Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 338 (2025) 126203

Contents lists available at ScienceDirect

Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy

SPECTROCHIMICA
ACTA

o %

journal homepage: www.journals.elsevier.com/spectrochimica-acta-part-a-
ELSEVIER molecular-and-biomolecular-spectroscopy

Check for

Sensing of cyanide ion by tweaking the proton transfer | e

Mongoli Brahma®, Arup Das Kanungo “, Minati Das“, Sam P. Mathew b
Bithiah Grace Jaganathan b G. Krishnamoorthy *

2 Department of Chemistry, Indian Institute of Technology Guwahati, Guwahati 781039, India
b Department of Biosciences and Bioengineering, Indian Institute of Technology Guwahati, Guwahati 781039, India

HIGHLIGHTS GRAPHICAL ABSTRACT

o Selective CN™ sensing was achieved in
acetonitrile-water with LOD of 0.7 pM.
o Using surfactant, the LOD was improved
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ARTICLE INFO ABSTRACT

Keywords: The highly efficient sensing of cyanide ion was attained using a chemosensor, 2-(4-diethylamino-2-hydrox-
Fluorometric sensing yphenyl)-1H-imidazo-[4,5-b]pyridine (DHP) by tuning its excited state intramolecular proton transfer to inter-
DFT

molecular proton transfer. Cyanide ion turns the weak blue emission of the chemosensor to bright cyan

xzte:trs;)mp le luminescence. The fluorescence is enhanced by 16 times in the presence of cyanide ion. The detection limit of
Cell imaging CN™ ion by DHP is 0.02 pM in acetonitrile. It is reversible, and the reusability was also tested for several cycles. A
Logic gate molecular logic gate was also constructed. The chemosensing was further tweaked by the medium. In addition,
DHP has been practically applied for cyanide detection using paper strips, different water samples and sensing
and imaging of cyanide ion in MDA-MB 231 breast cancer cells. To substantiate the mechanism of sensing 'H-
NMR titration, density functional theory (DFT) and time dependent density functional theory (TD-DFT) calcu-
lations were employed. The transition state structures and visualization of non-covalent interactions (NCI) from

reduced density gradient (RDG) and scatter plots support the proposed mechanism.
1. Introduction electroplating, metal cleaning, gold mining, etc. [1,2,3]. Its’ growing use
in industries without proper handling and disposal, releases residual
Cyanide is a vital anion in the production industries, including the cyanide in environments including soil, rivers, etc. is lethal to humans
manufacture of synthetic fibers, acrylics plastics, in metallurgy for [4]. Acute cyanide exposure causes serious health problems due to its
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Chart 1. Structure of DHP.
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ability to inhibit oxygen supply and electron transport through strong
binding interaction with iron of heme units [5,6]. Cyanide was used as a
chemical warfare agent by terrorists for mass destruction [7]. Studies
also reported the presence of 23-26 uM cyanide in the fire victims’ blood
[8,9]. The cyanide permissible limit by World Health Organization
(WHO) in drinking water is 1.9 pM [10,11]. Therefore, detection of
cyanide is decisive. Among various methods for sensing critical analytes,
fluorescent techniques proved to be effective with low cost synthesis,
high sensitivity, easy to operate and in bio-imaging applications
[12,13,14,15,16]. Many fluorescent probes with single-emission and
dual emission have been explored. Among them, turn on-type fluores-
cent signals are preferable over turn off type fluorescent signals avoiding
signal loss, improving detection sensitivity [17,18,19]. Furthermore, in
the ratiometric method, the ratio of fluorescence intensities at different
wavelengths was measured [20,21,22,23,24].

