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The solvents and substituents of two similar fluorescent sensors for cyanide, 7-diethylamino-
3-formylcoumarin (sensor a) and 7-diethylamino-3-(2-nitrovinyl)coumarin (sensor b), are
proposed to account for their distinct sensing mechanisms and experimental phenomena.
The time-dependent density functional theory has been applied to investigate the ground
states and the first singlet excited electronic states of the sensor as well as their possible
Michael reaction products with cyanide, with a view to monitoring their geometries and
photophysical properties. The theoretical study indicates that the protic water solvent could
lead to final Michael addition product of sensor a in the ground state, while the aprotic
acetonitrile solvent could lead to carbanion as the final product of sensor b. Furthermore,
the Michael reaction product of sensor a has been proved to have a torsion structure in its
first singlet excited state. Correspondingly, sensor b also has a torsion structure around the
nitrovinyl moiety in its first singlet excited state, while not in its carbanion structure. This
could explain the observed strong fluorescence for sensor a and the quenching fluorescence
for the sensor b upon the addition of the cyanide anions in the relevant sensing mechanisms.
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I. INTRODUCTION

Cyanide anions are widespread in surface water from
biological source [1] and widely used in many industries
[2] involving gold mining, electroplating and metallurgy.
However, even small amounts of the cyanide anion are
extremely harmful to living creatures. For example,
LDsp (estimated dose that is lethal to 50% of the ex-
posed population) of hydrogen cyanide can be as low as
1.0 mg/kg body weight for humans [3]. Cyanide anions
can make the cells of a living creature unable to use
oxygen, primarily through the inhibition of cytochrome
¢ oxidase [4]. Furthermore, exposure to lower levels of
cyanides over a long period will lead to a rise of blood
cyanide levels, which could result in a variety of symp-
toms [5]. Therefore, any accidental release of cyanides
can result in serious environmental damage. There is
thus an exigent need for cyanide-selective sensors.

Cyanide anion is a weaker hydrogen-bond accep-
tor, but it also has strong coordination ability and
strong nucleophility. Many cyanide sensor are designed
based on the above characters. Gimeno et al. syn-
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thesized two new azophenyl thiourea sensors [6] to de-
tect cyanide based on the hydrogen-bond interaction,
and they showed good selectivity over other anions in
both solution and supported onto AlyO3 nanostruc-
tured films. Ganesh et al. used the Cu-complex as
the cyanide sensor system to design an SAM-modified
gold electrode [7], in which the copper ions could be re-
moved by cyanide anions. Lee et al. reported 8-formyl-
7-hydroxycoumarin as a fluorescent cyanide sensor us-
ing a nucleophilic addition reaction [8], and it is found
that the sensor selectively displayed a dramatic change
in fluorescence intensity in response to cyanide anions
in water at biological pH. Especially, the Michael addi-
tion reaction is one of the most important ways under-
pinning sensors designed to detect cyanide among the
nucleophilic reactions [9—12]. The Michael addition re-
action is the thermodynamically controlled 1,4-addition
(or conjugate addition) of conjugation-stabilized car-
banions. The reaction donors are strong carbon acids
such as cyanides and malonates, and the acceptors
are usually «,B-unsaturated carbonyl compounds. In
other words, a cyanide anion can react with the «a,3-
unsaturated carbonyl compound in a conjugate addi-
tion reaction. Proton abstraction from protonated base
(or solvent) by the enolate structure is the final step.

Fluorescent sensors can quantificationally recognize
species, in which the fluorescence intensity and emission
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wavelength is easily and sensitively monitored. So, flu-
orescent sensors for cyanide have been actively investi-
gated in recent years [9—18]. Several spectroscopic tech-
niques, such as time-resolved fluorescence spectroscopy,
can study the sensing mechanism [19], but they provide
only indirect information about photophysical proper-
ties and geometries. To further understand the sensing
mechanism, we need to use density functional theory
(DFT) and time-dependent density functional theory
(TD-DFT) to clarify fundamental aspects concerning
the mechanism in the Sy and S; states, respectively.
As mentioned above, although fluorescent sensors for
cyanide have been synthesized and some mechanisms of
them have been supposed in above report [19], the de-
tailed sensing mechanism has been seldom theoretically
explained to the best of our knowledge.

