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a b s t r a c t

A colorimetric and fluorescent cyanide probe based on 7-(trifluoroacetamino)coumarin has been pre-
pared. This structurally simple probe displays rapid response and high selectivity for cyanide over other
common anions in the aqueous solution. The sensing of cyanide was performed via the nucleophilic
attack of cyanide anion to carbonyl of the probe with a 1:1 binding stoichiometry, which could be
confirmed by Job’s plot, 1H NMR, and MS studies. DFT/TDDFT calculations support that the fluorescence
enhancement of the probe is mainly due to the ICT process improvement. The detection limit of the
fluorescent assay for cyanide is as low as 0.3 mM in a rapid response of less than 30 s. Thus, the present
probe should be applicable as a practical system for the monitoring of cyanide concentrations in aqueous
samples.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cyanide is well known one of the most toxic materials and ex-
tremely harmful to the environment and human health.1 Never-
theless, a large amount of cyanides are extensively utilized in
different fields, such as gold mining, electroplating, metallurgy,
synthetic fibers, and resins industry. The extreme toxicity of cya-
nide ions in physiological1e3 as well as environmental4 systems has
led many researchers to develop optical probes5,6 for the sensitive
and selective detection of cyanide. Up to date, several strategies
have been developed to detect cyanide, including the formation of
cyanide complexes with transition metals,7e11 boron de-
rivatives,12,13 and CdSe quantum dots,14,15 the displacement ap-
proach,16 hydrogen-bonding interactions,17e19 deprotonation,20

and luminescence lifetime measurement.21 In order to minimize
the interferences of other anions, the nucleophilic addition re-
actions of cyanide were applied for sensing of cyanide, including
reactions with oxazine,22e24 pyrylium,25 squarane,26 acyltriazene,16

acridinium,27 salicylaldehyde,28e30 trifluoroacetophenone,31e35

trifluoroacetamide derivatives,36e40 and other highly electron-
deficient carbonyl groups or imine.19,41e45 Although the nucleo-
philic addition reactions of cyanide demonstrated good sensitivity
x: þ86 433 2732456; e-mail
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and selectivity for cyanide, the practical detection of cyanide in-
volves certain inherent disadvantages, such as poor selectivity over
fluoride or acetate, not instantaneously registering the addition of
cyanide and complicated synthesis. In addition, many of them are
reported to work only in organic media, so the search for effective
sensing systems in aqueous environment is still a great challenge.
Very recently, an indole conjugated coumarin chemodosimeter
with a rapid response time (<1.0 s) was reported, but which is short
of experimental data to confirm the response time.46

Keeping above-mentioned information in mind, we wish to
report a novel colorimetric and fluorescent cyanide probe 1 bearing
a trifluoroacetamide functionality for highly selective cyanide de-
tection in aqueous environment (Scheme 1). Probe 1 is designed on
the basis of trifluoroacetyl binding element and 7-amino-4-
trifluoromethylcoumarin fluorophore, which were connected by
an amide unit. Cyanide is expected to be detectable by nucleophilic
attack toward a highly electron-deficient carbonyl group of 1, which
is activated by two trifluoromethyl and a lactone group.20
2. Results and discussion

2.1. Synthesis and crystal structure analysis

Probe 1 was synthesized in one-step as outlined in Scheme 1.
The reaction of 7-amino-4-trifluoromethylcoumarin with tri-
fluoroacetic anhydride gave probe 1 in good yield in the THF at
rights reserved.
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Scheme 1. Synthetic procedure and proposed cyanide-sensing mechanism of probe 1.
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room temperature. Probe 1 has been characterized by 1H NMR, 13C
NMR, MALDI-TOF MS, and elemental analysis. The structure of
probe 1 was further confirmed by X-ray crystallography. White
crystals suitable for an X-ray diffraction study were obtained by
slowly evaporating a benzene solution of probe 1 at room tem-
perature. Single-crystal X-ray diffraction structure analysis in-
dicates that probe 1 crystallizes in triclinic system, Pe1 space
group. The asymmetric unit consists of one whole molecule, as
shown in Fig. 1. In the crystal structure of probe 1, the whole
molecule is approximately coplanar with the mean deviation is
0.0501 (2) �A except F atoms. The F atoms link to C12 express a po-
sitional disordered with the ratio of site occupations 0.525:0.475,
while the other three F atoms do not show the similar conditions.
The adjacent molecules are connected each by intermolecular
NeH/O and NeH/O hydrogen bonds, forming one-dimensional
chains along [210] direction. A summary of the crystallographic
data and structural refinements for probe 1 and the hydrogen-
bonding interactions in probe 1 are listed in Table S1 and S2 (see
Supplementary data).
Fig. 1. The single crystal X-ray structure of probe 1.
2.2. The binding affinity and selectivity of probe 1 for anions

