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(2E,2'E)-3,3'-
has been

A novel triphenylamine benzimidazole based fluorogenic chemosensor named
((phenylazanediyl)bis(4,1-phenylene))bis(2-(1H-benzoldlimidazol-2-ylacrylonitrile) ~ (PBIA)
successfully generated and characterized by varoius spectroscopic techniques. Among various screened
anions, only cyanide (CN") showed a distinct fluorogenic property towards PBIA. Hence, the optical
properties of PBIA were investigated in the presence of cyanide (CN’) by means of UV-vis
spectrophotometry and fluorescence spectroscopy in DMSO, where we observed that, upon treatment
with CN™ to the probe solution, the orange fluorescence of the ligand showed a blue shift and the orange
fluorescence changed to greenish-yellow under an UV lamp. The hypsochromic shift in fluorescence
maxima upon the addition of cyanide was attributed to nucleophilic addition of cyanide to PBIA inhibiting
the electron flow within the molecule and disrupting the ICT process. The interaction behind the sensing
of cyanide was investigated by *H-NMR titration, a mass spectroscopic study and DFT calculations, which
supported the mechanism. The limit of detection (LOD) was calculated and found to be in the order of
1078 (M). PBIA showed an immediate response in the spectral pattern (<20 s) towards its target cyanide
ion, and the effectiveness of the chemosensor was also examined in the presence of competing anions.
Furthermore, the practical efficacy of the PBIA was established by a dipstick experiment along with cyanide

detection in various natural water resources. Human breast cancer cells MDA-MB 231 were made

rsc.li/sensors

Introduction

We all know that anions play an imperative role in different
disciplines, such as biological systems and environmental
chemical processes, as well as different technological, clinical
and medical processes."™ Among various anions, cyanide is
listed as one of the most noxious and lethal chemical
substances known to us. Conversely, cyanide has different
industrial applications, i.e., in making plastics, papers and
herbicides.>® Cyanide is also endlessly used in the synthesis
of resins and synthetic fibres, electroplating, refining, leather
making, as a chelator in water treatment and metallurgy.”*°
Again, cyanide salt is majorly used in the extraction of gold
from its ore, where the gold elemental substance after
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susceptible to CN™ sensing in a biological system.

complexation with cyanide has reduced oxidation potential;
as a result, the substance gets easily oxidized by oxygen to
form soluble aurate and dissolves under alkaline conditions,
which makes gold easily separable from slag.'' Despite its
enormous applications in various fields, cyanide is still very
detrimental to humans even at the minimum dosage of 0.05
mg kg™".'> Moreover, WHO has set up an acceptable limit of
cyanide of 1.9 uM in drinking water due to its toxic nature.™
Cyanide can be absorbed in the human body through the
skin, lungs and gastrointestinal tract, which leads to acute
effects in the human body. Cyanide complex with ferric iron
in metalloenzymes leads to histotoxic hypoxia (low oxygen
level) by inhibition of cytochrome ¢ oxidase, where cyanide
gets attached to the active sites of cytochrome oxidase (at
cytochrome a3) resulting in the disconnection of
mitochondrial oxidative phosphorylation, which further leads
to obstruction of cellular respiration.'*™® Excessive exposure
to cyanide leads to poisoning of the respiratory system,
paralysis of the central nervous system, haemoglobin
poisoning, convulsion, and vomiting with loss of
consciousness that eventually lead to death.'” Therefore, huge
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interest has been sparked in designing and developing new
fluorescent chemosensors to detect cyanide and monitor it in
environmental samples.

There are several well-established analytical techniques for
the qualitative and quantitative detection of cyanide,
including atomic absorption spectroscopy (AAS), inductively
coupled plasma-mass spectroscopy (ICPMS), inductively
coupled plasma emission spectrometry (ICPES), voltammetry,
cyanide-selective electrodes, polarography, and
chromatography (HPLC)."*>*> However, these techniques have
several pitfalls as they require fast sample preparation,
trained operators, sophisticated equipment, and portability,
and they suffer from cost issues.”® These methods are also
time consuming. Conversely, a fluorescent chemodosimetric
approach to detect its guest analytes have gained huge
interest due to a simple synthetic procedure, reusability and
rapid detection through naked eye.**