Recently, Kim et al. reported two fluorescent sensors
for the cyanide anion (a and b, as shown in Scheme 1)
using the coumarin derivatives as the fluorophores [9,
10]. They considered that cyanides can be added to the
4-position of the coumarin moiety through Michael ad-
dition reaction, which is doubly activated by both the
formyl of a (or nitro of b) and the coumarinyl carbonyl
group. Then, the added cyanide groups could change
the aromatic stability and lead to a fluorescence change
of the fluorophore. It is interesting that the authors
provided different mechanisms for the cyanide sensors
with similar structures. Accordingly, it is important to
understand the detailed sensing mechanism of the in-
teraction between the sensor and anions because of its
clearly crucial role in different solvents. In the present
work, we report a theoretical study concerning the sen-
sors (see Scheme 1), which may represent a new can-
didate for investigating the mechanism of cyanide reor-
ganization. The present calculation aims to provide an
explanation on the sensing mechanisms of the cyanide
sensors. In particular, we have focused our attention on
the mechanism relating to the different solvents. Mean-
while, we have extensively studied the photophysics and
photochemistry of these systems.

1. COMPUTATIONAL DETAILS

All calculations on electronic structures were carried
out using the Gaussian 09 program suite [20]. Geom-
etry optimizations for the ground state and the first
singlet electronic excited state were performed using
DFT and TD-DFT methods, respectively. A test with
a series of functionals (BP86, BLYP, PW91, B3P86,
B3LYP and B3PW91) was performed for photochem-
ical properties for the sensor a. As a result, B3P86
functional [21—25], Becke’s three-parameter hybrid ex-
change functional with the non-local correlation pro-
vided by Perdew 86, was the more reasonable choice
to be in good accordance with the experimental re-
sults and not time-consumption. Then it was used in
both the DFT and TD-DFT methods in the sequen-
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Scheme 1 Structures of a, b, al, bl, a2, and b2.

NO,

tial work. The triple-¢ valence quality with one set of
polarization functions (TZVP) [26] was chosen as basis
sets throughout, which is an appropriate basis set for
such ionic organic compounds [27—31]. No constrains
for symmetry, bonds, angles, or dihedral angles were
applied in the geometry optimization calculations. To
evaluate the solvent effect, water and acetonitrile were
employed as solvent in the SCRF calculations by using
the conductor-like screening model (COSMO) method
[32]. All of the local minima were confirmed by the
absence of an imaginary mode in vibrational analysis
calculations.

I1l. RESULTS AND DISCUSSION
A. Optimized structures in the ground state

Typically, both the sensor a and sensor b can react
with cyanide anion to form the enolate-type anions al
and bl based on Michael addition reaction. In Ref.[10],
sensor a has been synthesized in water and the spec-
tra have been measured in HEPES buffer (pH=7.4).
Herein, we supposed that proton-abstracting product
a2 of the enolate al from solvent should be the final re-
action step. In Ref.[9], b has been synthesized and mea-
sured in aprotic acetonitrile solvent, and the molecule
b2 was thought to be the final product upon adding
cyanide anions.

Accordingly, the ground-state structures of the sen-
sor a and b, as well as al, b1, a2, and b2 (shown in
Scheme 1), were obtained using the B3P86 functional
with TZVP basis set. To evaluate the solvent effect, ace-
tonitrile and water were respectively used in the calcu-
lations according to the COSMO solvation model. We
started the optimization from a set of initial configura-
tions in order to avoid local minima and the global min-
ima of these molecules only have real frequencies. In a,
b, and a2, all the atoms are nearly on the same plane
except their two ethyl groups. The cyanide-addition
product al and bl are both fold-shape molecules, the
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FIG. 1 Calculated absorption spectra of (a) (a, al, and a2) and (b) (b, b1, and b2) by the TD-DFT method.
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FIG. 2 HOMOs and LUMOs of sensor obtained from DFT/B3P86/TZVP calculations. (a) HOMO of b, (b) LUMO of b,

(c) HOMO of b1, and (d) LUMO of bl.

angles of which are both approximately 150°.

