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A new pyrene derivative (1) containing a diaminomaleonitrile moiety exhibits high selectivity for Cu®*
detection. Significant fluorescence enhancement was observed with chemosensor 1 in the presence of
Cu®*. However, the metal ions Ag*, Ca®*, Cd?*, Co?*, Fe?*, Fe3*, Hg?*, Mg?*, Mn?*, Ni**, Pb**, and Zn>**
produced only minor changes in fluorescence values for the system. The apparent association constant
(Ka) of Cu®* binding in chemosensor 1 was found to be 5.55x10> M. The maximum fluorescence en-
hancement caused by Cu®* binding in chemosensor 1 was observed over the pH range 5—7.5.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Copper, after iron, and zing, is the third most abundant essential
transition metal ion in the human body and plays important roles
in various biological processes."” Many proteins contain copper
ions as part of a catalytic center. Free copper ions in a live cell
catalyze the formation of reactive oxygen species (ROS) that can
damage lipids, nucleic acids, and proteins. Research has connected
the cellular toxicity of copper ions with serious diseases including
Alzheimer’s disease,® Indian childhood cirrhosis (ICC),* prion dis-
ease,” and Menkes and Wilson diseases.®’ Due to its extensive
applications, the copper ion is also a significant metal pollutant. The
limit of copper in drinking water set by the US Environmental
Protection Agency (EPA) is 1.3 ppm (~20 uM).

Numerous methods for the detection of copper ions in a sam-
ple have been proposed, including atomic absorption spectrom-
etry,® inductively coupled plasma mass spectroscopy (ICPMS),’
inductively coupled plasma-atomic emission spectrometry (ICP-
AES),!0 and voltammetry.! Most of these methods cannot be used
for assays because they entail the destruction of the sample.
Consequently, more attention is being focused on the de-
velopment of fluorescent chemosensors for the detection of Cu®*
ions.”? Because Cu?* is known as a fluorescence quencher, most
fluorescent chemosensors detect Cu®® through a fluorescence
quenching process that undergoes an energy or charge transfer
mechanism.!?" Due to their sensitivity, fluorescent chemosensors
detecting metal ions using fluorescence enhancement are more
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easily monitored than those using fluorescence quenching. This
paper reports on a newly designed pyrene-based fluorescent
enhancement chemosensor for Cu** based on the photoinduced
electron transfer (PET) mechanism. Binding Cu®>* to the chemo-
sensor blocks the PET mechanism and greatly enhances the
fluorescence of pyrene.

In this study, a pyrene-based fluorescent chemosensor was
designed for metal ion detection. Two parts make up chemosensor
1: a pyrene moiety as a reporter, and diaminomaleonitrile as
a chelator for the metal ion (Scheme 1). Chemosensor 1 exhibits
weak fluorescence due to fluorescence quenching by photoinduced
electron transfer from the lone pair of electrons on the nitrogen
atom to pyrene. Binding metal ions to the chemosensor blocks the
PET mechanism and results in great fluorescence enhancement of
pyrene. The metal ions Ag*, Ca®t, Cd?t, Co**, Cu®*, Fe?*, Fe3™,
Hg?*, MgZ*, Mn?*, Ni>*, Pb?*, and Zn?* were tested for metal ion
binding selectivity with chemosensor 1, but Cu** was the only ion
that caused a visible color change (from yellow to colorless) and
a blue emission upon binding with chemosensor 1.
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Scheme 1. Synthesis of chemosensor 1.
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2. Results and discussion
2.1. Synthesis

Chemosensor 1 was synthesized through the reaction of dia-
minomaleonitrile and 1-pyrenealdehyde to form an imine bond
between diaminomaleonitrile and pyrene (Scheme 1). Chemo-
sensor 1 is yellow and has an absorption band centered at 421 nm,
which is an 86-nm red shift from the typical absorption band of
pyrene, 335 nm.”> Compared to the structure of pyrene, chemo-
sensor 1 has longer conjugated double bonds and its two nitrile
groups effectively withdraw electrons. These reasons account for
the longer UV—vis absorption wavelength for chemosensor 1 than
for pyrene. In addition, chemosensor 1 exhibits weak fluorescence
($=0.0045) compared to pyrene (#=0.6—0.9).1 This is due to
fluorescence quenching by photoinduced electron transfer from the
lone pair of electrons on the nitrogen atom to pyrene.