Generally, the strategy behind the design of cyanide
sensors is based upon hydrogen bonding, deprotonation,
nanotechnology, supramolecular self-assembly, metal cyanide
displacement and nucleophilic addition techniques.>**'
However, the first few approaches lacked selectivity due to
interference by protic solvents and competing ions, whereas
the ion displacement technique requires a stabilized metal-
ligand complex. On the contrary, a chemosensor based on a
nucleophilic addition reaction, known as a chemodosimeter,
possesses benefits such as high selectivity and sensitivity,
and a rapid response time. Reaction-based chemosensors
mainly involve various functional group such as C—=C, C=N
and C=O, which are selectively attacked by cyanide ion,
creating a strong irreversible chemical bond known as a
chemodosimeter.>** The photophysical properties of these
organic chemodosimeters get disturbed when nucleophilic
addition takes place and the electronic properties of these
sensors become transformed. Thus, a change in fluorescence
signal results due to nucleophilic addition of analytes. Probes
detecting cyanide mainly involve various mechanisms, such
as hydrogen bonding interaction, intra-molecular charge
transfer (ICT), twisted intra-molecular charge transfer (TICT),
fluorescence resonance energy transfer (FRET), excited state
intra-molecular proton transfer (ESIPT), and photo-induced
electron transfer (PET).>>*' Among these mechanisms, ICT
plays a pivotal role in cyanide detection as the push-pull
effect between donor and acceptor gets disturbed due to the
addition of cyanide, which results in a change in the ICT
process within the organic framework.

To date, several donor-n-acceptor (D-n-A) type sensors
have been developed to detect trace amount of CN™ ions,
based upon intramolecular charge transfer (ICT), where, due
to the presence of various subunits such as C—=C and C=N,
the ICT process is inhibited as a result of the nucleophilic
addition that causes the spectral change.*»**™° There are
also various reported sensors based upon the 1,1-dicyanovinyl
group for cyanide sensing.”’ > A number of chemical motifs
have previously been reported, involving indolium, benzyl
derivatives, acridinium salts, aldehyde and trifluoroacetyl
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groups, where cyanide caused a change in conjugation and
spectroscopic properties.>® %

Hence, taking into account the novel reactivity of cyanide
ion, we have successfully synthesized a highly fluorescent
chemodosimeter (PBIA) that has a backbone of acceptor-mn-
donor-n-acceptor (A-n-D-n-A) units. The benzimidazole-2-
acetonitrile group present on both sides act as an acceptor
group, whereas triphenylamine moiety plays the role of
electron donating subunit. The chemodosimeter serves as a
fluorescent sensor for the detection of cyanide with high
selectivity and sensitivity in DMSO. As cyanide acts as a good
nucleophile, it attacks the electrophilic centre of the probe,
resulting into a distinguishable change in colour under UV
light from orange to greenish-yellow. We have also
successfully applied the chemodosimeter for the detection of
cyanide in real water samples. A TLC plate experiment was
also executed as a qualitative experiment. A biocompatibility
study was visualized in MDA-MB-231 cell lines.

Results and discussion
Synthesis of the sensor (PBIA)

Very economically cheap precursors, ie., triphenyl amine,
o-phenylene diamine, and ethyl cyanoacetate were used for
the synthesis of PBIA. The synthetic design for PBIA is shown
in Scheme 1, where compounds ‘1’ and ‘2’ were prepared
using a previously reported procedure.®*®* Then, 4,4
(phenylazanediyl)dibenzaldehyde was reacted with 2-(1H-
benzo[d]imidazol-2-yl)acetonitrile in absolute ethanol solvent
under reflux conditions in the presence of piperidine, which
yielded our desired probe PBIA. Additionally, the PBIA sensor
was thoroughly characterized by elemental analysis, '"H NMR,
BC NMR, IR and HRMS spectroscopic methods; the data are
given in ESIT (Fig. S1-S6).

Photophysical properties of PBIA

UV-vis spectral studies. We observed the photophysical
study of probe PBIA in 100% DMSO medium. In UV-vis
absorption study, we noted that the probe PBIA itself shows a
low energy absorption band at 455 nm along with a shoulder

0,00, 0"
<N

1
H
N
i. N en
2

PBIA

Scheme 1 Synthetic route to the probe (PBIA) (i) DMF, POCls, 0 °C, 2
h; (i) EtOH, piperidine, reflux, 3 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peak at 400 nm and a high energy small peak at 340 nm.
These energy bands correspond to the ICT character of PBIA,
which is generated from its structural observation. PBIA
contains a triphenyl-amine group, which is a strong electron
donor in nature and phenylacrylonitrile benzimidazole
conjugated skeleton moiety, which is an electron acceptor in
nature; hence, this charge-separated structure represents a
typical A-n-D-n-A framework.