Solubility is a major concern for the fluorescent probes in pure
aqueous medium. It can, however, be addressed by using different sol-
vent systems or organic-aqueous mixtures [25,26,27]. Binding in-
teractions in such systems are highly dependent on the
microenvironment of molecule [28]. Several surfactant-assisted fluo-
rescent amplification methods for the aqueous samples have been re-
ported [29,30,31]. Surfactant at critical concentration forms aggregates
called micelle, which are composed of a nanosized hydrophobic core,
which can confine different organic molecules in their core. This helps in
restoring photophysical properties of fluorescent probes, thereby
boosting the response [32]. The mode of interactions by these probes
mainly involves hydrogen-bonding interactions or nucleophilic reaction
[33,34]. Various fluorescent probes for cyanide have been designed
based on intramolecular charge transfer (ICT), Forster resonance energy
transfer (FRET), aggregation-induced emission enhancement (AIEE) etc.
[35,36,37]. Only a few probes have been reported based on excited state
intramolecular proton transfer (ESIPT) process [38,39]. ESIPT based
probes commonly possess an intramolecular hydrogen bond between a
hydrogen bonding donor (-OH, -NHj, etc.) and an acceptor (=N-, C=0,
etc.) in close proximity. Upon light excitation, increase in the acidity of
the donor and the basicity of the acceptor unit, which are in hydrogen
bonding, changes, causing a cyclic photo-tautomerization. This results
in tautomer emission with a characteristic large stoke shifted optical
response [40,41]. Different ESIPT based scaffolds have been utilised for
cyanide sensing. Zhu et al. developed chromene based chromogenic and
fluorogenic probes which turn on ESIPT, giving tautomer emission at
lower concentration of cyanide and at excess cyanide concentration -NH
deprotonation dominates [21]. Rao et al. utilised a pyridine-hydrazone
based ESIPT probe for colorimetric cyanide recognition due to -NH
based deprotonation mechanism [13]. Liang et al. developed a Schiff
based fluorescent light up cyanide sensor [38]. Zali-Boeini et al. devel-
oped a donor-n-acceptor system for cyanide sensing in which the cya-
nide ion turns off the ICT fluorescence [42].

In this work, a comprehensive approach to improve the selectivity
and sensitivity of cyanide detection was investigated in different media,
along with a deep insight into the mechanistic pathways of sensing,
associated in the ground as well as in the excited state. The probe 2-(4'-
diethylamino-2-hydroxyphenyl)-1H-imidazo-[4,5-b]pyridine (DHP,
Chart 1) emits normal and tautomer emissions at 410 nm at 470 nm,
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respectively in acetonitrile due to ESIPT [43]. Addition of cyanide,
disrupts ESIPT, giving a light up fluorescence turn on anion emission.
The mechanism was confirmed by 'H NMR titration, reversibility study
and DFT calculations.

2. Materials, methods and instruments

Tetrabutylammonium/sodium salts of CN™, I, Br > F~, OAc™, ClOg,
Cl-, HSO4, SCN, NOg3, SO%’, cetyltrimethylammonium bromide
(CTAB) and trifluoro acetic acid (TFA) were obtained from Sigma
Aldrich. HPLC grade solvents were procured from Spectrochem, India.
DHP synthesis is reported elsewhere [43]. H NMR and '3C NMR was
recorded in 400 MHz Bruker Instrument in dimethylsulfoxide-dg
(Supplementary Material, Figs. S1 and S2). The UV-visible and steady
state fluorescence measurements were carried out with 3 uM of fluo-
rophore in acetonitrile and 5 uM of fluorophore in acetonitrile-water
mixture and CTAB solution.

The absorption and the steady state emission spectra were recorded
on Cary UV-visible spectrometer and HORIBA Jobin Yvon Fluoromax+
spectrofluorimeter, respectively. The fluorescence decays were recorded
on Edinburgh Instrument Life-Spec-II of response time 50 ps and
Hamamatsu microchannel plate as detector. Laser diode of 375 nm pulse
width of 90 ps was used as the excitation source. Decay analysis were
carried out by reconvolution method using FAST software provided by
Edinburgh Instruments Ltd with goodness of fit value (x2). Zeiss Axio
Observer fluorescence inverted was used for imaging.

DFT and TDDFT calculations were performed in Gaussian 16 pro-
gram and the input files were created using Gauss View 6.0 [44,45]. The
ground state and excited state structures were optimized using DFT and
TDDFT, respectively using basis set 6-311-++G(d,p) with Becke’s three
parameter exchange functional accompanying the Lee-Yang-Parr
nonlocal correlation functional (B3LYP) [46,47,48]. Integral equation
formalism polarizable continuum (IEF-PCM) model was used to perform
calculation in acetonitrile [49]. The optimized geometries were
confirmed with the absence of imaginary frequencies except in case of
transition state. Potential energy curves (PEC) were constructed varying
bond length along the possible proton transfer coordinates in the ground
and excited states. The transition state for the proton transfer process
that connects both species was identified and optimized by using the
synchronous transit-guided quasi- Newton QST2 method [50].