Considering a report in the literature,34 the present probe 1
would interact with anions by reversible covalent bonding to form
adduct 1-A� and less efficiently by direct H-bonding to form species
3 (Scheme 1). Upon anion binding on its trifluoroacetamide re-
ceptor in probe 1, the degree of ICT is expected to be dependent less
on the anion’s H-bonding ability but may be dependent on the
anion’s carbonyl carbon affinity; hence, the usual guest selectivity
pattern dependent on the anion’s H-bonding ability and/or basicity
may be altered. An anion, that is, a weak H-bonding acceptor but
has strong carbonyl carbon affinity is expected to be differentiated
from other anions that are strong H-bonding acceptors, particularly
in aqueousmedia, becauseweak solvation is expected in the former
case. Indeed, when probe 1 was treated with selected anions, such
as CN�, F�, CH3COO�, and H2PO4

� (50 equiv) in acetonitrile, a new
strong peak at 389 nm appeared alongwith a concomitant decrease
at 327 nm. Other anions, such as Cl�, Br�, I�, and HSO4

� showed
diminished absorption change compared to CN� as seen in Fig. 2a.
This result implied that the sensing of cyanide was probably per-
formed via the nucleophilic attack of cyanide anion to carbonyl of
the probe 1, because cyanide is a very weak H-bonding acceptor but
has a strong affinity toward the carbonyl carbon. An even more
striking feature results when the sensing experiment is carried out
in aqueous media. The absorption spectral changes of probe 1 on
addition of cyanide in an aqueous solution (acetonitrile/water, 4:1,
v/v) are shown in Fig. 2b. The absorption band at 327 nm decreased,
while a new red-shifted band at 365 nm appeared. Other com-
peting anions, such as F�, Cl�, Br�, I�, CH3COO�, H2PO4

�, HSO4
�,

ClO4
�, NO3

�, NO2
� (50 equiv) are completely nonresponsive. No

interference of fluoride and acetate anions should arise from their
high solvation energies in water as stated above. High solvation
energies for F� (DHhyd¼�505 kJ/mol) and AcO� (DHhyd¼�375 kJ/
mol) inwater could account for the very weak/negligible binding of
probe 1 with both F� and AcO� in the present study.19 The unique
affinity of probe 1 toward cyanide over other anions in aqueous
media indicates that the competive anions with strong or signifi-
cant H-bonding ability, such as F�, AcO�, and H2PO4

� are stabilized
by solvation through H-bonding and thus unable to form the cor-
responding adduct. Only CN�, which is a poor H-bond acceptor, can
add to probe 1 to afford a cyanohydrin, which will be stabilized
through intramolecular hydrogen bond between a developed alk-
oxide anion and an amide proton. The blue shift of absorption of
species (from 389 nm to 365 nm) formed by interaction of probe 1
with CN� in aqueous media compared with that in acetonitrile also
supported the nucleophilic addition mechanism as mentioned in
Scheme 1.47 Electronic spectra recorded for probe 1 in CH3CN/H2O
(4:1, v/v) with increasing CN� revealed a successive increase in
absorption at 365 nm along with a concomitant decrease at
327 nm. These changes were associated with the appearance of
three simultaneous isosbestic points at 239, 275, and 341 nm. Si-
multaneous appearance of isosbestic points signified the presence
of two different species that remained in equilibrium. Absorption
bands at 327 nm for probe 1 was attributed primarily to the
coumarin-based pep* transition. On binding to the CN�, the red-
shifted and enhanced new band at 365 nm could be attributed to
the adduct-based intramolecular charge transfer (ICT) band
(Fig. 2c). The variation of the absorbance at 365 nm was used to
evaluate the binding constants of 1 with CN� by assuming a 1:1
binding stoichiometry. The BenesieHildebrand48 analysis of these
changes gave a binding constant of 6.67�103 M�1 (R¼0.998). Nice
fittings supported the 1:1 binding stoichiometry.49