With the gradual addition of CN™, we observed that the
absorption peak at 455 nm tends to decreases with a blue
shift. Thus, a new absorption peak appears at 425 nm.
Simultaneously, we noted that the shoulder peak at 400 nm
and high-energy band at 340 nm disappear, with the
generation of two very small peaks at 294 nm and 310 nm,
respectively; whereas two distinct isosbestic points were
observed at 320 nm and 282 nm (Fig. 1). These shifting of
bands to high energy clearly indicates the nucleophilic
addition of cyanide to the electron-deficient part of PBIA,
which results in distortion in the ICT process and disrupts
the electron conjugation between benzimidazole and
triphenylamine counterparts. We performed time-dependent
absorption spectra where we observed that the curve reaches
a minimum within 24 seconds; then, a plateau was observed,
indicating completion of the reaction (Fig. S8, ESIt).

Furthermore, to establish the selectivity of our PBIA probe
we performed UV-vis studies in the presence of other relevant
anions: F, CI", Br, I, HSO,”, NO;~, SCN~, ClO,”, HSO;",
OAc”, HCO; , COs*, N;,, §*7, S,05*, SO;*” and SO,> in
DMSO at room temperature; but the addition of these other
anions did not show any significant changes to ligand
absorption spectra (Fig. S10, ESIT).

Fluorescence spectral study. The probe PBIA itself shows
bright orange coloured fluorescence, which occurs due to the
strong ICT process within the probe. When excited at 430
nm, it shows a strong emission band with an emission
maximum at 570 nm, and the fluorescence quantum yield
was calculated to be 0.148. Then, the fluorescence spectra of
PBIA were recorded in DMSO with the gradual addition of
CN™ (40 uM). We observed that the fluorescence maxima
began to decrease with a blue shift, and finally, we observed
a new band at 535 nm with an isoemissive point at 520 nm
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Fig. 1 Change in UV-vis spectrum of PBIA (20 uM) upon the gradual
addition of CN™ (40 uM) in DMSO.
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Fig. 2 Change in emission spectra of PBIA (20 uM) upon the gradual
addition of CN™ (40 puM) in DMSO. Inset: the change in colour under
UV light (Aex = 430 nm).

(Fig. 2). Hence, we observed a clear blue shift of 35 nm,
which clearly accounted for the disruption of the ICT process
with a decrease in fluorescence intensity. Subsequently, we
also observed a change in the fluorescence colour from
orange to greenish-yellow under UV light.

The blue shift of the emission band with a simultaneous
decrease in the emission intensity is attributed to the
distortion in the ICT process, due to the nucleophilic
addition of cyanide to PBIA, forming a PBIA-CN adduct. The
quantum yield value also changes to 0.074. We also
calculated the quenching constant between PBIA and CN~
using a Stern-Volmer plot, and it was found to be 1.16 x 10°
M™ (Fig. S14, ESIf). To further confirm the sensing
experiment, we checked the effect of water on the
fluorescence intensity of PBIA. From fluorescence spectral
studies it was observed that the probe showed maximum
fluorescence intensity in DMSO medium: with an increase in
the fraction of water, the fluorescence intensity of PBIA
decreases with a simultaneous red shift (Fig. S15, ESI}).
Hence, we optimized the solvent system to be DMSO alone
and conducted all spectroscopic studies in this.

In Commission International de L'Eclairage (CIE)
chromaticity coordinates (Fig. 3) we also observed noticeable
changes from orange to greenish-yellow with a change in

\

y PBIA+CN-

00
00 01 02 03 04 0s 06 o7 08

Fig. 3 CIE1931 chromaticity diagram of PBIA probe with cyanide.
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coordinates from (x = 0.4736, y = 0.5073) to (x = 0.3689, y =
0.5160). The fluorescence response was also studied in the
presence of other similar relevant anions: ¥, ClI', Br, I,
HSO,”, NO;~, SCN", ClO,”, HSO; , OAc’, HCO;, CO,>", N5,
$*7, $,0,%7, SO;*” and SO,*” in DMSO to reveal whether or
not they showed any significant sensing property towards
PBIA. We noted that other than a slight decrease in the
emission intensity of PBIA, these competitive anions do not
show any distinguishable change to the fluorescence pattern
of PBIA (Fig. S11, ESIf). Further, for the quantitative
measurement of CN", we plotted the change in the emission
intensity at 570 nm with concentration, and we observed an
almost linear plot. The limit of detection (LOD) of PBIA
towards cyanide ions was calculated and found to be (6.56 +
0.26) x 107° (M), which was established from fluorescence
titration data upon the addition of CN to PBIA using the
equation, LOD = K x (Sh,/S). We used k = 3; Sh; is the
standard deviation and S stands for the slope of the linear
response curve (Fig. S9, ESI{).

