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A highly specific cyanide mediated proton transfer signalling (PTS)
is exhibited by a simple diaminomalenonitrile (DAMN) derivative 1.
By virtue of the functional groups on it, the chromophore offered a
rigid anchoring on a silica surface via a simple dip method, while
retaining the recognition behaviour. The PTS triggered a prompt dual-
modal display i.e., chromogenic and fluorogenic. The signal readout
can be visualized even in micromolar concentrations. It is noteworthy
that PTS can be reversed in both solution and solid phases. The
remarkable sensitivity of 1 to detect CN™ from the solution and solid
phase envisages a pivotal step towards field-usable sensing.

Innovative receptor approaches for transforming recognition
properties into suitable and practical applications for environmental,
biological and chemical processes is an area of considerable interest
and challenge." An ideal choice will be to model a molecule
possessing remarkable selectivity and sensitivity for toxic analytes
dissolved in aqueous media. Among the various hazardous
analytes, cyanide exists as one of the crucial anionic species.
Due to its applications in the fibre, resin, and herbicide industry
and leaching extraction of gold from the ore and electroplating,
its monitoring becomes significant once released into the
environment.> Owing to this widespread use in innumerable
processes and acute toxicity, detection and estimation of cyanide
in the environment becomes very important. Since it does not
decompose easily, very minute amounts are also highly detrimental
and a potential threat to both flora and fauna.*”® Molecular
receptor approaches can overcome the bulky and sophisticated
instrumentation, tedious and sample preconcentration, delayed
signal readout and high detection limits, associated with the
existing methods.”** Thus, receptors offering selective and
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sensitive recognition for inorganic cyanide (IC) will be a step
towards practical applications, rather than unrealistic tetra butyl
ammonium (TBA) based cyanide."*'* This is challenging due to the
high solvation energy of CN™ in aqueous solutions.'® Alternatively,
CN™ recognition as IC has been achieved through chemical reaction
based chemodosimetric and/or coordination approaches.*®
Many functional materials with rhodamine, coumarin, BODIPY,
hemicyanine, calixpyrrole, oxazine, naphthalimide, hemicyanine,
azo zincon and benzofuran based units have been reported.'” In
addition, their hybrids, ensembles and metal complexes have also
been proposed.’® Even though selectivity has been achieved to
some extent via such approaches, obstacles like irreversibility,
delayed signal output, tedious molecular fabrication requirements
and high detection limits still remain. Hence, a novel receptor
platform for highly sensitive CN™ recognition via reusable and easy
to fabricate design is necessary.

In addition to the solution phase, a heterogeneous strategy
for quick and on-site CN~ sensing outside the laboratory
applications has been attempted using films, membranes,
supported surfaces, etc."® The adsorption of receptors to solid
supports offers portability, simple operation protocol and
reusability. However, existing approaches for solid phase CN™
sensing utilize complex molecules and hence involve a tedious
synthetic protocol. Further, all these approaches are purely
chemical reaction based and thus yield a weak signal transduction
with a delayed response. Thus there is a need to develop a new
receptor protocol for CN™ recognition, with the ease of dip-sensing
and reusability, apart from solution phase applications.

Encouraged by these challenges, along with a considerable
interest in the development of new approaches for anion
recognition through hydrogen-bonding or deprotonation based
paradigm, we utilized the design strategies based on the strong
“push and pull” properties of DAMN materials. It has been
established that the photophysical properties of these chromo-
phores are highly dependent on the electron donor/acceptor
strength.'® Consequently, if the anion binding site itself is a
part of a donor (D) or acceptor (A) in the ICT based receptor
design, a highly effective signal communication could be
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Fig. 1 (left) ORTEP representation of the crystal structure of the receptor
(1) (CCDC 957578). (right) NaCN induced PTS promotes charge transfer
(ICT) enhancement and further prevents PET quenching of fluorophore
from the amine (—NH;) moiety.

expected. We demonstrate here this approach by providing a
convenient bi-phasic (solution and solid phase) recognition
platform for inorganic cyanide.

While exploring the DAMN receptor approach for the sensing
of sodium or potassium salt based anions, we obtained a highly
robust and extensively conjugated, 2-amino-((E}pyren-1-ylmethylene)
amino) maleonitrile (1, Fig. 1) exhibiting ICT and photo-
induced electron transfer (PET) properties.”® 1 was obtained
according to a reported methodology utilizing reflux conditions
(12 hours) and finally purified by column chromatography.”*
It was noticed that the compound was tailing in the column and
eluted via partial decomposition. This led us to the search for an
efficient synthetic protocol. A simple method was devised by
dissolving pyrene-1-carbaldehyde in an ethanol/water mixture
(8:2, v/v), added with a trace amount of concentrated acid
(HCl). This was followed by a drop-wise addition of amine
(DAMN). The addition proceeded with the immediate precipitation
of the Schiff base product (within a minute). The precipitate was
filtered, washed and recrystallized using ethanol and characterised
by mass spectrometry, NMR (*H NMR, "*C NMR in S2, ESIt) and
single-crystal XRD (Fig. 1). It is important to mention that our
methodology was not only simple but also ended up with an
improved yield, of up to 95%.