The fluorescence yield and quantum yield of the samples were
determined in reference to a standard solution (1 N Quinine sulfate of
quantum yield 0.55) using the following equation:

ng A F.
s R s
dg = q)Rn‘% X As X Fa

Here, n, A and F denotes the refractive index of the solvent, absor-
bance at the excitation wavelength and area under the emission spectra,
respectively. The subscripts S and R refer to the sample and the refer-
ence, respectively. For quantum yield measurement, the emission
spectra were recorded at wavelength 350 nm.

The limit of detection (LOD) was determined based on the fluores-
cence titration method [51]. LOD was calculated using the equation,

LOD = 3o0/k

Where, ¢ is the standard deviation of 5 blank measurements; k is the
slope obtained from concentration versus intensity plot.

The binding constants of DHP for different analytes are determined
using the following Benesi-Hildebrand equation [52].

1 1 1

= +
I- IO Ka (Imax - IO)[C]H Ima.x_IO

where Iy, I, and Ih,x are the emission intensities of the probe in the
absence of analyte, at an intermediate analyte concentration, and at a
concentration of complete interaction with analyte, respectively. K, is
the binding constant, C is the concentration of analyte, and n is the
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Fig. 1. (A) Normalised absorption spectra and (B) emission spectra (Aexc = 350 nm) of DHP in presence of anions (1 mM) CN—, I, Br " F~, OAc™, ClOy4, Cl, HSOg,

SCN~, NO3, SO%~ in acetonitrile.

Clo,- CF HSO, SCN-  NOy SO

Fig. 2. Under 365 nm UV light illumination, fluorescence color change of DHP with different anions (from left to right: (1 mM) Blank, CN—, I", Br, F~, OAc™, ClOg,

Cl-, HSO7, SCN™, NO3, SO%") in acetonitrile.
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Fig. 3. (A) Absorption spectra and (B) emission spectra (Aexe = 350 nm) of DHP with increasing concentration of CN~ (0-1 mM) in acetonitrile.

number of analytes bound per probe molecule.

Reduced density gradient (RDG) scatter plots and RDG isosurfaces
are generated through Multiwfn [53], and VMD software [54], respec-
tively. The x- and y- coordinates are represented below.

Q = sign(4z) p

1 [Vpl

RDG = 2(372)'% piP

The strength of non covalent interaction (NCI) interaction is
measured as a product of electron density p(r) and sign of the second-
lowest eigenvalues of electron density hessian matrix (A2).

3. Results and discussion
3.1. Sensing of cyanide ion in acetonitrile
The absorption and fluorescence response of DHP toward different

anions (1 mM) CN—, I, Br* F, OAc™, ClOg, Cl, HSO4, SCN™, NOs3,
SO%’ were examined in acetonitrile (Fig. 1). DHP absorbs at 367 nm

with a shoulder at 351 nm. In presence of CN™ and F~, the absorption
band is shifted to 360 nm along with the shoulder which is shifted to
347 nm (Fig. 1A). Other anions have negligible effect on the absorption
spectra. DHP emits normal emission in 410 nm and tautomer at 470 nm
[43], in presence of CN™, F~ and OAc™, a new emission band was
observed at 454 nm, whereas other anions do not produce much changes
(Fig. 1B). The fluorescence intensity of the new emission in presence of
CN™, F and OAc", is substantially enhanced in comparison to the blue
emission in the absence of these anions. Under UV illumination, a clear
naked eye colour change from blue to cyan was observed in presence of
CN7, F~ and OAc™ (Fig. 2). The enhancement in fluorescence in pres-
ence of cyanide ion is 16 times higher than in the absence of cyanide ion.

