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A new simple organic scaffold based on acenaphthene 4was designed and synthesized. The chromogenic
and fluorogenic properties of 4 toward different metal ions and anions were investigated in H2O/MeCN
(8:2, v/v) solution. The probe 4 in the presence of Cu2þ exhibited strong static excimer emission at
507 nm along with a decrease in monomer emission at w400 nm ratiometrically, attributed to a com-
plexation through aldimine and amide groups of 4. Additionally, 4 upon interaction with different anions
illustrated significant fluorescence enhancement with cyanide. However, interaction of complex, 4-Cu2þ

with CN� revealed fluorescence quenching attributed to formation of stable [Cu(CN)x]
1�x species in the

medium. A naked-eye sensitive fluorescent green color of solution was changed to blue. The mechanism
of interaction between 4 and Cu2þ and sensing of cyanide through Cu2þ displacement approach was
confirmed by the change in optical behaviors and 1H NMR and ESI-MS spectral data analysis.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The development of selective and sensitive methods to detect
cations and anions have received considerable attention because of
important roles of these ions in biological, environmental, and in-
dustrial processes.1 Recently, major emphasis is on design and de-
velopment of novel organic scaffolds that can be potentially utilized
as a colorimetric and fluorescent sensors for cations and anions and
allow the sensing event, sensitive to naked-eye detection by a color
change, and without resorting expensive and sophisticated in-
struments.2 Among the several approaches fluorescent based
methods have advantages due to their high sensitivity, specificity,
real time monitoring, and fast response time.3 Moreover, the ratio-
metric fluorescent sensors, which are sensitive to variation in rela-
tive emission intensity, upon binding with ions are preferred
because the ratio of dual emission intensities can be utilized to an-
alyze the analyte concentration and to provide a built-in correction
for effects, such as, photobleaching, sensor molecule concentration,
the environment around the sensor molecules (pH, polarity, tem-
perature, and so forth) and stability on photoirradiation.4

Among the soft transition metal ions and anions copper play
important role in various biological processes, such as, a catalytic
cofactor of a variety of metalloenzymes for instance superoxide
dismutase, cytochrome-c oxidase, and tyrosinase.5 It is a vital trace
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element, which is widely distributed in a variety of cells and tissues
in different concentration level. The variation of copper ion con-
centration in neuronal cytoplasm is responsible for diseases like
Alzheimer’s and Parkinson’s.6 The U.S. Environmental Protection
Agency (EPA) has set the limit of copper in drinking water around
1.3 ppm (w20 mM). The normal average concentration of copper in
blood is around 15.7e23.6 mM.6c In this context, significant progress
has been made to develop good sensors for selective detection of
Cu2þ however, practically most of these systems have limitations in
the sense of cross sensitivity toward other metal ions, low water
solubility, slow response, pH dependence, and a low fluorescence
quantum yield in the aqueous medium.7 Moreover, it is known that
copper induces fluorescence quenching due to its paramagnetic
nature.8

Likewise, cyanide can also cause biological and environmental
poisoning.9 The small amount of cyanide is lethal to human body10

due to its strong interaction with the active site of cytochrome a3
11

that inhibits cellular respiration in mammalian cells. The sources of
cyanide in water are discharge from chemical industries, metal
mining processes, andwastewater treatment facilities.9 Cyanide has
also been used as a chemical warfare agent and even as a terror
material.12 The World Health Organization (WHO) has recom-
mendedconcentrationof cyanide indrinkingwater tobew1.9mMfor
a healthy life.13b Thus, detection of cyanide through coordination,14

covalent bonding12d or displacement method13,15 has also received
considerable interest among the scientific communities. Among the
various sensing mechanisms, based on different phenomena of
photophysics and chemical approaches Cu2þ displacement method
recently become one of the important approaches due to its high
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affinity for cyanide to form stable [Cu(CN)x]1�x species in the me-
dium.15 Thus, the ensemble based demetallization of copper by cy-
anide can be utilized as a good strategy to detect the cyanide in the
medium. It is also because the d9 electronic configuration of para-
magnetic Cu2þ have strong binding affinity toward cyanide and the
complexes with Cu2þ can recognize CN� by ensuring high stabiliza-
tion effects on the ligand field.16 Therefore, the design and synthesis
of new systems that can display enhanced fluorescence upon in-
teraction with metal ions/anions are in great demand and of the
various optoelectronic techniques fluorescence spectroscopy has
advantages as it offers high detection sensitivity and simplicity.1,17