2.2. Cation-sensing properties

The sensing ability of chemosensor 1 was tested by mixing it
with the metal ions Ag*, Ca?t, Cd*>*, Co*, Cu?t, Fe?*, Fe3*, Hg?t,
Mg?*, Mn?*, Ni®*, Pb®*, and Zn®*. Cu®>* was the only ion that
caused a visible color change (from yellow to colorless) and a blue
emission from chemosensor 1 (Fig. 1). During Cu?* titration with
chemosensor 1, the absorbance at 420 nm decreased and a new
band centered at 355 nm was formed (Fig. 2). The color change from
yellow to colorless clearly revealed this 65-nm blue shift. The new
band centered at 355 nm is close to the absorption band of pyrene,
335 nm. This indicated that Cu?>* binding with chemosensor 1
blocked the electron withdrawing ability of the two-nitrile groups
and resulted in a shorter absorption wavelength.
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Fig. 1. Color (top) and fluorescence (bottom) changes of chemosensor 1 (25 uM) upon
addition of various metal ions (100 uM) in acetonitrile—water (v/v=1:1, 10 mM HEPES,
pH=7.0) solutions.
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Fig. 2. Absorption changes of chemosensor 1 (25 pM) in the presence of various
equivalents of Cu>* in acetonitrile—water (v/v=1:1, 10 mM HEPES, pH=7.0) solutions.

To further evaluate the selectivity of chemosensor 1 toward
various metal ions, the fluorescence spectra of chemosensor 1 were
taken in the presence of several transition metal ions. However,
Cu?* was the only metal jon that caused a significant blue emission
(Fig. 1). During Cu®" titration with chemosensor 1, a new emission
band centered at 417 nm formed (Fig. 3). After adding 4 equiv of
Cu®*, the emission intensity reached a maximum. The quantum
yield of the emission band was 0.59, which is 131-fold that of
chemosensor 1 at 0.0045. The emission band and quantum yield of
chemosensor 1 are similar to the monomer of pyrene, which has
a quantum yield of 0.6—0.9.1° These observations indicate that Cu®*
is the only metal ion that readily binds with chemosensor 1, causing
significant fluorescence enhancement and permitting highly
selective detection of Cu?*.
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Fig. 3. Fluorescence response of chemosensor 1 (25 uM) to various equivalents of Cu?*
in acetonitrile—water (v/v=1:1, 10 mM HEPES, pH=7.0) solutions. The excitation
wavelength is 350 nm.