To understand the mechanism of sensing and fluorescence
enhancement, the absorption and fluorescence spectra were recorded at
different concentrations of cyanide ion (Fig. 3(A and B)). The absorption
band at 367 nm and shoulder at 351 nm of DHP were slowly blue shifted
with an increase in concentration. As stated earlier, upon addition of
CN™ the normal emission is red shifted from 410 nm band to 454 nm
with a huge increase in fluorescence. The total fluorescence yield
(normal + tautomer emission) of DHP in the absence of cyanide is 0.03.
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Fig. 4. The fluorescence decay of DHP (a) monitored at 410 nm in the absence
and (b) monitored at 454 nm in presence of CN~ (1 mM) in acetonitrile, Aexe =
375 nm.

Table 1

Absorption maximum (}»?,E’ax, nm), emission maximum (kgax, nm) and fluores-
cence lifetime (7, ns) of DHP in absence and presence of CN™ and the X2 value for
the decay fit.

;"?l‘bﬂl) 7\2-:) T (ns) X2
Shorter Longer
wavelength wavelength
DHP 351, 410 470 Monitored at
367 410 nm 0.2
(87 %)" 1.3
(13 %)*
DHP- 347, 454 — Monitored at
CN™ 360, 454 nm2.6
405 (100 %)*

@ The relative amplitude are given in parenthesis. The error in the fluorescence
lifetime is + 0.1 ns.

The fluorescence quantum yield of DHP in the presence of cyanide is
0.50. The new emission band is blue shifted with respect to tautomer
emission. This behaviour is characteristic of anion emission [55]. When
enol ‘OH’ proton is deprotonated to form an anion, it will increase the
conjugation within the molecule, which results in red shifted emission

(b)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 338 (2025) 126203

compared to normal emission. The absorption spectrum of the anion is
also red shifted with respect to enol absorption [55]. But the addition of
cyanide resulted in blue shift. Though a long red tail is observed upon
addition of cyanide, it is very weak, suggesting negligible amount of
formation of anion. However, such a blue shift is consistent with the
breaking of intramolecular hydrogen bond. Cyanide ion broke the
intramolecular hydrogen bond by forming an intermolecular hydrogen
bond. The formation of such DHP-CN™ complex is confirmed by mass
spectrometry (ESI-MS analysis (Fig. S3), [DHP-CN™] [m/z: 309.1738;
calculated: 309.1584]). Upon photoexcitation, due to an increase in
acidity of the phenolic proton, the intermolecular proton transfer occurs
from DHP to the cyanide ion, that resulted in anion. The formation of
anion led to red shift in the emission spectra along with an incredible
increase in fluorescence. Further, the Job plot (Fig. S4A) also accounts
for the 1:1 association of DHP-CN™ and the association constant was
determined to be 1.5 x 10* M~! from Benesi-Hildebrand plot, with a
linear fit, correlation factor > 0.99 (Fi g. S4B). The fluorescence
emission was biexponential in the absence of cyanide ion (Fig. 4 and
Table 1) due to normal and tautomer emission. In the presence of cya-
nide ion, DHP emits single fluorescence due to anion formation (Fig. 4
and Table 1). The breaking of the intramolecular hydrogen bond pre-
vented the tautomer formation. The LOD for sensing of cyanide is 0.02
pM (Fig. S5).

Further, to substantiate the mechanism, the NMR spectra of DHP
were recorded in dimethylsulfoxide-dg (Fig. 5). The peak of ‘OH’ proton
of DHP appears at 12.93 ppm and it disappears in the presence of one
equivalent of cyanide ion indicating the strong interaction of cyanide
with ’OH’ proton. The other aromatic protons peaks also shift from
8.2-6.2 ppm to 8.1-6.1 ppm, because the interaction led to an increase
in electron density, resulting in the shielding of the corresponding
protons.

Optical reversibility is an important aspect for the possible re-use of
the probe. Protonation of DHP-CN™~ was carried out by adding TFA.
Addition of TFA reverts the spectrum to the original. The experimental
reproducibility of CN™ recognition by DHP is shown in Fig. 6. 5 cyclic
additions of CN~, followed by TFA addition were performed. This led to
colour change of the solutions from blue to cyan, and back to blue again
(Fig. 6A inset). Further, this experiment also suggests that existence of
anion emission which was turned off by TFA addition due to protonation
of anion to form neutral DHP.