The adhesive nature of 1 towards silica was exploited to
develop a solid-support material by simple dipping of thin layer
silica gel plates (TLC) into the solution of 1, followed by drying
in ambient air. It was surprising to see an extremely stable
nature of this film even after immediately washing with water
several times (Fig. 2). This offers a clear advantage over the
existing approaches that utilize supports like TiO,, zeolites,
Al O3, etc.?” The strong binding nature of 1 to the silica plate
can be probably realized in terms of a characteristic DAMN
moiety associated with it.

The recognition behaviour of 1 was evaluated in a mixed solvent
system around a neutral pH range (6.7-7.4) with DMSO/HEPES
(8:2, v/v). This was followed by addition of aqueous solutions of
sodium or potassium salts of various common anions (F~, Cl~, Br™,
I, CN", HSO,”, SO,”% NO;~, HPO, %, H,PO,”, HCO;  and
CH3COO™). Strong colorimetric and fluorescence changes were
observed through the naked eye selectively with CN™ addition
(Fig. 3). Among other anions, HPO, > and HCO; came up with
a very weak visual response, after addition of 100-fold concentration
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Fig. 2 Asimple dip based preparation of the highly robust DAMN-receptor
film on the TLC plate.
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Fig. 3 (left) Bar graph presenting high selectivity of 1 for CN™. Observations
were made by addition of 7.0 equivalents of sodium cyanide (NaCN, 0.3 mM)
in water to 1 (20.6 x 10° M) in DMSO. Other anions were used in 100-fold
concentrations. (right) Visual display of CN™ mediated PTS in absorption and
emission mode.

to that of CN~, while others stayed neutral with respect to these
changes. The observations were further investigated through various
spectroscopic techniques.

The UV-Vis spectra of free receptor 1 in DMSO/HEPES (8: 2, v/v)
medium displays a characteristic absorption band centred at
430 nm along with a weak absorption signal at 345 nm. The
absorption band at 430 nm is associated with two shoulder
bands on either sides at 400 nm and 450 nm. In the presence of
CN7, 1 results in an immediate red-shift of the 430 nm signal.
The absorption at 430 nm gradually subsides with a concomitant
increase of new bands at 505 nm and 345 nm (Fig. 4a). These
changes are associated with two simultaneous isosbestic points
at 468 nm and 367 nm, signifying two different species in
equilibrium. The given changes are attributed to the enhance-
ment of the ICT transition from a donor to an acceptor. The CT
enhancement is an outcome of the increase in the negative
charge density on amine nitrogen at the receptor site. The
modulation is proposed to occur either by hydrogen-bonding or
intermolecular proton transfer from 1 to CN . This can be well
understood in terms of the strong polar nature of the -N-H bond,
attributed to the electron withdrawing environment of CN groups.

The selectivity of 1 for CN™ is attributed to its weak hydration
enthalpy (—295 kJ mol ") and strong basicity.>* These characteristics
allow NaCN to interact with the polarised -N-H bond of the receptor
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Fig. 4 (a), UV/Vis titration profile of 1 (20.6 x 10~ M) upon addition of
NaCN (0.3 mM) in DMSO/HEPES (8:2, v/v). (b) Emission response of 1
(7.5 x 107° M) with NaCN in DMSO/HEPES (8:2, v/v) upon excitation at
390 nm. All these experiments were carried out at 298 K.

in aqueous solution.** On the basis of 1:1 stoichiometry by Job’s
method, the binding constant (K) of 1 with CN~ was calculated to be
1.35 x 10* M~ (S3 and S4, ESI¥).

The changes in the ground state of 1 by CN~ were also
manifested in the excited state, where intensity changes in the
fluorescence emission spectra were readily observed through
the naked eye (Fig. 3, right). Upon excitation at 390 nm, 1
exhibits a low intensity (partly quenched) emission band
centred at 445 nm (Fig. 4b). The presence of CN™ results in
the pyrene emission “ON” and continues with further additions.
The intensity changes are probably an outcome of strong ICT
enhancement from -NH, towards the acceptor (-CN). The strong
ICT from the donor to the acceptor in turn prevents quenching of
pyrene emission via PET.

In order to cross-check the proposed mechanism and spectral
observations, a strong base in the form of the hydroxide anion
(TBAOH) in DMSO was added to 1. Here the reproducibility
of results, similar to NaCN confirmed proton transfer from 1 to
CN™ (S5, ESIY).

