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Specific recognition of CN~ in sodium cyanide solution was achieved using two imidazole-based receptors (A and B). Visually detectable color
changes were associated with the formation of hydrogen bonded adducts, A-CN~ and B-CN~. Ratiometric fluorescence response was achieved for
receptor A on binding to CN~, and this reagent was used for imaging bacterial cells pre-exposed to 1.42 uM CN™ solution.

The cyanideion is extremely toxic to mammals.>2 It inhibits
the cellular respiration in mammals by interacting strongly
with a heme unit in the active site of cytochrome az.* The
cyanide ion also adversely affects vascular, visual, central
nervous, cardiac, endocrine, and metabolic functions.*?
However, the use of cyanide salts has remained widespread,
particularly in gold mining, electroplating, and metallurgy.>
Despite safeguards and stringent norms set by different
regulatory bodies, accidental releases of cyanide into the
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environment do occur.* Further, the possibility of its release
in the environment for harmful purposes is aso an added
source of concern.®> All of these factors necessitate the
development of cyanide-selective receptors. Significant ef-
forts have been put forward by researchers, active in the area
of anion recognition, to address this issue. However,
examples of chromogenic sensor molecules that are capable
of recognizing cyanide ions in agueous environments are
much fewer compared to those that display sensing features
in nonagueous solvents.® Higher solvation energy of the
cyanide ion in agueous environments is known to affect
adversely the hydrogen-bonded adduct formation between
the receptor unit and the CN~.” An aternate approach,
adopted by many researchers, for recognition of CN™ i

aqueous solution is based on chemodosimetric methodology.
This involves coordination of free cyanide ion to a transition
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metal ion,® to a coordinatively unsaturated boron center,”1°

or to an eectrophilic carbonyl functionality.’® However, such
examples have certain limitations such as delayed response,
lack of reversibility, or use of elevated reaction temperature.™®
The few reports that describe the recognition of CN™ in
aqueous solution, utilizing the hydrogen bond motif, suffer
from lack of selectivity.* A recent report, based on a
displacement method, describes a lowest detection limit of
0.31 ppm for cyanide ion,*® which is still higher than the
permissible level (0.2 ppm) for drinking water as set by
health advisory bodies such as the Environment Protection
Agency (EPA).*??

Keeping this information in mind, we report herein the
use of two relatively simple imidazole-based colorimetric
receptors, A and B, which are capable of detecting [CN 4
as low as ~0.1 ppm. For receptor B, presence of a redox
active ferrocene (Fc) moiety alows an additional handle in
probing the CN~ binding process. Formation of the H-bonded
adducts, A<CN~ and B:CN™, resultsin a new charge transfer
complex with novel spectral (electronic and/or fluorescence)
properties. Receptor A congtitutes a rare example of the
ratiometric response to the CN~ binding process. >3

M ethodol ogies adopted for synthesis of receptor A and B
are shown in Figure 1. Receptor A was reported earlier;™*
however, the present methodology is different from that
previously reported. Receptors A and B were characterized
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Figure 1. Synthesis of receptors A and B; (i) and (ii) are single
crystal X-ray structures for receptors A and B, respectively.

using various analytical and spectroscopic techniques, apart
from single crystal X-ray structures (Supporting Informa-
tion).™

Both receptors were found to have limited solubility in
water, and this compelled us to use these receptors in mixed
solvent, such as CH3;CN/HEPES buffer (1:1, v/v), for recog-
nition studies. Spectral response and visually detectable color
changes of these receptors were tested with agueous solutions
of the sodium salt of all common anionic analytes such as
F~, Cl7,Br—,I7,CN™, SCN™, CH;COO™, H,PO,, P20737,
HSO,~, NO;~, and NO,™ present in excess (0.1 mM) (Figure
2). Changesin spectral pattern, aswell as visually detectable
color (insert Figure 2) and fluorescence, were observed only
in the presence of added CN~. No change in spectral pattern
for receptor A or B in the presence of other anions suggests
either a very weak or no interaction between these anions
and the respective receptor. Electronic spectra recorded for
receptor A in CH3;CN/HEPES buffer (1:1, v/v) medium with
increasing [CN ] revealed a successive increase in absorption
at 474 nm along with a concomitant decrease at 393 nm.
These changes were associated with the appearance of four
simultaneous isosbestic points at 242, 275, 335 and 426 nm
(Figure 3). In case of receptor B, these changes are as
follows: decrease in absorbance around 390 nm, increase in
absorbance around 552 nm and appearance of four si-
multaneous isosbestic points at 240, 278, 338 and 421 nm
(Figure 3).