Again, since an efficient sensor must detect its guest
anion within short span of time, a kinetics study was
performed to assess the reaction time of the probe towards
CN". The fluorescence response timescale was taken in the
range of 0-60 seconds. The experiment revealed that the
fluorescence intensity of the probe at 570 nm remains almost
constant, whereas, in the case of PBIA-CN, the intensity at
570 nm decreases, as the fluorescence maximum decreases
with a blue shift as the reaction progresses. The minimum of
the curve was reached within 20 s, and we observed a plateau
indicating completion of the reaction (Fig. 4). This short span
of detection time made it clear that our probe is a potential
candidate for the rapid detection of CN".

Competitive study. An efficient chemosensor must show
selectivity and sensitivity towards its guest analyte. Hence, a
competitive experiment was performed to study the efficiency
of PBIA in the presence of different biologically and
environmentally relevant guest anions. CN~ was added to a
solution of PBIA containing other anions such as F, Cl', Br’,
I, HSO, , NO;~, SCN", ClO,”, HSO,; , OAc’, HCO,; , CO,;>,
N, , $*7, $,0;%7, SO;*” and SO,*". Upon excitation at 430 nm,
PBIA selectively detected CN~ with an emission intensity

1.4x10°
c ——PBIA
s 1.2x10° —a—PBIA-CN”
~
w
-
© 5
~ 1.0x10" 4
3
&
2‘ 4
% 8.0x107 1
<
2
£
N 4|
I 6.0x10
4.0x10° L7 T T T T T T
0 10 20 30 40 50 60

Time (seconds)

Fig. 4 Time-dependent fluorescence spectrum of PBIA towards CN™
in DMSO.
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Fig. 5 Competitive experiments of PBIA (20 uM) for CN™ (40 uM) in
the presence of common anions (40 uM).

centred around 535 nm in the presence of aforementioned
anions. As can be observed from the bar graph represented
in Fig. 5, other anions do not alter the intensity pattern of
PBIA with fluorescence maxima at 570 nm. The only change
was observed when CN~ was added: the fluorescence
maximum shifted to 535 nm. Thus, we have represented the
bar graph at the fluorescence maximum of 570 nm. This
competitive study clearly demonstrates the binding ability of
PBIA towards CN and anti-interference ability of PBIA
towards other anions, which results from the strong
nucleophilic character of CN”, forming a strong adduct of
PBIA-CN, even if there are other anions present. This proves
the high anti-interference ability of our synthesized probe
with an effective signalling aptitude towards CN.

pH study. CN™ plays an important role in industrial
procedures as well as in biological processes. Hence, to
investigate the dependence of our PBIA probe on pH, we
recorded the emission spectra of PBIA and PBIA-CN in
DMSO solution with pH values ranging from 2.0 to 12.0. It
was noted that for free probe PBIA with a decrease in pH (pH
< 7), the emission intensity decreases at 570 nm. This is
presumably due to protonation of the nitrogen atom
disrupting the electron transfer process; whereas we observed
that the fluorescence intensity at 570 nm decreases, with a
blue shift also in basic conditions, which might result from
deprotonation of imidazole protons. For PBIA-CN under
strong acidic condition (pH < 5), the fluorescence intensity is
also quenched at 535 nm, simultaneously decreasing the
intensity at a value of 570 nm. The fluorescence intensity at
535 nm does not alter very much for higher pH values as it
shows a blue shift. Hence, the intensity also remains low at
570 nm (Fig. S12, ESIT). It is clear from the plot that the
intensity is prominent and shows maximum values only near
pH 7. This noteworthy emission maximum near pH 7
indicates that, PBIA is most effective in sensing CN  in a
near-neutral pH (7.2) medium. The effect of pH was also
examined in the case of the absorption spectra for PBIA and
PBIA-CN in DMSO (Fig. S13, ESIT).