The proposed mechanism of CN™ interaction with the
receptor was finally probed through "H NMR spectroscopy.
Titration of 1 in dg-DMSO with 2 mM TBACN in THF resulted
in the disappearance of the -NH, peak at 8.12 ppm, upon
addition of less than 1 equivalent of CN™ (Fig. 5). These
observations confirmed a single-step PTS mechanism of CN™
and receptor interaction rather than hydrogen-bonding. The
imine proton (H,) and other proton signals also resulted in an
upfield or downfield shift, implicating an induced charge
transfer and electron transfer across the system.

In order to utilize the observed spectral changes of 1 with NaCN
as a potential tool for the quantification of CN™ in drinking water,
it was very important to deduce the limits of detection for NaCN.
This was achieved by constructing calibration plots of the
absorption and emission response of the receptor in the presence
of NaCN. A near-linear correlation exists for the absorption
response at 550 nm (Asgsnm) and intensity changes at 445 nm
(Lsasnm) With respect to CN™ concentration (S6 and S7, ESIT). In
absorption mode, 1 can detect CN™ up to a minimum of 7.5 uM.
However in the emission response, a very low detection limit was
achieved (1.98 uM). It is notable that the calculated value is well
within the permissive level for cyanide in drinking water as per
World Health Organization (WHO) guidelines.>
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Fig. 5 Complete *H NMR of 1 (25 mM) in dg-DMSO with TBACN (2 mM) in
THF. The experiment was carried out at 298 K.

During the course of our anion recognition studies, we observed
a vivid colorimetric display from receptor solution in the presence of
various CN ™~ additions. We envisaged this as a probable basis for the
naked eye based inorganic cyanide quantification for a range of
concentrations through the chromogenic behaviour of the solution.
After detailed screening of various receptor concentrations with
different cyanide concentrations, a visual chromogenic display for
the semi-quantitative estimation of cyanide was achieved with
0.050 mM of 1 (Fig. 6). This presents one of the rare observations
regarding receptor systems for inorganic cyanide.

In order to deduce the reusable behaviour of CN™ mediated
PTS, the addition of a control input in the form of the H' source
(H,SO4, HCI, TFA) was used. An immediate colorimetric change
was seen. This can be understood in terms of protonation of
negatively charged receptor species, further supporting the
PTS. Interestingly, given behaviour was reproducible multiple
times with alternate additions of CN~ and H' (Fig. 7). It is clear
that the initial state of the molecule (presented as black,
A430 nm) is almost fully recovered up to five cycles while as
the deprotonated receptor species (presented red, A505 nm)

Fig. 6 Colorimetric display for various concentrations of cyanide in pM.
Photograph taken immediately after NaCN additions with 0.050 mM of 1

under ambient conditions.
NaCN
—_—
—
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Fig. 7 (left) Recyclable nature of the receptor for cyanide with error bars.
Observations with 0.028 mM of 1 upon alternate additions of 20-40
equivalents of CN™ and acid. (right) Naked eye and reusable solid phase
detection of NaCN/KCN.
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loses its efficiency continuously with each recovery. Further and
most importantly, the chromogenic changes were also observed
in the solid phase of the receptor in the presence of NaCN/KCN.
The observed chromogenic behaviour was instantaneous, similar
to the solution based response. This further offered recyclability
upon exposure to acid (Fig. 7), indicating operation of the PTS
mechanism in the solid phase, in addition to the solution phase.
This further adds to the insights of the demonstrated receptor
exploration for inorganic cyanide sensing in aqueous media.

For the first time, an easy-to-prepare pyrene-DMN Schiff
base has been explored and developed as a promising receptor
exhibiting specific NaCN/KCN recognition in both solution and
solid phases. The interaction triggers instantaneous chromogenic
and fluorogenic display. In addition to this, reversibility of CN™
interaction was endorsed up to many cycles and thus a potential
reusable analytical tool for cyanide. Most importantly the PTS
mechanism has also been probed in the solid-phase of the
receptor, thus featuring a reusable dip-sticking approach for
cyanide detection in environments outside the laboratory. The
solution phase changes are strong enough to detect CN~ below
10 pM. Thus our PTS based recognition approach has overcome
the sensitivity aspects as well the tedious fabrication requirements
reported in chemodosimetric approaches. To the best of our
knowledge, current work represents the first example of inorganic
cyanide recognition, wherein any molecular system involves an
amine (-NH,) moiety as the receptor site and displays rapid signal
read-out behaviour via PTS, further realized in the solid-state too.
In addition to the simple and robust solid-state dip-stick
feature, the naked eye based estimation further demonstrates
its potential insights.
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