The sensing phenomena were also monitored by fluorescence
spectroscopy in CH3CN/H2O (4:1, v/v). As cyanide ions were added
to probe 1, the fluorescence emission intensity at 505 nm increased
more than 30-fold when excited at 388 nm and was saturated at ca.
50 equiv of cyanide. However, other anions, such as F�, Cl�, Br�, I�,
CH3COO�, H2PO4

�, HSO4
�, ClO4

�, NO3
�, and NO2

� did not cause any



Fig. 2. Absorbance changes of 1 (20 mM) (a) in CH3CN; (b) in CH3CN/H2O (4:1, v/v) upon
addition of 50 equiv of various anions (only 1, CN�, F�, Cl�, Br�, I�, AcO�, ClO4

�, NO3
�,

H2PO4
�, NO2

�, and HSO4
�); (c) absorption spectra of 1 (20 mM) upon addition of cyanide

anion (0e50equiv). Inset: plots of absorption365nmversus the equivalents of CN� added.

Fig. 3. Fluorescence spectra of 1 (20 mM) (a) upon addition of 50 equiv of various
anions. (only 1, CN�, F�, Cl�, Br�, I�, AcO�, ClO4

�, NO3
�, H2PO4

�, NO2
�, and HSO4

�),
Inset: Fluorescence change observed upon excitation at 365 nm with a laboratory UV
lamp after the addition of cyanide anion (50 equiv) to probe 1; (b) upon addition of
cyanide anions (0e80 equiv) in CH3CN/H2O (4:1, v/v). The excitation wavelength for
the complex was 388 nm, and the splits were 3 nm. Inset: plots of fluorescent emission
505 nm versus the equivalents of CN� added.

Fig. 4. Job’s plot between 1 and cyanide anion. The excitation wavelength for the
complex was 388 nm, and the splits were 5 nm; in CH3CN/H2O (4:1, v/v) at 25 �C.
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significant changes in the fluorescence emission intensity. The
fluorescence profiles at 505 nm showed a high selectivity for cya-
nide over other various anions (Fig. 3a). A large increase in the
fluorescence intensity could be applied to the detection of cyanide
anions by the naked eye. When the probe was excited at 365 nm in
the presence 50 equiv of other anions in CH3CN/H2O (4/1, v/v),
a bright blue fluorescence response was selectively observed only
in the presence of cyanide in the solution of 20 mM of probe 1
(Fig. 3a, inset). It is well known that starting material 2 (7-amino-4-
trifluoromethylcoumarin) is a strong fluorescent molecule.50

Whereas probe 1 shows very weak fluorescence emission at
505 nm when excited at 388 nm because the internal charge
transfer (ICT) from the amino group to the coumarin ring was re-
duced by an electron-withdrawing trifluoroacetyl group, which
induced fluorescence quenching. Conversely, the cyanohydrin
formed by addition of cyanide enhanced fluorescence intensity. The
fluorescence enhancement is explained by intramolecular H-
bonding stabilization of a cyanide adduct, through which an ICT
process can be improved. Fig. 3b shows the results of fluorescence
titration of probe 1with CN�. Job’s plot analysis of the fluorescence
titration spectra exhibited a maximum at a 0.5 mol fraction of CN�,
indicating formation of a 1:1 adduct between probe 1 and CN� ion
(Fig. 4). On the basis of both the 1:1 stoichiometry and fluorescence
titration data from Fig. 3b, the binding constant of probe 1 for CN�

was calculated to be 5.06�103 M�1 (R¼0.999).
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To confirm further the interaction mechanism and 1:1 stoichi-
ometry between the cyanide with the probe 1, 1H NMR titration
experiments were carried out by addition of Bu4NCN to a acetoni-
trile-d3 solution of probe 1 (Fig. 5a). With the increasing addition of
cyanide, all the aromatic protons exhibited an upfield shift to dif-
ferent extent, which suggest the increase in the electron density in
coumarin ring through charge delocalization in the conjugated
system.36e40 However, the absence of any signal for [H(CN)2]� does
not support the deprotonation phenomena.19 The spectral shift is
virtually stopped after addition of 1 equiv of cyanide. This result
also supported the formation of a stable 1:1 adduct. 13C NMR
spectral analysis showed that the carbonyl carbon at 155.3 ppm in
trifluoroacetyl was highly upfield to 63.4 ppm, while the other ar-
omatic carbons and a lactone carbon some upfield shifted (Fig. S1).
These spectra indicate that the cyanide anion was indeed added to
the carbon of trifluoroacetyl group of 1. The formation of cyanide
adduct was further confirmed by mass spectrometry. The electro-
spray ionization mass spectrum of the probe 1 showed two mo-
lecular masses of 377.5 and 619.2, which corresponded to the
formulas of [1-CN�þHCN] and [1-CN�þBu4NCN], respectively
(Fig. 5b).44,51
Fig. 5. (a) 1H NMR spectral change of 1 in acetonitrile-d3 upon addition of cyanide
anions; (b) ESIMS for the cyanide adduct of 1.

Fig. 6. The optimized structures of 1-CN�1 (left: the ground state; right: the lowest
singlet state) with PBE0/6-31þG(d,p) method.

Fig. 7. Plot of Kohn Sham orbitals in ground state (S0) for 2, 1, and 1-CN� (isovalue is
0.03 a.u) with CPCM-PBE0/6-31þG(d,p) method in acetonitrile solvent.

Fig. 8. Charge difference density of S1 state for 2, 1, and 1-CN�. Red and blue stand for
hole and electron, respectively. The isovalue is 0.0004 a.u.
2.3. Quantum chemistry calculation

To understand the absorption and fluorescence changes of the
probe 1 bound by cyanide ions we carried out density functional
theory (DFT) and time dependent DFT (TDDFT) calculations with 6-
31þG(d,p) basis sets (details see Supplementary data). The stable
equilibrium structures of probe 1 and adduct 1-CN� were obtained
from both B3LYP and PBE0 calculations, and the PBE0/6-31þG(d,p)
geometry were shown in Fig. 6. The calculated NeH/O bond
lengths of adduct 1-CN� are 2.226 and 2.250 �A in the ground state
(S0) and lowest excited state (S1), respectively, which are typical
intramolecular hydrogen bond. Fig. S2 shows simulated absorption
spectra of probe 1 and adduct 1-CN� by TD-PBE0 and TD-B3LYP
methods. Both results reproduce well the experimental data. As
noted in Table S3, the CPCM-PBE0/6-31þG(d,p) calculated lmax of
probe 1 and adduct 1-CN� are 322 and 373 nm, which are slightly
underestimated and overestimated, respectively, but in good
agreement with experiment. The calculated HOMOeLUMO energy
gaps of probe 1 and adduct 1-CN� are 4.50 and 3.89 eV, respectively
(Fig. 7). As a result, experimental 329 nm absorption band of probe
1 red-shifts to 365 nm of adduct 1-CN� could be explained by the
raise of HOMO energy level and enhancement in the pushepull
character of the ICT transition. The Kohn Sham orbitals that are
relevant to the excitations and the contributions of orbital transi-
tions for probe 1 and adduct 1-CN� are given in Fig. S3. The electron
density of the lowest unoccupied orbital (LUMO) of adduct 1-CN� is
distributed more locally on the lactone ring of coumarin, while that
of LUMO of probe 1 is delocalized on the entire coumarin through
the trifluoroacetyl group. So the intramolecular charge at the first
excited state of adduct 1-CN� is more obvious than that of probe 1.
More unambiguous, comparing charge difference densities be-
tween starting material 2, probe 1, and adduct 1-CN� in S1 excita-
tion were shown in Fig. 8. One can find that cyanohydrin formation
and intramolecular hydrogen bonding results in enhancing in-
termolecular charge transfer. Similarly, fluorescence enhancement
of cyanide ions adduct 1-CN� can also be explained by localization
of the frontier orbitals in S1 state (Fig. S3 and Table S3).
2.4. Applications