TRPL study. To gain a better insight into the excited-state
behaviour, a nanosecond time-resolved fluorescence study
(TRPL) is a convenient tool. Hence, we took the probe (PBIA)
and adduct (PBIA-CN) in DMSO and performed the study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Time-resolved fluorescence decay of PBIA (eee), PBIA-CN

adduct ( ) and prompt (EEE) in DMSO (lex = 430 nm).

The fluorescence lifetime decay plots were fitted using a
mono-exponential function of PBIA and bi-exponential
function of the PBIA-CN adduct with acceptable y* values
(Fig. 6). For PBIA, it was calculated that 7 = 0.50 ns (> = 1.07)
and for the PBIA-CN adduct, the value increased to 7 = 1.92
ns (x> = 1.01). The increase in lifetime also supports the
sensing mechanism, where in the case of PBIA, due to a
stronger ICT the energy gap is low, resulting in a lower
lifetime. Conversely, for the PBIA-CN adduct, the energy gap
is high owing to a weak ICT triggering a longer lifetime.
Equations 7' = K, + Ky, and K; = gz were also implemented
to calculate the values of the radiative rate constant K, and
total non-radiative rate constant K, (Table S2, ESIf). The
changes in the values of 7, K, and K,,, reflect the formation of
the CN™ adduct, which shows a longer lifetime compared to
the free probe PBIA itself. Hence, the fluorescence lifetime
measurement experiment shows that PBIA can be used as a
lifetime-based sensor for cyanide ion.

Possible sensing mechanism

A possible sensing mechanism of the PBIA probe towards
CN~ was investigated by 'H-NMR spectroscopy. In the 'H-
NMR spectrum of free PBIA, we noted that the -NH proton
resonates at 12.97 ppm, and the resonance signal of aromatic
protons appears to be in the range between 8.00 and 7.21
ppm, while the vinylic proton corresponds to a peak at 8.26
ppm (Fig. S1, S5, and S6 ESIf). In the case of the PBIA-CN
adduct, we observed that the -NH peak remains as it is with
a slight upfield shift to 12.54 ppm. Additionally, in the case
of the aromatic protons it was noted that they were also
shifted to the upfield region ranging from 7.76 to 6.18 ppm,
which was due to the development of a negative charge in
the PBIA-CN adduct (Fig. S16, ESIf). Moreover, broadening
of the aromatic region was observed, which could be
attributed to the interaction occurring via pi-stacking
between the aromatic rings of PBIA and large cationic
tetrabutylammonium group.®® This clearly indicates that
conjugation between the triphenyl amine group and
benzimidazole unit breaks down, whereas the vinylic proton,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 'H-NMR spectra of PBIA and PBIA + CN™ (2 equivalent) in
DMSO-de.

which was resonating at 8.26 ppm, disappeared in the PBIA-
CN adduct. The new signal appeared in the upfield region at
4.40 ppm, indicating the formation of the PBIA-CN adduct
(Fig. 7). The formation of PBIA-CN species is also supported
by HRMS spectroscopy. In the mass spectrum, the peak at
634.25 (m/z) confirms the formation of a (PBIA + 2CN)
adduct (Fig. S10t). The Jobs plot by the absorbance method
also supported the binding ratio of 1:2 between PBIA and
CN™ (Fig. S7, ESIf). Thus, these results disclose the
nucleophilic addition of cyanide at the cyano vinyl position
(the B position of the C=C bond), which leads to the
conversation of sp>-hybridized carbon to sp® hybridization
(Fig. 8). We also compared it with some recently reported
chemosensors detecting CN, in terms of their solvent
system, LOD values and detection type in Table S3, ESL}

Dipstick experiment: detection of CN™ using a TLC plate

To detect toxic analytes successfully, a portable solid platform
sensing tool is convenient. Hence, we used the rational
analytical technique known as a dipstick experiment to
increase the potential application of our probe. To carry out
this experiment, thin-layer chromatography (TLC) plates were
first submerged in a solution of PBIA in DMSO (2 x 10™* M),
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Fig. 8 Probable sensing mechanism of PBIA with CN™.
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and then, they were kept aside for a few minutes so that the
solvent gets evaporated. Subsequently, the TLC plates were
immersed in an aqueous solution (2 x 10~ M) of cyanide and
kept open for the solvent to evaporate so that the plates dried
out. Under a hand-held UV light, we observed that the TLC
plate coated with PBIA showed a brownish colour, whereas
when it was immersed in CN~ solution its colour changed to
greenish-yellow (Fig. 9). Thus, PBIA shows a difference in
colour in the coated TLC platform upon interaction with
CN’, which we can distinguish instinctively. Hence, we can
conclude that, without any sophisticated instrumental
analysis by simply using a transportable solid-state platform,
prompt qualitative naked-eye detection of cyanide is possible.