The chelating groups like eC]N and eC]O exhibit high bind-
ing affinity to transition and post transition metal ions in compar-
ison to alkali and alkaline earth metal ions.18 In addition to this
there are few systems, which utilize strong affinity of cyanide for
transition metals. In such systems, complexation of cyanide with
transition metal, like Cu2þ results a change in the photophysical
property of receptor and provide a method for detection. We herein
present first report on the design and synthesis of an acenaphthene
based scaffold for a sensitive and selective detection of Cu2þ

through enhanced excimer fluorescence and detection of cyanide
through copper displacement method in aqueous organic medium.
The probe 4 consists of acenaphthene units of almost negligible
fluorescence with amide and aldimine functions that has been
utilized as a potential binding site for the ions. Upon interaction
with Cu2þ the acenaphthyl units come close to each other and
generate high excimer fluorescence,8 in which the acenaphthene
units attained a stacked conformation, that ultimately leads to
enhance intramolecular pep interaction.
300 375 450
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Fig. 1. Change in absorption spectra of 4 (5 mM) upon addition of different metal ions
(10 equiv) in H2O/MeCN (8:2, v/v).
2. Results and discussion

Scheme 1 describes the synthetic route of probe 4. Aniline and
a-bromoethylacetate in presence of KI and Na2HPO4 in acetonitrile
(MeCN) were refluxed overnight under anhydrous condition to
obtain compound 2 as a viscous liquid in w75% yield. Compound 2
was constituted in ethanol and refluxed with ethylenediamine for
6 h to obtain compound 3 and 3a (confirmed by 1H NMR spectra),
which were separated by column chromatography in w37 and 51%
yield, respectively. Acenaphthene was reacted with phosphor-
ousoxychloride in N,N0-dimethylformamide (DMF) at 70 �C to ob-
tain 5-formylacenaphthene by a reported procedure,19 and was
subsequently refluxed with 3 in ethanol at 80 �C for 3 h to get
a brown colored semisolid compound 4 in w76% yield. The prod-
ucts were characterized by analytical and spectral data analysis
(Fig. S1e9, Supplementary data).
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Scheme 1. (i) BrCH2COOEt/KI/Na2HPO4/CH3CN/D, (ii) ethylenediamine/EtOH/D, (iii)
5-acenaphthenealdehyde/EtOH/D.
2.1. Optical behavior of 4 with different cations

The UVevis absorption spectrum of 4 (5 mM) displayed a broad
absorption band between w280 and 340 nm (at w340 nm,
3¼27,000 M�1 cm�1) in H2O/MeCN (8:2, v/v) solution. The binding
behavior of 4 was investigated toward different metal ions by
UVevisible and fluorescence spectroscopy. Upon interaction with
different metal ions (10 equiv), such as, Naþ, Kþ, Agþ, Ca2þ, Co2þ,
Ni2þ, Cu2þ, Zn2þ, Hg2þ, Agþ, Fe3þ, Pb2þ (as their nitrate salts) the
broad absorption band of 4 upon interaction with Cu2þ ion dis-
appeared and concomitantly a new transition band was appeared at
407 nm (Fig.1). The red shift observed in the absorption spectramay
be attributed to an increase in intramolecular pep interaction be-
tween two acenaphthyl units as a result of coordination of Cu2þ

through the amide and aldimine functional groups of 4 in ground
state.8a The other tested metal ions failed to exhibit any significant
change in the absorption spectrum of 4 (Fig. 1).
Theabsorption titrationexperimentwasperformed tounderstand
the binding affinity of 4 (5 mM) with Cu2þ ion. Upon sequential ad-
ditionofCu2þ (0e3equiv) to a solutionof4 thebroadbandcenteredat
340 nm reduced gradually with the formation of a new transition
band at 407 nm. An isosbestic point appeared at 348 nm clearly
suggested about the existence of more than one species in medium.
Job’s plot analysis revealed a 1:1 stoichiometry for a complexation
between 4 and Cu2þ. An association constant estimated by Bene-
sieHildebrand method20 utilizing nonlinear fitting of absorption ti-
tration data and was found to be Kassoc¼3.22�105 M�1 (Fig. 2).