Also, bar diagram (Fig. 7) was constructed at emission maximum
454 nm. The interference and anti interference studies suggested DHP
has strong sensing ability for CN~ followed by F~ and OAc™, because of
this selective recognition for cyanide may be affected. Therefore, further

| IL )'. JLL

(@)

| |
4; ‘L./ﬁ‘\ JP;__) 'QL_

13.0 125 120 115 11.0 105 10.0

9.5 9.0
f1 (ppm)

T v r T

8.5 8.0 7.5 7.0 6.5 6.0 5.5

Fig. 5. H NMR spectra of DHP in (a) the absence and (b) the presence of 1 equivalent of CN™ in DMSO-de.
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Fig. 6. (A) Emission spectra of DHP in absence and presence of cyanide and then further addition of TFA. Inset shows the colour change upon addition of CN~ and
then TFA under UV illumination at 365 nm. (B) Intensity (at 454 nm) versus no. of repeated cycles plot obtained: DHP upon addition of CN~ (1 mM) and then with

TFA (0.9 mM) in acetonitrile, Aeye = 350 nm.
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Fig. 7. Interference bar diagram at emission wavelength 454 nm: purple bar
represents DHP in presence of (1 mM) anions (1) CN~, (2)I", (3) Br, (4) F,
(5) OAc™, (6) ClOg, (7) CI7, (8) HSO4, (9) SCN, (10) NO3, (11) SO3™ (12)
blank and black bar represents addition of cyanide to the respective anions
(Aexe = 350 nm).

experiments were carried out to improve the selectivity of cyanide
recognition by probe DHP.
3.2. Controlling the ion sensing by medium

The interaction of the anion with solvent shall reduce the interaction
of the anion with DHP; thereby, the interaction of fluoride and acetate
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may be reduced. Since water is highly polar and protic solvent, it can
form hydrogen bond, therefore, the effect of cyanide on DHP was
studied in different fractions of acetonitrile and water (Fig. 8A). The
fluorescence in presence of cyanide is highest in 9:1 acetonitrile-water
mixture. Under UV illumination in 9:1 acetonitrile-water mixture, a
distinct turn-on changes from blue to cyan were observed only in pres-
ence of cyanide addition, not in presence of F~ or OAc™ (Fig. 8B). Other
ions also did not produce any visual change in the emission (Fig. S6A).
Thus, selective cyanide sensing can be achieved in 9:1 acetonitrile—
water mixture. Upon addition of cyanide ion, a new band was observed
at about 395 nm in the absorption spectrum of DHP and the bands
absorbance increases with cyanide concentration (Fig. 9). Though the

0.18

0.12 0 to 1 mM CN-

Absorbance

0 1 1
325 355 385
Wavelength (nm)

415

Fig. 9. Absorption spectra of DHP in presence of added CN™ (0-1 mM) in 9:1
acetonitrile: water mixture.

CN- F- CN OAc

9.9E+05 (B)

a.u.)

 6.6E+05 |

3.3E+05 A

Intensity (

0.0E+00 !

365 445 525
Wavelength (nm)

605

Fig. 8. Emission spectra of DHP (A) in presence of 1 mM CN™ varying acetonitrile and water percentage and (B) in presence of CN~, F~ and OAc™ (1 mM) in 9:1

acetonitrile: water mixture.
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Fig. 10. Emission spectra of DHP (A) at Aexe = 350 nm and (B) at Aeye = 400 nm in presence of CN~ (0-1 mM) in 9:1 acetonitrile: water mixture.
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Fig. 11. (A) Absorption spectra and (B) emission spectra (Aexc = 400 nm) of DHP in water 1 mM of CTAB solution with increasing concentration of CN~ (0-1 mM).

Table 2
Test Results for Evaluating CN~ levels in water samples.
Water samples Added CN™ Found CN™ Accuracy (%) RSD (%)
(uM) (uM)
Deionised water 12 12.0 100 1.69
20 20.0 100 1.74
Tap water 12 9.0 75 2.88
20 17.4 87 0.88
River water 12 10.4 87 2.49
20 18.7 93 213

Accuracy % = (detected cyanide concentration/added cyanide concentration) *
100.
Relative standard deviation (RSD) % = (standard deviation/mean) * 100.

absorbance of absorption band at ~365 nm is higher than that of ~395
nm band, its’ absorbance decreased with addition of CN™. The obser-
vation of 395 nm absorption band suggests the formation of anion in the
ground state. This shows that in water in addition to DHP-CN~ complex,
some amount of anion was also formed in the ground state. The emission
spectra were recorded by exciting at 350 nm and 400 nm, excitation at
both the wavelengths led to the formation of anion and the anionic
emission was detected (Fig. 10(A and B)). In presence of 1 mM of CN™ an
increment of ~10 times was triggered when excited with 400 nm light
(Fig. 10B). The detection limit for CN™ in 9:1 acetonitrile: water mixture
is 0.7 uM (Fig. S6B).