Real sample analysis

Nowadays, water bodies have become polluted as cyanide
from different industrial and commercial sources is dumped
into water-bodies endangering aquatic life. Thus, the
development of an analytical method for the quantitative
detection of CN™ in wastewater is of great importance. To
corroborate the practicality of our approach, the detection of
CN~ was performed in real samples. Drinking water,
university campus lake water and tap water (from the
laboratory) were collected and analysed according to a
previously reported procedure.®”’° Collected water samples
were filtered using Whatman no. 1 filter paper to remove
suspended particles. Then, the standard addition technique
was used to calculate the CN  concentration in water
samples, which involved the addition of different increasing
concentrations (10, 20, and 30 uM) of CN to the above-
mentioned water samples (Fig. S21-S23 ESIf). Standard
curves were obtained by dissolving CN™ in deionized water.
Then, from the experimental data of Table 1, the recovery %
was calculated, which shows that it lies within the range
from 96.1% to 99.06%. Hence, this experimental data
demonstrates the reliability of the PBIA sensor to detect CN~
in different varieties of environmental water samples.

Cell study

Cytotoxicity assay. The cytotoxicity of PBIA was evaluated
on the MDA-MB231 human breast cancer cell line using the

CN-

(

Fig. 9 Pictures of TLC plates after immersion in DMSO solutions of
PBIA and PBIA-CN under a hand-held UV chamber. [PBIA] = 2 x 10™*
M, [CN] = 2 x 10> M. Excitation wavelength of the UV light is 346 nm.
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Table 1 Recovery % experiment for CN™ detection in various natural
water samples

CN™ CN™
Source added (uM)  recovery (uM)  Recovery (%)
Drinking water 10 9.79 97.9
20 19.69 98.45
30 29.56 98.53
Tap water 10 9.61 96.1
20 19.29 96.45
30 29.23 97.43
Jadavpur University 10 9.86 98.6
campus lake water 20 19.75 98.75
30 29.72 99.06

MTT method. Cells were seeded on a 96-well plate and kept
in an incubator for 24 h for attachment of the cells. The cells
were treated with the probe PBIA ranging from 20 pM to 640
puM for 24 h (Fig. S20t). The ICs, of the chemosensor PBIA
was found to be 179.727 uM.

Cellular imaging by fluorescence microscopy. MDA-MB-
231 cells were incubated with the probe PBIA; in one group
and in another group, the cells were incubated with cyanide
along with the probe PBIA. However, no morphological
changes in the cells were noted with the treatment. An
orange fluorescence was observed in the cells treated with
the probe PBIA. Hence, we can conclude from Fig. 10 that
the PBIA probe can pass the cell membrane. Upon brief
exposure of the cells to cyanide, the cells were found to
exhibit green fluorescence whose intensity increases with
time, as demarcated in Fig. 10. Bright field images are also
shown to indicate the morphological changes with the
treatment of the probe PBIA along with cyanide.

Computational study

To obtain a comprehensive view of the reaction mechanism
involved between the probe PBIA with CN™, we performed
theoretical calculations. Geometry optimization of PBIA and

Bright Field

Fluorescence Merged

PBIA+CN PBIA
(15 min.)

PBIA+CN
(30 min.)

Fig. 10 Fluorescence microscopy images of MDA-MB-231 cells
treated with ligand PBIA and PBIA + CN™ after 15 min and 30 min
under bright, fluorescence and a merged field (orange channel: 570-
610 nm; green channel: 525-555 nm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b)

Fig. 11 Optimized structure of (a) PBIA and (b) PBIA-CN calculated by
the DFT/B3LYP/6-31+G(d) method.