The fluorescence spectrum of 4 (5 mM) in H2O/MeCN (8:2, v/v)
showed a veryweak and broadmonomer emission band in range of
380e420 nm, when excited at 340 nm. There was no band corre-
sponding to excimer emission that means two acenaphthene units
are not in stacked conformation. Among all the tested cations, 4
showed high selectivity toward copper metal ion whereas, in-
significant change was observed upon interaction with other cat-
ions. Upon interactionwith Cu2þ emission spectrum of 4 illustrated
significant fluorescence enhancement, in which the weak emission
band of monomer red shifted to appear at 507 nm (Fig. 3) and color
of solution changed from a non-fluorescent to fluorescent green
under UV light (Inset, Fig. 3). The appearance of new emission band
of relatively high emission intensity signifies the formation of
a dimeric species in medium, in which two acenaphthene rings
occupied the stacked conformation probably due to coordination of
Cu2þ ion through the coordination sites available in form of amide
and aldimine functional groups. Thus, it is worth to mention that
copper induced a kind of driving force to bring two acenaphthyl
rings in stacked conformation.
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Fig. 2. Absorption titration spectra of 4 (5 mM) upon addition of Cu2þ ions (0e3 equiv) in H2O/MeCN (8:2, v/v). Inset (a) Job’s plot and (b) BenesieHildebrand plot of 4 for Cu2þ.
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Fig. 3. Change in emission spectra of 4 (5 mM) upon addition of different metal ions
(10 equiv) in H2O/MeCN (8:2, v/v). Inset shows the change in color under UV light.
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The practical applicability of compound 4 as a selective fluo-
rescent chemosensor for copper has been demonstrated by per-
forming the competitive metal ion interference experiments. For
that tested cations (10 equiv) were added to a solution of probable
complex, 4þCu2þ and reversibly by the addition of Cu2þ ion to
a solution of 4 containing excess of other metal ions (Fig. 4). No
significant variation in excimer emission was observed in com-
parison to emission spectra of 4 in either condition. The absorption
spectra upon addition of other tested cations illustrated in-
significant change in absorption band of a complex 4þCu2þ cen-
tered at 407 nm (Fig. S10, Supplementary data). Thus, the
experimental observation has suggested that compound 4 may be
utilized as a potential fluorescent chemosensor for Cu2þ ion.
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Fig. 4. Bar diagram illustrate the change in relative emission intensity of 4 (5 mM) and
4-Cu2þ complex upon addition of competitive metal ions (10 equiv) at 507 nm in H2O/
MeCN (8:2, v/v).
The fluorogenic affinity of 4 (V4¼0.0022) with Cu2þ ions was
evaluated by fluorescence titration experiment (Fig. 5). Upon in-
creasing concentration of Cu2þ ions (0e3 equiv) to a solution of 4
relative fluorescence intensity increased significantly at 507 nm
alongwith fluorescence enhancement factor (FEF) 147whereas, the
intensity of emission band at w400 nm decreased ratiometrically
with the formation of an isoemissive point at 439 nm. The quantum
yield of a probable complex, 4þCu2þ was increased (V4-Cu

2þ ¼0.224)
and the color of solution appeared as fluorescent green under UV
light. The high emission intensity observed at 507 nm is attributed
to formation of intramolecular excimer21 led enhanced pep in-
teraction between the two acenaphthene rings in consequence to
complexation of Cu2þ ion through amide and aldimine functional
groups. Job’s plot analysis revealed consistently a 1:1 stoichiometry
for a complexation between 4 and Cu2þ ions. The binding constant
estimated from the fluorescence titration data was found to be
1.18�105 M�1. Moreover, a fluorescence intensity ratio plot4 ob-
tained between the relative fluorescence intensity ratio, I400/I507
and Cu2þ ion concentration suggested about the change in fluo-
rescence intensity ratiometrically after the addition of 0.5 equiv of
Cu2þ ion with a detection limit4 of w2.0 mM (Fig. S11,
Supplementary data). The ESI-MS spectrum analysis of 4 and 3a
showed the molecular ions [MH]þ peaks at m/z 622 and 467, re-
spectively, (Fig. S5 and 9). Upon interaction between 4 and Cu2þ

a new peak observed at m/z 684 [4þCu]þ support the formation of
a complex, 4þCu2þ in the medium and also about a 1:1 stoichi-
ometry between probe 4 and Cu2þ (Fig. S12, Supplementary data).