The impact of surfactant on DHP’s sensing capability in the presence
of 1 mM of CTAB solution was studied. Like in acetonitrile: water 9:1
mixture, in CTAB solution also with addition of CN™, the band at ~370
nm decreases, along with appearance of anion band at 395 nm
(Fig. 11A). In CTAB solution, the emission enhancement was 13 times in
presence of 1 mM of CN™ (Fig. 11B) compared to 10 times in the pres-
ence of same concentration of cyanide ion in 9:1 acetonitrile: water

(A) ®B)

Fig. 12. Fluorescence imaging of MDA-MB 231 cells treated with (A) DHP and
(B) DHP-CN™.

mixtures. The LOD also improved to 0.2 pM in CTAB medium (Fig. S7).

3.3. Real sample analysis, imaging and molecular logic gate

Actual water samples may contain other ions, which may affect the
detection of CN™. For practical usage, water samples from Brahmaputra
river, tap water from Amingaon (North Guwahati, Assam, India) were
collected and filtered through a membrane with a pore size of 0.2 pm for
further analysis. Different concentrations of cyanide,” 12 pM and 20 pM
were added and recorded. Fluorescence titration curve with deionised
water was considered as the standard, followed by the comparison of
fluorescence signal of added cyanide to other water samples to calculate
the actual CN™ levels (Table 2). Each experiment was repeated three
times to calculate the relative standard deviation (RSD) with 75-93 %
accuracy, justifying the applicability in real samples. Test paper strips
were also prepared by immersing (1 cm x 3 cm) Whatman filter paper in
probe DHP solution and then in CN™ solution (Fig. S8).

DHP has been further tested for tracking CN™ level in cellular envi-
ronment in live cells. The presence of CN~ was detected in MDA-MB-231
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Fig. 13. Truth table and logic circuit of DHP with input CN~ and H" (TFA) in acetonitrile.
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Fig. 14. Optimized structure of (A) DHP, (B) DHP-CN™ and (C) DHP -HCN in ground state.

Table 3

Relative energy (eV with respect to ground state DHP-CN™), calculated and
experimental electronic transition energies i.e. excitation and emission energies
(eV), bond lengths (A) for DHP and DHP-complexes in acetonitrile.

DHP (Cis-enol) DHP-CN™ DHP -HCN
So state
Relative Energy 0.00 0.134
Distance
N38 - H36 1.72 2.78 2.72
035 - H36 0.99 1.01 1.62
C40 - H36 - 1.80 1.13
Excitation Energy" 3.43 (3.37) 3.54 (3.44) 3.13(3.17)
S, state
Relative Energy 3.218 3.004
Distance
N38 - H36 1.70 2.61 2.55
035 - H36 0.99 1.02 1.80
C40 - H36 - 1.76 1.09
Emission Energy" 3.04 (3.02) 3.03 2.72 (2.73)

@ Value in parenthesis are experimental values.

cells by fluorescence microscopy imaging. The MDA-MB-231 breast
cancer cells grown on cover slips were treated with CN- and their
intracellular uptake was detected by the addition of DHP (3 uM). No
fluorescence was observed in the absence of CN™ (Fig. 12A) whereas
DHP produced bright fluorescence in the presence of CN~ (50 pM)
(Fig. 12B). The fluorescence was observed in the cytoplasm of the cells
suggesting that DHP can enter the live cells and can be used to track the
presence of CN™ in the live cells by imaging. This opens up novel

applications of DHP in tracking the presence of CN™ in biological tissues
and cells.