PBIA-CN were carried out by the DFT/B3LYP/6-31+G(d)
method using the Gaussian 09 program. Fig. 11(a) and (b)
represents the optimized structures of PBIA and PBIA-CN.
Moreover, the contour plots of some selected molecular
orbitals of PBIA and PBIA-CN adduct are displayed in Fig.
S18 and S19.f

Furthermore, from the HOMO of free PBIA, it is evident that
the electron cloud is distributed throughout the entire
molecule, which results from the =n-conjugation and ICT
transition. For the PBIA-CN adduct, we observed that the
HOMO electron cloud is distributed mainly on the triphenyl
moiety, due to the nucleophilic addition of CN disrupting
n-electron conjugation. Due to the noteworthy difference in
n-conjugation, the structures of PBIA and PBIA-CN are
different. This is evident for different ICT processes responsible
for different energy transitions in both cases. Additionally, the
energy gap between the HOMO and LUMO for free PBIA was
calculated and found to be 3.22 eV, whereas for the PBIA-CN
adduct, the HOMO-LUMO energy gap increased considerably
to 4.38 eV (Fig. 12). This is expected as the cyanide addition
breaks the n-conjugation, increasing the energy gap, weakening
the electronic transition and fluorescence property. Moreover,
the increase in the HOMO-LUMO energy gap for the PBIA-CN
adduct reflected the blue shift in UV-vis spectra. To gain an
insight into electronic transitions, time-dependent density
functional theory (TDDFT) was performed by the CPCM
method on the optimized geometries, and the results are
summarized in Table S1.f The calculated transitions agreed
well with the blue shift in the UV-vis spectra, which was
observed upon the addition of CN™ to PBIA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Calculated frontier molecular orbitals for PBIA and PBIA-CN
with their orbital energies using the B3LYP/6-31+G(d) basis set.

Conclusions

To summarize, we have explored the design and synthesis of
a novel triphenylamine benzimidazole based sensor PBIA,
which showed a selective response towards cyanide ion in
DMSO medium. The detection of cyanide in the highly
conjugated system of PBIA is based upon the nucleophilic
addition of cyanide, which brings out the change in the
mode of ICT mechanism with a hypsochromic shift in
absorption spectroscopy. Theoretical
calculations also support the mechanism. The spectral

and fluorescence

change depicts excellent selectivity towards cyanide ions
along with a rapid interaction time (within 20 s). The limit of
detection was found to be of the order of 10~® (M). Moreover,
the real-time application of the chemosensor was successfully
utilized for the detection of cyanide in real water samples
and by TLC plate experiment. Additionally, the live cell
imaging experiment demonstrates the capability for sensing
intracellular cyanide.

Experimental
Materials and instrumentations

All the reagents and organic chemicals used in the synthesis
of PBIA, including o-phenylenediamine, ethyl cyanoacetate
and triphenylamine, were purchased from Sigma Aldrich and
used without further purification, while the other solvents
used were available from commercial sources. DMSO and
other solvents used for spectroscopic studies were of HPLC
grade. For '"H and >C NMR spectra a Bruker (AC) 400 MHz
instrument was used. DMSO-d¢ was used as a solvent using
TMS as an internal standard of ~0.05 M concentration. The
chemical shifts were reported in ¢ units of parts per million
(ppm). HRMS mass spectra were recorded on a Waters (Xevo
G2 Q-TOF) mass spectrometer. For elemental analysis a 2400
Series-II CHN analyzer, Perkin Elmer, USA was used. The
infrared spectrum of the probe was recorded using an RX-1
PerkinElmer spectrophotometer by preparing a KBr pellet of
the sample. We used a  Shimadzu  UV-1900i

Sens. Diagn., 2024, 3,1201-1211 | 1207
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spectrophotometer to measure the UV-vis spectra. The
emission property was measured using a Shimadzu RF-6000
fluorescence spectrophotometer at room temperature (298 K).
Luminescence lifetime measurements were carried out using
a time-correlated single photon counting setup from Horiba
Jobin Yvon. Then, the fluorescence decay data were placed on
a Hamamatsu MCP photomultiplier (R3809) and analysed
using EZ time software. Merck 60 F254 plates of 0.25 mm
thickness were used for thin layer chromatography (TLC) and
dipstick experiments. For the column chromatographic
technique we used a silica gel of mesh 200-300, where
petroleum benzene and ethyl acetate were used as solvents.