Further, to examine the reversibility in complexation a strong
chelating reagent, ethylene diaminetetraacetate (EDTA) was added
(50 equiv) to a solution of probable complex, 4-Cu2þ. The observed
red-shifted low energy absorption and emission bands of complex
4þCu2þ were disappeared consistently, with the generation of
original bands at respective wavelengths. This may be attributed to
formation of a strong EDTAþCu2þ complex in medium (Fig. S13,
Supplementary data). Thus, the experimental observations have
suggested about the reversible mode of complexation and potential
application of probe 4 in the detection of copper in a repeated cy-
cle.7d Additionally, the fluorescence excitation spectra (Fig. S14,
Supplementary data) were acquired to understand that the ob-
served emission in case of complex, 4þCu2þ is due to excimer
formation and also to ensure whether it is static or dynamic.7f It is
also because if a probe and its probable complex upon excitation
corresponding to its emission bands do not show complete overlap
in their excitation spectra then the respective observed emission is
attributed to static excimer.7f For that probe 4 and its complex, 4-
Cu2þ were excited at emission wavelengths 402 and 507 nm, re-
spectively. The excitation spectra of 4-Cu2þ showed formation of
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a new intense band centeredw400 nmwhereas, no such band was
observed when probe 4 was excited at 402/507 nm. Thus, clearly
supporting that in the present sensing event the observed high
emission intensity is attributed to Cu2þ induced static excimer
fluorescence.
2.2. Mechanism of complexation between 4 and Cu2D

The probable mechanism of complexation, as shown in Scheme
2 was confirmed by 1H NMR spectra of 4 in the presence of Cu2þ

ions (0.5, 1 and 2 equiv). The 1H NMR spectrum of 4 showed res-
onances for H10 and H30 proton at d 6.46 ppm and a triplet for H20 at
d 6.97 ppm. The H4 proton of acenaphthene unit merged with
aldimine (eC]NH) proton to appear at d 8.71 ppm whereas,
a broad signal appeared at d 7.95 ppm may be attributed to amide
(eCONH) function proton. The other aromatic protons were
appeared between d 7.25e7.76 ppm. Upon addition of
0.5e2.0 equiv of Cu2þ ions to a solution of 4 a significant downfield
shift in the resonances of amide and aldimine protons, Dd¼0.18 and
1.56 ppm, respectively, were observed and resonances of ace-
naphthyl ring protons become broadened (Fig. 6). Therefore, sug-
gested about the coordination of Cu2þ with both amide and
aldimine functions of 4 and that enforce acenaphthene rings to
occupy stacked conformation. Consequently, enhanced intra-
molecular pep interaction led to observe intense excimer fluo-
rescence7 and a nakedeeye sensitive green color was appeared in
the medium.
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2.3. Quantum chemical calculations

Further to support our assumptions, experimental observations
and possible structural changes we have performed quantum
chemical calculations. The geometry optimization were performed
for probe 4 and its complex, 4þCu2þ using density functional the-
ory (DFT) method as implemented in Gaussian 03 suits of pro-
gram.22 All the calculations were performed using B3LYP density
functional theory method, a hybrid version of DFT and Har-
treeeFock (HF) methods, in which the exchange energy from
Becke’s exchange functional is combined with the exact energy
from HartreeeFock theory along with the component exchange
and correlation functionals, Becke’s three parameters define the
hybrid functional, specifying the extent of the exact exchange
mixed in. We have used a 6-31G(d,p) basis set for all the atoms
exceptmetal atom (Cu2þ), for which an effective core LanL2DZ basis
set was chosen. A frequency calculation for the metal complex was
performed to make sure that the optimized structure is a real
minimum. The optimized structure of 4-Cu2þ complex (II and IV of
Fig. 7) indicates that Cu2þ ion coordinated with nitrogen-donor
atom of aldimine and amide functions of 4 in square planer con-
formation. Due to complexation of 4 with Cu2þ ion the acenaph-
thene moiety come closer while in probe 4 acenaphthene units
remained apart from each other (I and III of Fig. 7). The DFT opti-
mized structure showed two bond length between the Cu2þ and N-
atom of amide are 2.45, 2.65�A and between the Cu2þ andN-atom of
aldimine are both of 1.92 �A.
2.4. Optical behavior of complex 4-Cu2D with different anions
and CNL anion

Among the various sensing approaches a metal chelate based
sensing method of copper complexes can be utilized to device
a good fluorescent sensor for CN� because of high affinity of cya-
nide and copper to produce stable [Cu(CN)x]1�x species in a me-
dium.15 To address this possibility we investigated optical behavior
of 4-Cu2þ complex (5 mM) in the presence of different anions in
H2O/MeCN solution (8:2, v/v). Upon addition of different anions
(10 equiv), such as, F�, Cl�, Br�, I�, SCN�, H2PO4

�, CN�, AcO�, PO4
3�,

S2� (as their sodium salts) to a solution of 4-Cu2þ (5 mM) significant
change in the optical properties was observed only upon in-
teraction with CN� ion, in which, both the absorption and emission
spectra of 4 rejuvenated almost completely. Some sort of in-
teraction was also observed with S2� ion, which interacts with 4-
Cu2þ complex and causes w40% fluorescence quenching (Fig. 8,
S15).