Truth table and molecular logic circuit were constructed considering
addition of CN~, H'" as chemical inputs and emission value 454 nm and
410 nm as output signals (Fig. 13). The inputs “0" and “1” specifies
absence and presence of respective input signals and the output “1” and
“0” suggests ON (fluorescence) and OFF (no fluorescence) state
respectively.

3.4. Theoretical approach to the mechanism of sensing

To substantiate the mechanism of sensing, structures of DHP in cis-
enol form, DHP-CN™ and DHP -HCN were optimized in ground state
(Fig. 14). Details of the optimized structures are provided in Table 3. The
optimized structure of DHP indicates that the proton donor unit (035 —
H36) is intramolecular hydrogen bonded to the proton acceptor unit in
the ground state, N38 — H36 hydrogen bond is 1.72 A. Addition of cy-
anide broke the intramolecular hydrogen bond N38 — H36 (2.78 A) by
forming intermolecular hydrogen bond with C40 — H36 (1.80 A) to form
a more stable DHP-CN™ complex (Fig. 14B) The excitation energy
calculated for DHP is 3.43 eV and for DHP-CN™ is 3.54 eV, which sub-
stantiates the observed blue shift in the absorption spectra with addition
of CN™. The intermolecular proton transfer (H36) from DHP of oxygen to
carbon (C40) atom of CN™ in DHP-CN™ results in DHP -HCN (Fig. 14C).
The 035 — H36 distance increases from 1.01 A in DHP-CN™ to 1.62 A in
DHP -HCN and C40 — H36 distance decreases from 1.80 A in DHP-CN ™~
to 1.13 A in DHP -HCN complex. The calculated excitation energies of
DHP, DHP-CN ™, DHP -HCN are also close to the experimental values,
which confirms the assignment of DHP-CN~ and DHP -HCN. However,
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the relative energy of DHP -HCN is higher than DHP-CN™ in the ground
state, therefore, the complex exists predominantly as DHP-CN™~ (where
DHP is in neutral form) not as DHP —-HCN (where DHP is in anionic
form). The emission energy calculated for DHP-CN~ and DHP -HCN, in
comparison with experimental results, suggests the emission corre-
sponds to DHP -HCN where DHP is in anionic form and not to DHP-CN ™
(Table 3). This further confirms the assignment of the emission of DHP in
presence of cyanide ion to anionic emission. PEC in the ground and
excited states were constructed (Fig. 15).

In the ground state, DHP-CN™ is more stable than DHP -HCN by
0.134 eV, i.e., 3.08 kCal/mol (Fig. 15 and Fig. S9, Supplementary Ma-
terials). Additionally, from transition state (TS) structure, with a high
negative frequency, was obtained through TSQ2 method. The barriers
for the forward and reverse reactions are 3.98 kCal/mol and 0.90 kCal/
mol, respectively (Fig. 15). These results are consistent with the exper-
imental observation that the ground state equilibrium is dominated by
DHP-CN™ i.e., the DHP is in neutral form and forms intermolecular
hydrogen bond with CN™. However, in the excited state, its relative
energy is higher than that of DHP"-HCN. DHP -HCN is more stable
than DHP-CN™ by 0.214 eV i.e., 4.93 kCal/mol. The relative stability of
DHP -HCN over DHP-CN™ in the excited state is more than 1.5 times the
relative stability of DHP-CN~ over DHP -HCN in the ground state.
Therefore, though DHP-CN™ is the predominant complex in the ground
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Scheme 1. The mechanism of cyanide ion sensing by DHP.
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state, it exclusively undergoes intermolecular proton transfer to form
DHP™-HCN in the excited state.

The Frontier molecular orbitals in Sg to S; electronic transition are
presented in Fig. 16. The electron density is distributed throughout the
acceptor unit in all the structures and is very less around the donor
diethyl amino group in particular in the excited state than in the ground
state. Also, the anion formation is evident from the electron distribution
in DHP™-HCN, where the electron density is more on the oxygen atom
compared to the neutral DHP in the case of DHP-CN™.