For both receptors, simultaneous appearance of isoshestic
points signified the presence of two different species that
remained in equilibrium. Absorption bands at ~390 nm for
receptors A and B were atributed primarily to the an-
thraquinone/imidazole-based 7—x* trangition, whereas the
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Figure 2. Change in electronic spectra for receptors (i) A (19 uM)
and (ii) B (24 uM) in the presence of various anion (0.1 mM) in
CH3CN/HEPES buffer medium. (Insets) Change in color for
receptors (i) A and (ii) B in the presence of different anionic
analytes: X~ isF/CI7/Br /I~
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Figure 4. Emission titration of receptors (i) A (L.72 x 107% M)
with varying [CN™] (0—8.88 x 10~* M) in CH3CN/HEPES buffer
medium with Aeq = 427 nm. (Insets) (i) Emission titration profile
and (ii) aplot of the ratio of the emission intensities (R = lgi/ls10)
at 601 and 510 nm for varying [CN™].
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Figure 3. Spectrophotometric titrations for receptors (i) A (1.96 x
1075 M) and (ii) B (248 x 107 M) in the presence of varying
[CN7] (0—8 x 1073 M) in CH3CN/HEPES buffer medium. (Insets)
Titration profiles for receptor A (i) and B (ii).

longer wavelength absorption band for receptor B at ~530 nm
was assigned to the Fc-based metd to ligand charge transfer
and intraligand 7—s* transition. On binding to the CN—, the
new band (for receptor A) or the growth in absorbance (for
receptor B) could be attributed to a [ﬂ]imidazole - [ﬂ*]emhraquinone
based intercomponent charge transfer (CT) band. CT nature of
thisband was further confirmed by its shift to longer wavelength
with increase in solvent polarity. Interference studies revedl that
spectra response for CN~ remains unaffected in the presence
of 10 equiv of al other anions.

Receptor A was found to be luminescent with maxima at
510 nm (Ae¢ = 427 nm); however, in the presence of
increasing [CN~], a new emission band with Aegn™ of 602
nm appeared with an associated decrease in emission
intensity at 510 nm and an isoemissive point at 565 nm. This
new emission band for A-CN~ was assigned as the CT band.
Emission intensity ratio (lg01/l510) Was found to increase with
increase in [CN7], until the saturation point was reached,
and alowed the ratiometric detection of CN~. Binding
efficiency for CN™ was evaluated using data obtained from

(16) (@) Lehrer, S. S.; Fashman, G. D. Biochem. Biophys. Res. Commun.
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fluorescence (for A) and spectrophotometric titration (for A
and B) in CH3;CN/HEPES buffer medium following standard
procedures (Supporting Information).*® Aqueous solution of
NaCN, as well as the acetonitrile solution of TBACN, were
used for these studies. Values evaluated from UV—vis
titration data are as follows (in CH;CN/HEPES buffer (1:1,
VIV): Kasod® = 1.1 x 10* ML, Kago® = 5.87 x 102 ML In
CH3CN these values are Ko = 5.1 x 10* M1 and Kaesoc®
=208 x 10° ML,

Respective binding affinities evaluated for receptor A,
using a fluorescence titration method,*” were 1.16 x 10* M~*
and 2.2 x 10* M~ in CH3CN/HEPES buffer (1:1, v/v) and
CH3CN medium. Most notably, a plot of lgp/lsio versus
[CN7] (Figure 4, Inset i) confirmed the ratiometric changes
upon complexation of CN™. In all cases binding stoichiom-
etry was found to be 1:1 with respect to receptor (A or B)
and CN™. Thiswas evaluated using either Job’s plot or from
the dope of the least-squares plot of the emission titration data
(Supporting Information). Mass spectral data aso corroborated
the 1:1 adduct formation (Supporting Information).

The noninterfering absorption bands with significant
wavelength shift and the possibility to probe the binding of
CN~ in agueous medium at two emission maxima at dual
wavelength excitation (390 and 474 nm) make the receptor
A a unique ratiometric probe. Ratiometric fluorescence
response of A on binding to CN™ was also confirmed from
the results of time-resolved emission studies (Supporting
Information). Decay constants evaluated in the absence and
presence of CN™~ are shown in Sl Table 1 in the Supporting
Information. The emission decay lifetime for A at 485 nm
was found to be single exponential with ¢ = 0.2 + 0.001
ns, and this could be attributed to the fluorescence decay of
the (AQ)-based excited state. Similar measurement a Ao, Of
565 nm (isoemissive point, Figure 4) was found to be biexpo-
nential with 7, =0.22 ns (96%) and 7, = 1.09 ns (4%). The
major component reflects an AQ-based emission decay process.
However, decay traces with varying [CN~] could be fitted with
a biexponentia function with time congtants of 7, ~ 0.21 ns
and 7, ~ 111 ns, while contribution of the longer lived
component increases with subsequent decrease in the shorter
component on increasein [CN~] (Supporting Information). The
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longer component could be attributed to the new CT emission
state for the H-bonded adduct A<CN™. This clearly reveds a
ratiometric response in the presence of varying [CN7].