The binding affinity of a complex, 4-Cu2þ with CN� ion was
estimated by performing absorption and emission titration exper-
iments (Fig. 9). Upon a sequential addition of CN� (0e4 equiv) to
a solution of 4-Cu2þ absorption band centered at w400 nm de-
creased gradually and a new broad band around w340 nm was
generated with the formation of an isosbestic point at 350 nm



Fig. 6. Change in 1H NMR spectra of 4 (c¼1.02�10�2 M) upon addition with Cu2þ (0.5, 1and 2 equiv) in DMSO-d6.

Fig. 7. DFT optimized structure of 4 and 4-Cu2þ complex.
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Fig. 8. Change in (a) absorption and (b) emission spectra of 4-Cu2þ (5 mM) upon addition of different anions (10 equiv) in H2O/MeCN (8:2, v/v).
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(Fig. 9a). Similarly, fluorescence intensity of emission band cen-
tered at 507 nm decreased ratiometrically while the relative in-
tensity of an emission band, centered at w400 nm increased along
with formation of an isoemissive point at 437 nm (Fig. 9b). The
color of solution readily visible to the naked-eye was changed from
a fluorescent green to non-fluorescent. The absorption and fluo-
rescence titration experiment data were utilized to estimate
binding constant of CN� ion with a complex, 4-Cu2þ and were
found to be 1.32�106 and 2.05�106 M�1, respectively. The detection
limit of 4-Cu2þ complex for CN� ion was estimated and was found
to be 1 mM (i.e., 25 ppb). The high sensitivity to the maximum
permissive level in drinking water, 1.9 ppm recommended byWHO
authenticate the novelty of present mode of CN� sensing mecha-
nism obviously attributed to demetallization of a probable com-
plex, 4þCu2þ by cyanide and formation of [Cu(CN)x]1�x species in
the medium as shown in Scheme 2.

The stability constants (K) for the formation of probable differ-
ent complex, [Cu(CN)x]1�x species15b in the medium are
[Cu(CN)2]�¼1.00�1024; and [Cu(CN)4]3�¼2.0�1030. Since, the es-
timated association constant of a complex between 4 and Cu2þ was
comparatively low, Kassoc¼1.18�105 M�1 than the stability constant
of copper and cyanide ions it is reasonable to understand that upon
addition of CN� to a solution of complex, 4þCu2þ led to a formation
of [Cu(CN)x]1�x species in the medium, due to which modulation in
both absorption and emission spectra were observed.
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(50 equiv) at 452 nm in H2O/MeCN (8:2, v/v).
2.5. Interaction of 4 with CNL anion

Compound 4 contains amide group and it is rationally concluded
that the amide unit reasonably form complexes with different an-
ions probably through hydrogen bonding between anions and
amide eNH fragment.23 Therefore, we intended to investigate
binding affinity of 4 toward different anions, such as, F�, Cl�, Br�, I�,
SCN�, H2PO4

�, CN�, NO3
�, AcO�, S2�, PO4

3� (as their sodium salts) in
H2O/MeCN (8:2, v/v) solution. The absorption spectrum of 4
showed insignificant change with different anions (Fig. S16). Con-
versely, the emission spectra upon addition of different anions
(50 equiv) to a solution of 4 (5 mM) exhibited significant fluores-
cence enhancement only upon interaction with CN�. A new emis-
sion band was appeared at 452 nm and the color of solution
appeared blue. This may be probably attributed to formation of
excimer up to lesser extent relatively, in comparison to Cu2þ, upon
an interaction of CN� with amide function of 4 through H-bonding
interaction whereas, insignificant spectral changes were observed
upon interaction with other tested anions (Fig. 10). A competitive
anion interaction studies were also performed to understand the
selectivity of 4 with cyanide anion. Upon addition of cyanide to
a solution of 4 containing different anions and reversibly addition
of different anions to a solution of 4þCN� the relative emission
intensity of 4þCN� remained unaltered (Fig. 11).
Contrary, one can also speculate about an opportunity of nu-
cleophilic addition reaction between 4 and cyanide, in which, cy-
anide can approach eC]O group of amide functionality to form
a new charged cyanohydrin species15 in the medium. A probability
for such type of chemical reaction is depicted in Scheme 3. Our this
speculation was based on speculation of much lower intrinsic hy-
dration energy of CN� (DHhyd¼�67 kJ mol�1) in comparison to very
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high salvation energy for other anions, for instance, F�

(DHhyd¼�505 kJ mol�1), Cl� (DHhyd¼�363 kJ mol�1), Br�

(DHhyd¼�336 kJ mol�1), I� (DHhyd¼�295 kJ mol�1), CH3COO�

(DHhyd¼�375 kJ mol�1), and H2PO4
� (DHhyd¼�260 kJ mol-1) in H2O/

MeCN (7:1, v/v) solution.24

To establish the actual mechanism, 1H NMR spectral data of 4 in
the presence of cyanidewas acquired in DMSO-d6. Upon addition of
2e5 equiv of CN� to a solution 4 a broad resonance attributed to
amide (eCO NH) function, at d 7.95 ppm shifted downfield to ap-
pear at d 8.19 ppm (Dd¼1.16 ppm). The H10 and H30 protons were
separated to appear at d 6.45 and 6.53 ppm, respectively, whereas,
a marginal change in the resonances of aromatic ring protons as
well as in aldimine (eC]NH) proton, at d 8.71 ppm were observed
(Fig. 12). Additionally, the 1H NMR spectrum of 4 showed doublet at
d 3.6 (J¼5.7 Hz) and singlet at d 3.68 ppm attributable to methylene
protons (eCH2CH2e) and proton neighboring to carbonyl function
Fig. 12. 1H NMR titration spectra of 4 (c¼1.02�10�2 M) upon addition of CN� (2, 5 equiv) in DMSO-d6.
of amide group, respectively, (Fig. S17). Upon interaction with CN�

almost insignificant downfield chemical shift, rather than any up-
field shift was observed at the corresponding resonances (Fig. S18
and 19). Thus, suggesting that interaction of cyanide is primarily
through hydrogen bonding with the amide fragment of probe 4
rather than speculated chemical reaction, as shown in Scheme 3.

Further, to elucidate binding affinity of 4 for CN�
fluorescence

titration experiment was carried out. Upon addition of CN� anions
(0e50 equiv) to a solution of 4 relative fluorescence intensity was
enhanced gradually (FEF¼8.2) and the quantum yield was increased
w34 times (V4-CN�¼0.0754), which was relatively less in compari-
son to 4þCu2þ. Job’s plot analysis revealed a 1:1 stoichiometry for
a probable complexation between 4 and CN�. The association
constant estimated from nonlinear fitting of fluorescence titration
data was found to be Kassoc¼2.06�104 M�1 (Fig. 13). Comparatively,
the observed association constants for complex, 4þCN� was rela-
tively low thanof4þCu2þ and4þCu2þþCN�. Thus, clearly suggesting
about the interaction between 4 and cyanide through H-bonding
rather than a possibility of nucleophilic addition reaction of cyanide
on to the imine, eC]NH as well as on carbonyl, eC]O group of
amide functional units. Further, to rule out the expected probability
for a nucleophilic addition reaction, Cu2þ was added to a solution of
probable complex, 4-CN�. Fluorescence quenching occurred, in
which the intensity of the emission band, centered at 452 nm di-
minished completely and the emission spectra almost same to probe
4was rejuvenated (Fig. S20). Thismay be attributed to the formation
of stable species, [Cu(CN)x]1�x and free probe 4 in the medium.
Moreover, upon interaction with CN� if the speculated chemical re-
action, leading to formation of cyanohydrin derivative was accurate,
then upon addition of Cu2þ to a solution of 4-CN� complex there
might be possibility for generation of a new band in the absorption
spectra and accordingly change in the fluorescence behavior. How-
ever, beyond our speculation no such significant spectral changes
were observed. Thus, fluorescence, UVevis absorption and 1H NMR
spectra exclusively validated the interaction of 4 with CN� through
H-bonding25 and ruled out our assumption for a possible nucleo-
philic addition reaction leading to formation of possible cyanohydrin
derivative in themedium. Thiswas further confirmedby ESI-MSdata
analysis, in which no new signal corresponding to generation of cy-
anohydrin derivative was observed (Fig. S21).

Further, to strengthen our hypothesis for a probable mode of
interaction with Cu2þ and CN� ions and involvement of excimer
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fluorescence upon interaction of 4with Cu2þ and CN� derivative, 3a
(5 mM)was utilized as a model compound. The affinity of 3a toward
different cations (50 equiv) and anions (100 equiv) was tested
under the same experimental condition. Compound 3a displayed
a weak monomer emission at 425 nm, when excited at 340 nm. In
contrast to 4 compound 3a upon interaction with different cations
exhibited fluorescence quenching with Cu2þ while oppositely, il-
lustrated fluorescent enhancement with CN�, in which, the emis-
sion spectra displayed a bathochromic shift ofw60 nm to appear at
485 nm (Figs. S22 and 23, Supplementary data). The association
constants estimated for a possible complexation between 3a and
Cu2þ/CN� ions in a 1:1 stoichiometry, respectively, were found to
be 7.26�103 M�1 and 4.32�104 M�1 (Fig. S24, Supplementary data).
Moreover, upon addition of CN� (40 equiv) to a probable complex of
3a-Cu2þ and conversely, Cu2þ (40 equiv) to a solution of probable
complex, 3a-CN� the relative emission intensity revived, which
was almost close to the intensity signal of 3a (Fig. S25,
Supplementary data). Thus, the observed optical behavior clearly
suggested about the detection of cyanide via Cu2þ displacement
approach and also about the interaction of cyanide with derivative
3a through the H-bonding interaction.