The mechanism for cyanide sensing by DHP is presented in Scheme
1. As shown, upon addition of cyanide, it breaks the intramolecular
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hydrogen bond and forms DHP-CN~ complex. The intermolecular pro-
ton transfer results in anion formation, i.e. DHP -HCN. The intermo-
lecular proton transfer that led to anion formation is negligible in
acetonitrile and increases in water and CTAB solutions. However, in all
the solutions the anion formation is less in the ground state and DHP-
CN™ complex is the predominant form where the fluorophore, neutral
DHP has the intermolecular hydrogen bond through its ‘O-H’ hydrogen
with CN™ i.e. DHP-CN™. However, excitation of both DHP -HCN and
DHP-CN™ results in anion emission. Upon excitation, the acidity of the
‘O-H’ is increased and due to the absence of an intramolecular hydrogen
bond, ESIPT is averted and the intermolecular proton transfer occurs
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through the intermolecular hydrogen bond. The calculation also
revealed that the charge on the DHP oxygen decreased from —0.422 in
the ground state to —0.402 in the first excited state in the DHP-CN™
complex (Fig. S10). On the other hand, the charge on the cyanide carbon
in the same complex increased from —0.400 in the ground state to
—0.412 in the first excited state. Thus, excitation of DHP in presence of
cyanide ion results in anion emission.

Reduced density gradient (RDG) scatter plots visualize weak in-
teractions, where blue, green and red colours represent hydrogen bond
interactions, van der Waals interactions and steric repulsion, respec-
tively. A high negative sign(A2)p value signifies strong hydrogen
bonding interaction, a high positive sign(A2)p value signifies strong
repulsive interaction and a closer to zero value indicates weak van der
Waals interactions [56]. The scatter plot along with isosurface (Fig. S11)
of DHP depicts stronger intramolecular hydrogen bond between ~-OH
proton and —N= unit of fluorophore in the excited state (sign(A2)p >
—0.05) compared to the ground state (sign(A2)p ~ —0.05). This suggests
the stronger interaction between “N” and “H” in the excited state which
initiates proton transfer from the proton donor to the acceptor in the
excited state, which is evident from our previous reports [43]. Similarly,
in DHP-CN™ hydrogen bond between —OH proton and carbon of CN™ is
stronger in the excited state (sign(A2)p > —0.05) than in the ground state
(sign(A2)p ~ —0.047) making —OH proton acidic in the excited state
which promotes intermolecular proton transfer toward carbon atom of
CN™ (Fig. 17). On the contrary, in DHP -HCN, the hydrogen bond be-
tween oxygen atom and proton of HCN is weaker in the excited state
((sign(A2)p ~ —0.035) than in the ground state (sign(A2)p > —0.05)
(Fig. 18). Therefore, upon excitation, the intermolecular proton transfer
from DHP to CN™ is favoured and the reverse intermolecular proton
transfer i.e. from HCN to DHP™ is unfavoured.

The sensing performance of DHP was compared with some of the
reported sensors [6,13,20,21,38,41,57,58] (Table S1, Supplementary
Material].

4. Conclusions

DHP acts as a turn on fluorescence sensor for cyanide sensing with
LOD of 0.02 pM in acetonitrile. However, fluoride ions and acetate ions
also turn on the cyan fluorescence. DHP can be tuned to sense only cy-
anide ion in 9:1 acetonitrile aqueous mixture and it has LOD of 0.7 pM.
The LOD can be improved to 0.2 pM by using cationic micelle CTAB. The
mechanism for detection of cyanide in organic and aqueous solutions is
by fluorescence turn-on effect due to anion formation. Addition of cy-
anide results in the formation of complex between the fluorophore and
cyanide ion. Upon excitation, the DHP-CN™~ complex undergoes inter-
molecular proton transfer that produces DHP anion, that has cyan colour
strong fluorescence. It can be reversibly protonated with TFA to give
back the original emission of DHP. DFT calculations also suggested that
in the ground state, the fluorophore predominantly exists in neutral
form, forming a complex with cyanide ion. It further suggested that in
presence of CN™, the anionic form of DHP is energetically favoured over
the neutral form in the excited state. The transition state calculation and
RDG scatter plots also support the mechanism of intermolecular proton
transfer associated with anion formation, which corroborates well with
experimental findings. The response is utilised in the construction of
molecular logic gates and for the detection and imaging of CN™ in MDA-
MB-231 breast cancer cells. Further, the fluorophore was tested in
different water samples which showed accuracy of 75-93 %.
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