B. Absorption spectra and molecular orbital

We calculated the absorption spectra of all the
molecules using the TD-DFT/B3P86/TZVP method
with COSMO solvation model, and compared them
with the experimental data [9, 10]. Figure 1(a) shows
the calculated absorption spectra of a, al, and a2.
The maximum absorption band of sensor a appears
around 457 nm, which well reproduces the experimen-
tal UV/Vis band of a at 446 nm. Furthermore, al
and a2 show their computational maxima at 357 and
292 nm respectively, and the latter corresponds to the
experimental absorption band of the sensor a upon the
addition of cyanide (282 nm). That is to say, the prod-
uct of the sensor a reacting with cyanide anion in water
is a2 instead of al. Similarly, the computational ab-
sorption bands of b and b1 well reproduce the experi-
mental data. It indicates that the final Michael addition
product of sensor b is negative molecule b1. Thus, the
preliminary conclusions could be deduced from the com-
parison between the calculated absorption spectra and
the corresponding experimental UV /Vis spectra. Both
sensor a and sensor b can react with cyanide anions,
but the final products are different due to their different
solvents. The protic water solvent leads to the addition
product a2, and the aprotic acetonitrile solvent leads
to the anion product bl.

The molecular orbitals involved in the So-S; transi-
tions have been calculated for all the molecules, and
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each of them is proved to be a dominant w7*-type tran-
sition. In sensor b, the Sg-S; transition is from the
highest occupied molecular orbital (HOMO) to the low-
est unoccupied molecular orbital (LUMO). As shown in
Fig.2, the LUMO of b is generally with the antibond-
ing character of the Co—Cg3 bond. It reveals that the
conformation of the excited state of sensor b may be
in torsion state around the C;—Cjs bond, the similar
phenomenon has been reported recently [33]. Similarly,
the molecule b1l shows the antibonding character of the
C1—Cs5 bond in LUMO. Herein, we predicted that there
are more than one local stable structure for b and bl
and they could result in structural torsion in the S;
state.

C. Optimized structures in the first singlet excited state

Figure 3 shows the optimized S;-state structures of a,
a2, b and b1l. The sensor a keeps the similar structure
in the S; state to that in the Sy state. The molecule
a2 shows a different structure. The aldehyde group of
a2 exists as an axial bond in the S; state rather than
an equatorial one in the Sy state. That is to say, re-
laxation to the stable geometry of a2 may involve an
obvious configurational change upon excitation. This
could explain that the green fluorescence of sensor a
was quenched in the solution of cyanide anion. More-
over, we found that the sensor b has three local minima
(E-form, V-form, and Z-form) and b1 has two (Z-form
and V-form) in their S; state. The S;-state global min-
imum structure of b is corresponding to the V-form,
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FIG. 3 S;-state structures of a, a2, b, and bl and specific
dihedral angles by the TD-DFT method.

by twisting the nitro group onto a plane perpendicular
to that of the coumarin group. But the E-form struc-
ture of b1 is its global minimum, the energy of which is
lower than that of V-form. That is to say, the geometry
of bl in the S; state is very similar to that in the Sy
state. So, we surmise that the S; state of b is a twisted
excited state and that of bl is a local excited state,
which could be responsible for the strong fluorescence
of the sensor b upon adding the cyanide anions.

We also obtained the excited-state structures of a,
a2, b, and bl at TD-DFT/B3P86/TZVP level with
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FIG. 4 Potential-energy curves of the Sp and S; states for
(a) sensor b and (b) bl as functions of the correspond-
ing dihedral angles in the S; state, calculated at the TD-
DFT/B3LYP/TZVP level with COSMO solvation model.
The energies of Sy state have been calculated at the opti-
mized geometries of the S state.

COSMO solvation model. For calculations on a,
we used the initial configurations obtained from the
ground-state optimizations. As mentioned above, it has
been demonstrated that both b and bl may have tor-
sional structures in their S; states. For this reason, we
used a set of possible structures as the initial configura-
tions for the Si-state optimization. Their local minima
only have real frequencies. The S1-Sg vertical emission
energies of a and bl determined on the basis of the
TD-DFT calculation were found to well reproduce the
experimental fluorescence emission energies [9, 10] (see

Fig.4).

