images: change in color of 3 with F~
and CO,.

spectroscopy (Fig. 9). First, the solution of probe 3 in DMSO was
treated with TBAF to generate in situ an anion induced anionic
probe, 3 + F . Then, the volume of CO, was increased to
a solution of 3 + F~. It is interesting to mention that upon
passing the CO, to a solution of 3 + F~ significant naked-eye
sensitive color change were observed in which the original
color of probe revived and, the typical absorption band for 3 +
F~ centered, at 390 nm diminished with the revival of original
absorption band of 3 at 340 nm along with formation of an
isosbestic point at 365 nm (Fig. 9). Moreover, the observed
emission intensity of 3 + F~ at 453 nm and 556 nm (at Acx = 340
nm) upon increasing the volume of CO, gas showed a gradual
revival in emission intensity of 3 at 448 nm (Fig. 9) along with
unique naked-eye sensitive colorimetric responses. The color of
probe 3 changed from colorless to brown by F~ revived to
original color while under UV light the yellow color of 3 + F~
upon exposure with CO, regenerated actual intense blue-green
color of 3 (Fig. 9 images). Moreover, fluorescence titration
data have been acquired to estimate the detection limit of 3 + F~
for CO, and was found to be 0.36 uM (~16 ppb) (Fig. S187). The
significant colorimetric response displayed by 3 in the presence
and absence of fluoride anion and carbon dioxide may be
attributed to the formation of imidazolium hydrogen carbonate
salt, generated from N-CO, adduct formed by the initial attack
of negatively charged imidazolium ion to CO,.”***

3. Conclusion

In summary, probe 3 is found to detect trace amounts of F~ anion
in the solution and solid states with colorimetric and fluoro-
metric responses due to variation in ICT process. Moreover,
probe 3 has been utilized to detect CO, by a chemical-based
optical method. The in situ generated anionic species, 3 + F~
displayed unique colorimetric response along with revival in the
typical photophysical properties of probe 3. Moreover, a remark-
able solid state reaction resulting in an instantaneous change in
color when 3 is brought in contact with crystals of TBAF, TBACN
and TBOAc while it remained silent toward other tested (Cl~, Br—
and I") anions. Thus, the presence of the -NH group in the
molecule is undoubtedly the centre of recognition of the anion as
evident by the absence of sensing by the model compound, 4. The
"H NMR studies unequivocally supported about the deprotona-
tion of moderately acidic imidazolyl -NH fragment in the

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

presence of F~ anion and confirmed the observed changes in the
photophysical behavior of probe.

4. Experimental section
4.1 Materials and chemicals

All the reagents and solvents were purchased from Sigma-
Aldrich Chemical Co. Pvt. Ltd. stored in a desiccator under
vacuum containing self indicating silica, and used without any
further purification. Solvents were purified prior to use. UV-vis
absorption spectra were recorded on a Perkin Elmer Lambda-
35 UV-vis spectrophotometer using a quartz cuvette (path
length = 1 cm). Infrared (IR) spectra were recorded in potas-
sium bromide (KBr) on Varian-3100 FT-IR spectrometer. 'H
NMR spectra (chemical shifts in 6 ppm) were recorded on
a JEOL AL 300 FT-NMR (300 MHz) spectrometer, using tetra-
methylsilane (TMS) as internal standard. Fluorescence spectra
were recorded on Varian eclipse Carry spectrofluorometer using
a quartz cuvette (path length = 1 cm) at 400 PMT voltage and
slit width 5 nm/5 nm. All the spectroscopic experiments
were carried out at room temperature. The stock solution of 3
(1 x 107% M) were prepared in DMSO and diluted to obtain
10 uM in DMSO for the absorption and fluorescence measure-
ments, respectively. The stock solutions of different anions (1 x
10~! M) were prepared by dissolving their tetrabutylammonium
salt in DMSO. The anion interaction studies were performed by
the addition of 1 x 10~" M of different anions.

4.2 Estimation of quantum yields

The quantum yields of probe 3 and 3 — F~ were estimated with
respect to the quinine sulfate (¢ = 0.54) as standard in 0.1 M
H,S0, solution by secondary methods, using eqn (1).

Q = Qg x IlIg x ODR/OD x n*lng’ (1)

where Q is the quantum yield, I is the integrated intensity, OD is
the optical density, and 7 is the refractive index. The subscript R
refers to the reference fluorophore of known quantum yield.

4.3 Estimation of binding constant

The absorption and fluorescence experimental data were
utilized to calculate association constants by Benesi-Hilde-
brand method (B-H method) employing eqn (2) for 1:1
stoichiometries.

(I — Iy) = 1/ — Ip) + 1IKU — I)[M] (2)

where K is the association constant, I is the absorbance/
fluorescence intensity of the free probe 3, I, is the observed
absorbance/fluorescence intensity of the 3 — F~ complex, and I¢
is the absorbance/fluorescence intensity at saturation level.