As a probe for the assigned anion, response time is of impor-
tance to practical detection of analytes. The signaling of CN� ions by
probe 1 was very fast, which was complete really in less than 30 s
(Fig. 9). As can be easily understood, the signaling time was con-
centration dependent, and the required time for full signaling in-
creased considerably with lower CN� concentrations (20 mM). On
the other hand, the fluorescence intensity of probe 1 alone or in the
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presence of a interference ions (F�) remained nearly constant, even
after 30 min of sample preparation. As a consequence, the nucle-
ophilic addition of CN� to carbonyl of probe 1 is an immediate re-
sponse, thus providing a new realtime method for cyanide
detection.
Fig. 9. Fluorescence intensity changes at 505 nm for 1 (20 mM, 25 �C) in a mixtures of
CH3CN/H2O (4/1) after addition of CN� and F� (1 equiv). The excitation wavelength for
the complex was 388 nm, and the splits were 5 nm.
The detection limit of probe 1 for CN� was calculated based on
the absorbance and fluorescence titration data according to
a reported method.43 Under the present conditions, a good linear
relationship between the absorbance/the intensity and the cya-
nide concentration could be obtained, as shown in Fig. 10 and
Fig. S4. The detection limits are then calculated with the equation:
detection limit¼3d/m, where d is the standard deviation of blank
measurements, m is the slope between intensity versus sample
concentration. The detection limits were measured to be 1.18 mM
from absorption assay and 0.29 mM from fluorescent assay, re-
spectively. The concentration limits are much lower than the limit
(2 mM) set by Environment Protection Agency for drinking wa-
ter.13,52 Thus, this probe could be used for checking CN� in
drinking water following standard international norm. In order to
assess the utility of the proposed method, it was applied to the
quantitative determination of cyanide anion in drinking water
sample (drinking water from commercial source). The water
sample was found to be free from cyanide and so the sample was
prepared by adding known amounts of sodium cyanide to sample.
The applications were performed using 2 mL of sample volume,
and after addition of sodium cyanide with the concentration of
Fig. 10. A plot of (FIeFI0) versus cyanide concentrations at 505 nm, the excitation wave-
length for the complex was 388 nm, and the splits were 3 nm in CH3CN/H2O (4:1, v/v).
9.8�10�7 M, which was within the linear calibration range, the
sample was injected in triplicate. The average content of cyanide
anion was found to be 9.99�10�7 M for drinking water. Then, the
recovery percentage performed well with relative standard de-
viation lower than 2%.

3. Conclusion

In summary, this investigation has led to the development of
a rapid response and highly selective cyanide probe for detecting
micromolar concentrations of CN� ions in water. A unique colori-
metric and fluorescent response to cyanide is realized through an
early-reported mode of probe-cyanide interaction by formation of
adduct cyanohydrin via a highly electron-deficient amide moiety in
an aqueous environment. DFT/TDDFT calculations indicate that
upon the addition of CN� the fluorescence enhancement of probe 1
is mainly due to the ICT process improvement. The present probe 1
able to function as a selective and sensitive dual chromogenic and
‘turn-on’ fluorogenic chemosensor for the CN�, whose response
time is faster than those of the other trifluoroacetamide-based
cyanide probes. The detection limit of the fluorescent assay for
cyanide is as low as 0.3 mM in a fast response of less than 30 s and
can be detected by the naked eyes, providing a new, realtime
method for cyanide detection in the aqueous environment.

4. Experimental

4.1. Materials and apparatus

Commercially available compounds were used without further
purification. Solvents were dried according to standard procedures.
7-Amino-4-trifluoromethylcoumarin was synthesized according to
the reported procedure.53 All reactions were magnetically stirred
and monitored by thin-layer chromatography (TLC) using QingDao
GF254 silica gel coated plates. Fluorescence spectra were carried
out on a Shimadzu RF-5301PC fluorescence spectrophotometer.
UVevis spectra were recorded with a Shimadzu UVe2550 spec-
trophotometer. NMR spectra were recorded on a Bruker AV-300
Spectrometer (300 MHz for 1H and 75 MHz for 13C), and chemical
shifts were referenced relative to tetramethylsilane (dH/dC¼0).
MALDI-TOF mass data were obtained by a Shimadzu AXIMA-CFR�
plus mass spectrometry, using a 1,8,9-anthracenetriol (DITH) ma-
trix. ESIMS were taken on a Bruker-HCT mass spectrometer. X-ray
diffraction experiment was performed with a Rigaku/MSC mercury
diffractometer with graphite monochromated Mo Ka radiation
(l¼0.71073 �A) at 293 K.