D. The S: potential-energy curves of sensor b and b1l
Figure 4 provides an overview of the potential-energy

curves of b and b1 as functions of twist angle in the S;

states. The energies of the S; states were optimized
for the specific dihedral angles (£Cq—Cy—C3—Cy for

(©2011 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 24, No. 3

Sensor

Michael addition

TDDFT Study on the Cyanide Sensors 309

Product

Sensor a

Et,N

Sensor b

Scheme 2 Entire sensing processes for the sensor a and sensor b for recognizing cyanide anion.

b and ZN—-C;—Cy—Cj3 for bl) obtained at the TD-
DFT/B3P86/TZVP level using the COSMO solvation
model. The Sg-energy profiles of the twisting paths were
calculated based on the geometries of the S; states.

As shown in Fig.4(a), b shows a barrierless potential-
energy curve in the S; state, the energy of which de-
creases along the dihedral angle from 0° to 89°. This
provides a possible explanation for the fluorescence
quenching of b. In contrast, Fig.4(b) shows the distinct
S1 potential curve of bl, which exhibits a barrier of
approximately 50 kJ/mol. As indicated in the excited-
state geometry, the S;-Sy vertical emission energy of
the E-form bl shows minor difference from the exper-
imental fluorescence wavelength. This indicates that
b1 prefers to return to the Sy state through the strong
emission of fluorescence rather than by surmounting the
potential barrier in the potential-energy curve. Com-
pared with the potential-energy curves of b, the local
excited-state structure of b1l can explain the dramatic
enhancement in fluorescence intensity seen in the pres-
ence of cyanide anions.

E. Sensing mechanism

Scheme 2 provides the information of the sensing
mechanisms in details. The results we presented have
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explained the two opposite fluorescent phenomena be-
tween the sensors a and b during the sensing process.
Sensor a and its Michael addition product a2 show dif-
ferent behaviors in their Sy and S; states. The local
excited state of a is not involved in any obvious struc-
tural changes, which is responsible for the strong fluo-
rescence of the sensor a. Cyanide anion is deposited on
the 4-position of the coumarin moiety of sensor a in its
So state through Michael addition reaction to afford the
carbanion al. Subsequently, al is protonated by wa-
ter to afford the addition product a2. In the S; state
of a2, a structural distortion takes place, whereby the
non-radiative deactivation can occur. This could ex-
plain the fluorescence quenching of a2 observed exper-
imentally [9]. Correspondingly, the sensing mechanism
of the sensor b is delineated as follows. In the S state,
sensor b can undergo a torsion process over a very low
potential barrier. Then, near-infrared emission or non-
radiative deactivation leads to the weak fluorescence of
b to the extent of experimental observation. Cyanide
anion is also added to sensor b in its Sy state through
Michael addition reaction to afford the carbanion bl,
which exhibits an Si-state structure similar to the So-
state structure. In this geometry, the S;-Sy energy gap
confirms to the experimental fluorescence emission en-
ergy. This could explain the enhanced fluorescence of
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sensor b upon addition of cyanide anion. Therefore, the
sensor a and b can be used to sense cyanide anions by
monitoring the changes in their fluorescence spectra.

IV. CONCLUSION

We have verified theoretically that two sensor a and
b have different mechanisms of sensing cyanide anions.
The theoretical study has indicated that sensor a shows
similar structures in the Sg and S; state to induce strong
fluorescence. Cyanide anion can react with sensor a
through Michael addition reaction in protic water so-
lution. The «,(-addition product undergoes the struc-
tural change in the S; state, which is responsible for
the fluorescence quenching of the sensor a when adding
cyanide anions in the water solution. Sensor b has been
proved to have a torsion structure in its S; state. In
the aprotic acetonitrile solvent, cyanide anion could also
add to the sensor b through Michael addition reaction
to afford a carbanion as the final product. The car-
banion goes against the structural torsion and enhances
the fluorescence. In summary, the different solvents and
substituents of sensor a and sensor b result in different
Michael addition products with cyanide, then causing
the different sensing mechanisms and consequently the
fluorescence spectra change. This will provide another
way to synthesis new sensors for cyanide anion.
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