3. Conclusion

Conclusively, a new simple probe 4 was designed and de-
veloped, which was capable to detect Cu2þ ion through the en-
hanced fluorescence intensity ratiometrically. The interaction of
copper with the amide and aldimine functional groups encouraged
excimer formation by reducing the distance between the two
acenaphthyl rings and increasing the pep interaction, conse-
quently. The change in color of solution from non-fluorescent to
a fluorescent greenwas readily distinguishable to naked eye. On the
other hand, interaction of 4-Cu2þ with cyanide ion revealed fluo-
rescence quenching due to a strong copper-cyanide affinity leading
to the formation of stable [Cu(CN)x]1�x species. The probe 4 also
exhibited sensing of CN� in aqueous-MeCN solution, in which
fluorescence enhancement was observed at w452 nm.

4. Experimental

4.1. Instrumentation

The absorption and emission spectra were recorded at room
temperature on a Shimadzu 1700 spectrophotometer using
a quartz cuvette (path length¼1 cm) and CARY Eclipse (VARIAN)
fluorescence spectrophotometer at 600 V PMT keeping a constant
band width of 5 nm/5 nm for both excitation and emission spectra,
respectively. FTIR spectra (KBr pellets) were recorded on a Perkin
Elmer Spectrum spectrometer. The 1H and 13C NMR spectra
(chemical shifts in d ppm) were recorded on a JEOL AL 300 FT-NMR
(300 MHz) spectrometer, using tetramethylsilane (TMS) as an in-
ternal standard. Mass spectra were recorded on a Micromass
Quattro II spectrometer. Elemental analysis was carried out on CE-
440 CHN Analyzer (Exeter Analytical Inc.).

4.2. Association constant/binding constant (Kassoc)

The association constants have been calculated by non-linear
fitting of the spectroscopic titration curve by using Bene-
sieHildebrand method employing following equations 1 for 1:1
stoichiometry.

1=ðI � I0Þ ¼ 1=
�
I � If

�þ 1=K
�
I � If

�½M� (1)

Where, K is the association constant, I is fluorescence intensity or
absorbance of free fluorescent probe, I0 is the observed fluores-
cence intensity or absorbance of the complex (ProbeDions) and If
is the fluorescence intensity or absorbance at saturation.

4.3. Quantum yields (F)

The quantum yields were estimated in acetonitrile solution by
secondary method1 using Eq. 2 with respect to the quinine sulfate
(F¼0.55 in 0.1 M H2SO4) as standard.

Q ¼ QR$ðI=IRÞ$ ðODR=ODÞ$
�
n2=n2R

�
(2)

Where, Q is the quantumyield, I is integrated area corresponding to
the fluorescence intensity, OD is optical density, and n is the re-
fractive index. The subscript R refers to the reference fluorophore of
known quantum yield.

4.4. Synthesis and characterization of probe 4

4.4.1. Synthesis of derivative 2. To the mixture of aniline (0.93 g,
10 mmol), Na2HPO4 (2.84 g, 20 mmol), and KI (1.66 g, 10 mmol) in
anhydrous acetonitrile (MeCN), a-bromoethylacetate (5.56 ml,
50 mmol) was added. The reaction mixture was refluxed overnight
under nitrogen atmosphere. After completion of reaction (as
monitored on TLC) solvent was evaporated to dryness under re-
duced pressure, and cold water was added to it and then extracted
with chloroform. The organic layer was separated and dried over
anhydrous Na2SO4. Filtered and chloroform was evaporated under
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reduced pressure to obtain a viscous liquid (1.98 g, 75%). Rf (CHCl3)
0.61; 1H NMR (300 MHz, CDCl3) d (ppm): 7.21 (t, 2H, J¼7.8, 7.5 Hz),
6.80 (m,1H), 6.62 (d, 2H, J¼7.8 Hz), 4.27 (m, 4H), 3.89 (s, 4H), 1.32 (t,
6H, J¼6.9, 6.9 Hz).