4.4 Estimation of limit of detection
The limit of detection (LOD) of 3 for F~ was estimated by

eqn (3).
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LOD = 3g/m (3)

where, ¢ stands for the standard deviation of blank solution of 3
and m stands for calibration sensitivity toward F~ ions in DMSO
solution of 3.

4.5 Synthesis

4.5.1 Synthesis of 1. Benzil (210 mg, 1.0 mmol), ammo-
nium acetate (231 mg, 4.0 mmol), p-bromobenzaldehyde
(185 mg, 1.0 mmol), acetic acid (10 ml) were taken in a round
bottom flask and refluxed the reaction mixture for 4 h. After
completion of reaction (monitored on TLC) the solution was
poured in crushed ice. The precipitate obtained was filtered and
washed with water. "H NMR (300 MHz, CDCl,): 6 12.77 (s, 1H),
8.04 (d, 2H), 7.69 (d, 2H), 7.51 (m, 10H). IR (KBI) ¥mqy (cm™):
500, 605, 695, 729, 765, 826, 914, 969, 1011, 1069, 1126, 1324,
1431, 1449, 1483, 1501, 1602, 3028.

4.5.2 Synthesis of 2. Benzil (210 mg, 1.0 mmol), aniline
(93 mg, 1.0 mmol), ammonium acetate (231 mg, 4.0 mmol), p-
bromobenzaldehyde (185 mg, 1.0 mmol), acetic acid (10 ml)
were taken in round bottom flask and refluxed for 4 h. After
completion of reaction (monitored on TLC), solution was cooled
at room temperature then poured in crushed ice. The precipi-
tate was filtered and washed with water. "H NMR (300 MHz,
CDCl,): 6 7.58 (d, 2H), 7.38 (d, 2H), 7.35 (m, 12). ">*C NMR
6 (ppm): 161.79, 145.76, 136.90, 134.23, 131.28, 130.41, 130.31,
129.22, 128.27, 128.36, 128.18, 128.05, 126.71, 122.61. IR (KBr)
vmax (€M Y): 654, 695, 765, 830, 960, 1010, 1074, 1138, 1410,
1444, 1478, 1497, 1598, 3057.

4.5.3 Synthesis of 3-4. Compound 1 and 2 (1.0 mmol) were
taken separately in a two necked flask. To this 2-naphthyl
boronic acid (2.2 mmol), catalytic amount of Pd(OAc), (0.5 mg,
0.1 mol%), powdered K,COj3 (2.5 mmol) and Bu,NBr (1.0 mmol)
were taken and nitrogen gas was passed to remove O, from the
reaction mixture. Now, the calculated amount of water (2.5 ml)
was added and stirred the reaction mixture for 1-2 h at 70 °C.
After completion of reaction (monitored on TLC) the reaction
mixture was cool down to room temperature and diluted with
water. The desired product was extracted with EtOAc. The
collected organic portion was dried over anhydrous Na,SO, and
solvent was removed on rotary evaporator. The crude products
were purified by column chromatography using EtOAc : Hexane
(0.5 : 9.5, v/v) as eluent to afford desired products.

4.5.4 Compound 3. Yield 71%. "H NMR (300 MHz, CDCl;),
0 (ppm): 12.79 (s, 1H) 8.35 (m, 4H), 8.01 (m, 7H), 7.5 (m, 10H).
13C NMR 6 (ppm): 145.2, 139.4, 136.7, 134.9, 133.3, 132.4, 132.3,
130.6, 129.4, 128.6, 128.4, 128.2, 128.1, 127.4, 126.4, 126.2,
126.1, 125.7, 125.6, 125.1, 124.8. IR (KBr) vpa (cm™): 696, 750,
765, 815, 1130, 1233, 1320, 1384, 1472, 1493, 1598, 1628. HRMS
m/z: [3 + H]" for C3;H,,N, 423.1056 (calc. = 423.1083).

4.5.5 Compound 4. Yield 76%. "H NMR (300 MHz, CDCl;),
6 (ppm): 7.92 (s, 1H), 7.81 (d, 1H), 7.63 (d, 1H), 7.55 (t, 1H), 7.47
(d, 1H), 7.39 (d, 1H), 7.2 (m, 15H). "*C NMR § (ppm): 146.6,
140.6, 138.5, 137.6, 137.2, 134.4, 133.6, 132.7, 131.3, 131.1,
130.6, 130.3, 129.4, 129.3, 129.1, 128.3, 128.2, 127.9, 127.5,
126.9, 126.3, 125.6, 125.2. IR (KBI) Vmax (cm™): 697, 765, 815,
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841, 960, 1026, 1073, 1261, 1369, 1446, 1482, 1497, 1598, 2853,
2923, 3057, 3417. HRMS m/z: [4 + H]' for C;,H,eN, 499.2172
(cale. = 499.2174).
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