UV-vis and fluorescence methods

For the UV-vis study, a stock solution of the PBIA probe (20
uM) was prepared in DMSO. Deionized water was used to
make all the solutions of guest anions using their sodium
salts (40 uM), and for the solution of cyanide ions,
tetrabutylammonium cyanide salt was used. Spectra were
recorded using solutions containing PBIA probe and an
increasing concentration of guest anions. All the solutions
prepared separately. Similarly, for fluorescence
titrations, stock solutions were prepared using similar
procedures, and then, the spectra were recorded by means of
the fluorescence method. The excitation wavelength used was
435 nm (where the excitation slit was 10.0, and the emission
slit was 10.0). The detection limit was calculated using the
fluorescence titration data.

were

PH solution preparation method

For the pH study, we also prepared a stock solution of the
probe, PBIA (10 puM) in DMSO (at 25 °C). The pH of the
solution was adjusted by using an aqueous solution of 1 M
HCl and 1 M NaOH. For titration of probe solutions, different
concentrations of acids and bases were prepared separately
while adjusting the pH, and the spectra of these solutions
were recorded through UV-vis and fluorescence techniques.
Similarly, we executed titration of probe (PBIA) in the
presence of CN~ while recording the pH.

Synthesis of 4,4'-(phenylazanediyl)dibenzaldehyde (1)

This was prepared using a previously reported procedure.®®

Synthesis of 2-cyanomethylbenzimidazole (2)

This was previously synthesized by our group.®*

Synthesis of (2E,2'E)-3,3"-((phenylazanediyl)bis(4,1-phenylene))
bis(2-(1H-benzo[d]imidazol-2-yl)acrylonitrile) (PBIA)

First 4,4'-(phenylazanediyl)dibenzaldehyde (0.30 g, 1 mmol)
was taken in a round-bottomed flask and dissolved in ethanolic
solution. Then, to the ethanolic solution,
2-cyanomethylbenzimidazole (0.31 g, 2 mmol) was added, and
the whole mixture was refluxed with a catalytic amount of
piperidine under an inert atmosphere. After 3 hours, we
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observed a deep brown coloured precipitate within the reaction
mixture. Then, the reaction mixture was allowed to cool at
room temperature. The brown precipitate was collected
through filtration, washed with EtOH and dried. Then, column
chromatography was performed to further purify the product.
The yield was calculated to be, 0.452 g, 78%.

'H NMR (400 MHz, DMSO-d;). § (ppm) 12.97 (s, 2H), 8.26
(s, 2H), 7.99 (d, 4H, J = 8.76 Hz), 7.50 (t, 2H, J = 7.8 Hz), 7.32
(t, 1H, J = 7.6 Hz), and 7.28-7.21 (m, 14H).

3C NMR (100 MHz, DMSO-dg). 6 (ppm) 149.5, 148.4,
145.6, 144.8, 131.9, 130.8, 127.6, 127.5, 127.3, 126.6, 123.9,
123.2, 122.2, 117.1, and 99.9.

Anal. Calc. for C33H,;N; (PBIA). Calc. (%) C 78.74, H 4.35,
and N 16.91. Found (%), C 78.58, H 4.46, and N 16.96.

IR (cm ', KBr). o(C=N) 1581.32, o(C=N) 2239.03, v(C-H)
3048.10, and v(N-H) 3244.28.

HRMS. Calculated for C3gH,sN7 [M + H]', (m/z) = 580.2249;
found = 580.1038.

Theoretical study

The Gaussian 09 program package was used for theoretical
interpretation.”! The geometries for PBIA and PBIA-CN were
optimized using density functional theory (DFT) at the B3LYP
level for the compounds,’>”® where 6-31+G(d) was assigned
as the basis set.’”* Vibrational frequency calculations were
performed to ensure that the optimized geometries stand for
the local minima with only positive eigen values. Vertical
electronic excitations, which were based on B3LYP-optimized
geometries, were computed using the time-dependent density
functional theory (TDDFT) formalism in DMSO using the
conductor-like polarizable continuum model (CPCM).”>~*°

Cell culture and treatment

A human breast cancer cell line (MDA-MB-231) was obtained
from the National Centre for Cell Science, Pune, India and
maintained in DMEM high glucose (Gibco, Life Technologies)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Life
Technologies, USA) and 1% penicillin streptomycin. All cell
lines were stored at 37 °C in a humidified CO, incubator.
The cells were given at least two passages before
commencing the experiments.

Live cell imaging study

The MDA-MB-231 cells were seeded and left to adhere
overnight on a six-well plate containing acid-washed 22 x 22
mm glass cover slips positioned at the bottom of each well.
In addition to the control, 10 uM of the PBIA chemosensor
along with 15 uM of cyanide were added to each well
containing cells. The cells were then fixed with methanol and
rinsed with 0.5% phosphate buffer saline Tween (PBST)
twice, followed by 1x PBS three times. The cover slips were
then put on a glass slide with glycerol and viewed at 40x
magnification using a fluorescence microscope (Olympus).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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