4.2. Preparation of probe 1

A solution of 7-amino-4-trifluoromethylcoumarin (60 mg,
0.26 mmol) and trifluoroacetic anhydride (116 mg, 0.78 mmol) was
stirred in THF (5.5 mL) at room temperature for 1 h. Then the
mixture was concentrated and purified by column chromatography
eluted with ethyl acetate/petroleum ether (1:5) to afford the target
compound 1 (76 mg) as pale yellow solid (Rf¼0.2). The solid was
recrystallized from CHCl3 to give 1 as white needle crystal (69 mg),
yield 80%. Mp: 182e184 �C; Found: C, 44.34; H, 1.50; N,
4.25C12H5F6NO3 requires C, 44.32; H, 1.55; N, 4.31%; 1H NMR
(300MHz, acetone-d6, ppm) d: 10.81 (br,1H, NH), 7.96 (d, J¼1.80 Hz,
1H, ArH), 7.77e7.85 (m, 2H, ArH), 6.90 (d, J¼0.6 Hz, 1H, ArH); 13C
NMR (75 MHz, acetone-d6, ppm) d: 158.0, 155.3 (q, J¼38.1 Hz,
COCF3), 155.0, 140.7, 139.8 (q, J¼32.6 Hz,]CCF3), 125.8 (q, J¼2.0 Hz,
C]CCF3), 121.8 (q, J¼273.3 Hz, ]CCF3), 117.1, 115.8 (q, J¼5.25 Hz,
C]CCF3), 115.7 (q, J¼286.1 Hz,]CCF3), 110.7, 108.6; MALDI-TOF Ms
m/z: 326.50 [Mþ1]þ.
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4.3. Spectral titration experiment of 1

Deionized water and a spectroscopic grade of CH3CN were used
as the solvent for titration experiment. The titrations were carried
out in 10-mm quartz cuvettes at 25 �C. Probe 1 was dissolved in
CH3CN/H2O (4:1, v/v) to afford a concentration of 5�10�4 M stock
solution, which was diluted to 2�10�5 M. The different anion stock
solutions of 1.0�10�2 Mwas diluted to 2.5�10�3 M. The absorbance
was measured from 200 to 500 nm, against a blank CH3CN/H2O
(4:1, v/v) solution, and different cyanide solutions were added to
the 20 mMhost solution (2 mL) in portions (total volume: 16, 32, 48,
64, 80, 96, 112, 128, 144, 160, 192, 224, 256, 288, 320, 480, 640,
800 mL of 2.5�10�3 M). The emission was measured from 425 to
625 nm, and different cyanide solutions were added to the 20 mM
host solution (2 mL) in portions (total volume: 16, 32, 48, 64, 80, 96,
112, 128, 144, 160, 192, 224, 256, 288, 320, 400, 480, 640, 800, 960,
1120, 1280 mL of 2.5�10�3 M). The resulting solution was shaken
well; the absorption and emission spectra were recorded imme-
diately. Unless otherwise noted, for all measurements, the excita-
tion wavelength was at 388 nm, and both the excitation and
emission slit widths were 3 nm.
4.4. General procedure for 1H NMR experiments

For 1H NMR titrations, two stock solutions were prepared in
acetonitrile-d3 (5�10�2 M), one of them containing host only and
the second one containing an appropriate concentration of guest.
Aliquots of the two solutions were mixed directly in NMR tubes,
which then was diluted to 0.5 mL with acetonitrile-d3 if need be.
4.5. X-ray crystal structure determination of 1

X-ray diffraction experiment was performed with a Rigaku/MSC
mercury diffractometer with graphite monochromated Mo Ka ra-
diation (l¼0.71073 �A) at 293 K. Empirical absorption corrections
based on equivalent reflections were applied. The crystal structure
of 1 was solved by direct method and refined by full matrix least
squares fitting on F2 using the SHELXTL-97 software. All non-
hydrogen atoms were refined with anisotropic thermal parame-
ters. Crystallography data has been deposited to the Cambridge
Crystallography Data Center with deposition number of 805,027
for 1.
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