Recognition of F~ by receptor A was reported earlier in
acetonitrile;™* however, to date there has been no report on
the recognition of CN™ by receptor A in agueous solution.
Very high solvation energy for F~ in water (AHpyq = —505
kJmol) could account for the very weak/negligible binding
of the receptor A or B with F~ in the present study. A similar
argument may aso be offered for studies on CH;COO~
(AHpyg = —375 kdmol) and H.PO,~ (AHng = —260 kI
mol)*® in aqueous environment. Thus, the much lower
hydration energy for the CN™ (AHnq = —67 kJmol)
contributed primarily to the adduct formation (A-CN~ and
B-CN™) and thus its selective recognition. Absence of any
deprotonation equilibria in the present study could be
explained on the basis of the lower basicity of the partially
aguated cyanide ion.*° Presumably, the higher the acidity
of the -N(H)imidazole hydrogen in A that could be accounted
for the higher observed affinity of receptor A toward CN™.
Reversibility of the CN™ binding process could be demon-
strated by adding a few drops of acetic acid (5 x 1072 M)
solution to either A«CN~ or B-CN~ adduct, while the
preferential protonation of the CN™ took place and the
original spectra of A or B was restored.

Upfield shifts observed in the *H NMR spectra (DM SO-
de/D20, 1:1, viv) for the phenyl (Ha,&,b,b’,c) and imidazole
(H4) ring hydrogen atoms for A or B on binding to CN™
ion suggest the increase in the electron density in respective
rings through partial charge delocalization in the conjugated
system in immediate proximity of the N*-center. However,
the absence of any signal for [(CN),H]~ does not support
the deprotonation phenomena. Further, the appearance of the
ESI-Mssignal for A«CN~ or B:-CN™ in the presence of excess
NaCN (10 equiv (Supporting Information) corroborates the
hydrogen bonded adduct formation and nullifies any pos-
sibility of the deprotonation process.

Presence of the Fc moiety offered us the posssibility to
probe the CN™ binding process in B using differential pulse
voltammometry, where a cathodic shift of 80 mV for Fc/
Fc™ couple was observed. Nonreversibility of this couple
in agueous media is well documented,® and no sensible
cyclic voltammogram in CH3CN-H,O (1:1, v/v) could be
obtained (Supporting Information).

The lowest detection limit of 0.06 ppm for A and 0.078
ppm for B with respect to CN™~ (used in the form of agueous
solution of NaCN) was evaluated from the plots of the
respective titration profile of two receptors. These concentra-
tion limits are much lower than the limit (0.2 ppm) set by
Environment Protection Agency for drinking water.*® Thus,
these receptors could be used for checking CN™ in drinking
water following standard international norm.

Microorganism such as Pseudomonas putida utilize cya
nide as the sole source of carbon and nitrogen, and thus
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Figure 5. Fluorescence microscope images (FITC filter) of (i) cells
of Pseudomonas putida (control), (ii) cells exposed to CN™ (1.42
x 1078 M), (iii) cells exposed to agueous solution of CN™ (1.42 x
106 M) for 5 min and thento A (2.14 x 10°% M), CH;CN/HEPES
buffer medium (1:1, v/v).

NaCN is nontoxic to this organism.?* We have used this
microorganism for checking the possibility of using A as
reagent for the detection of the uptake of CN~. Bacterial
cell suspensions, pre-exposed (0—5 m, 25 °C) (Supporting
Information) to the 1.42 uM agueous solution of NaCN were
further treated with a 2.14 uM solution of A and viewed
through fluorescence microscope (Axiolmager Carl Zeiss).

Respective images of the control and cultures with CN™
and CN~ + A are shown in Figure 5. Fluorescent images
could be observed when bacteria cell cultures were treated
with CN™ and then with the reagent A, and thus this
experiment clearly demonstrates that A could be used for
detection of CN~ adsorbed on the cell surface of microor-
ganisms such as Pseudomonas putida.

In conclusion, we have demonstrated that two imidazole-
based receptors (A and B) are highly specific for recognition
of CN™ from aqueous solution of NaCN through the
formation of a reversible H™ bonded adduct. This adduct
formation produces an instant visually detectable color and
fluorescence change. These receptors are suitable for detec-
tion of CN™ much lower than 0.2 ppm, the permissible
concentration of CN~ for drinking water according to the
standard set by EPA. Thus, we have shown that two unique
receptors (A and B) are suitable for colorimetric detection
of CN™ in agueous solution and one of these, receptor A,
was even suitable for detection of CN™ present in microbes.
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