4.4.2. Synthesis of derivative 3 and 3a. To a warm solution of 2
(1.33 g, 5 mmol) in ethanol (10 ml), ethylenediamine (5 ml) was
added and refluxed the reaction mixture for 5 h. After completion
of the reaction (as monitored on TLC), solvent was evaporated
under reduced pressure to obtain a yellow color viscous oil. The
cold water was added to the reaction mixture and product was
extracted with CHCl3 and separated by column chromatography to
get viscous oil. For 3 (0.52 g, 37%); Rf (CHCl3) 0.1; 1H NMR (300MHz,
CDCl3) d (ppm): 7.24 (t, 2H, J¼7.8, 7.8 Hz), 7.02 (br, 2H), 6.83 (t, 1H,
J¼7.2, 7.5 Hz), 6.63 (d, 2H, J¼8.1 Hz), 4.26 (br), 3.82 (d, 4H, J¼4.8 Hz),
3.35 (m, 4H), 2.81 (m, 4H).

For 3a (1.18 g, 51%); Rf (CHCl3) 0.5; 1H NMR (300 MHz, CDCl3)
d (ppm): 7.21 (m, 2H), 7.04 (br, 2H), 6.80 (m, 1H), 6.63 (d, 2H,
J¼7.5 Hz), 3.81 (s, 4H), 3.42 (s, 4H); ESI-MS (3a): m/z 194 (100),
467.2 (70%, MHþ).

4.4.3. Synthesis of probe 4. To a solution of 3 (0.29 g, 1 mmol) in
ethanol (10 ml), 5-formylacenaphthene (0.36 g, 2 mmol) was
added and reaction mixture was refluxed for 3 h and monitored
(on TLC). Solvent was reduced under vacuum and cold water was
added to the reaction mixture. The precipitate so obtained was
filtered and dried to give brown color semisolid compound
(0.47 g, 76%). Rf (CHCl3) 0.5; 1H NMR (300 MHz, CDCl3) d (ppm):
8.60 (s, 2H), 8.54 (d, 2H, J¼8.1 Hz), 7.58 (m, 4H), 7.48 (m, 2H), 7.33
(m, 4H), 7.12 (t, 2H, J¼7.8, 7.5 Hz), 6.74 (t, 1H, J¼7.2, 6.9 Hz), 6.54
(d, 2H, J¼7.8 Hz), 3.76 (s, 4H), 3.72 (t, 4H, J¼4.8, 4.8 Hz), 3.39 (m,
12H); 13C NMR (75 MHz, CDCl3) d (ppm): 30.2, 39.9, 48.8, 61.2,
113.1, 118.7, 118.9, 119.1, 119.8, 120.6, 122.1, 127.4, 127.7, 129.3, 131.5,
132.1, 139.5, 145.9, 146.1, 147.0, 149.9, 162.9, 192.9; FTIR (KBr) ymax
(cm�1) 3400, 2923, 1663, 1623, 1601, 1503, 1442, 1313, 1260, 838,
749; Anal. Calcd For C40H39N5O2: C, 77.27; H, 6.32; N, 11.26%.
Found: C, 77.17; H, 6.70; N, 11.32%; ESI-MS (4): m/z 358 (70), 591
(22), 622.3 (100%, MHþ).

4.4.4. Synthesis of 5-formylacenaphthene. To a solution of ace-
naphthene (10 mmol, 1.54 g) in N,N0-dimethylformamide
(26 mmol, 2 ml) POCl3 (18 mmol, 1.6 ml) was added dropwise over
15 min with stirring at room temperature. After complete addition
of POCl3 the reaction was heated at 70 �C for 3 h and then allowed
to cool in an ice bath. The reaction mixture was neutralised with
sodium acetate solution (10 g in 18 ml of water) and left for pre-
cipitation. The precipitate was filtered followed by washing with
water and dried in air to get the brown colored solid (5.7 mmol,
57%). Mp 103e105 �C; Rf (20% EtOAc/hexane) 0.6; 1H NMR
(300MHz, CDCl3) d (ppm): 10.29 (s, 1H, CHO), 8.82 (d, 1H, J¼8.4 Hz),
7.96 (d, 1H, J¼7.2 Hz), 7.68 (t, 1H, J¼7.2, 8.4 Hz), 7.43 (d, 2H,
J¼6.6 Hz), 3.45 (s, 4H, CH2); FTIR (KBr) ymax (cm�1) 3047, 2927, 2773,
1665, 1550, 1445, 1340, 1251, 1166, 1047, 838, 749.
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