To study the influence of other metal ions on Cu?* binding
with chemosensor 1, this research performed competitive exper-
iments with other metal ions (200 uM) in the presence of Cu®*
(100 uM) (Fig. 4). Fluorescence enhancement caused by the mix-
ture of Cu®" with most metal ions was similar to that caused by
Cu®* alone. Smaller fluorescence enhancement was observed only
when Cu?* was mixed with Fe?>* or Fe3* indicating that Fe?* and
Fe>* compete with Cu®* for binding with chemosensor 1. None of
the other metal ions was found to interfere with the binding of
chemosensor 1 with Cu®*.
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Fig. 4. Fluorescence response of chemosensor 1 (25 M) to Cu?* (100 uM) or 200 uM
of other metal ions (the black bar portion) and to the mixture of other metal ions
(200 pM) with 100 pM of Cu?* (the gray bar portion) in acetonitrile—water (v/v=1:1,
10 mM HEPES, pH=7.0) solutions.
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In order to understand the binding stoichiometry of 1—Cu?*
complexes, Job plot experiments were carried out. In Fig. 5, the
emission intensity at 417 nm is plotted against molar fraction of
chemosensor 1 under a constant total concentration. Maximum
emission intensity was reached when the molar fraction was 0.5.
These results indicate a 1:1 ratio for 1—Cu®* complexes, inwhich one
Cu?* ion was bound with one chemosensor 1. The association con-
stant K, was evaluated graphically by plotting 1/AF against 1/[Cu®*]
(Fig. 6). The data was linearly fit according to the Bene-
si—Hilderbrand equation and the K, value was obtained from the
slope and intercept of the line. The apparent association constant
(Ky) of Cu?>* binding in chemosensor 1 was found to be
5.55x10° M.
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Fig. 5. Job plot of the Cu?"—1 complexes in an acetonitrile—water (v/v=1:1, 10 mM
HEPES, pH=7.0) solution. The monitored wavelength is 417 nm.

0.020
0.0154
4 0.010-
= Intercept = 5.21231 *10™
Slope = 9.37956*10°®
0.0051 K,=555'10°M
0.000 x : ; x
0 50000 100000 150000 200000

1/[Cu®]

Fig. 6. Benesi—Hildebrand plot of the Cu?*—1 complexes in acetonitrile—water
(v/v=1:1, 10 mM HEPES, pH=7.0) solutions.

To gain a clearer understanding of the structure of 1—Cu®*
complexes, '"H NMR and Infrared (IR) spectroscopy were employed.
Cu?* is a paramagnetic ion and can affect the proton signals that are
close to Cu®* binding site. In the 'H NMR spectra of chemosensor 1,
the proton (NH) signal at 6.4 ppm almost completely disappeared
upon the addition of Cu?* (Fig. S5 in the supplementary data).
Other peaks remained unchanged. These observations indicated
the binding of Cu?>* with an amine group. The IR spectra were
primarily characterized by bands in the double-bond and
triple-bond regions. Two bands, 1628 cm~! and 1598 cm™', were
associated with double-bond (C=C and C=N) absorption in che-
mosensor 1; two bands, 2232 cm ™! and 2204 cm ™!, were associated
with triple-bond (C=N) absorptions (Fig. S6 in the supplementary
data). Binding of Cu** with chemosensor 1 resulted in a new broad

band at 1646 cm ™! in the double-bond absorption region; the band
at 1598 cm~! remained unchanged. This was due to Cu?*-induced
deprotonation of the amine group in chemosensor 1 during Cu®*
binding.!® Cu?*-induced deprotonation of the amine group formed
a charge-delocalized species in the five-member chelating ring.
This accounts for the formation of a new broad band at 1646 cm™!
upon Cu®* binding. In the triple-bond absorption region, two other
bands at 2232 cm ™! and 2204 cm~! decreased and a new band at
2154 cm~ ! was observed upon addition of Cu?*. This indicated that
the binding of Cu?>* with two amine nitrogens in chemosensor 1
affected the electron withdrawing ability of the two-nitrile groups
and resulted in a shorter wavenumber. According to the result of
Job plot, the binding ratio for 1-Cu?* complexes was 1:1, in which
one Cu?* ion was bound with one chemosensor 1. Cu>* was bound
to two nitrogens (Fig. 7).
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Fig. 7. A proposed 1:1 complex formed between 1 and Cu®*.

The study performed pH titration of chemosensor 1 to in-
vestigate a suitable pH range for Cu®>* sensing. As depicted in Fig. 8,
the emission intensities of metal-free chemosensor 1 were very
low. After mixing chemosensor 1 with Cu®*, the emission intensity
at 417 nm suddenly increased at pH 5.0 and reached a maximum in
the pH range of 5.5—7.5. When pH exceeded higher than 8.5, the
emission intensity dropped sharply to zero. This indicates poor
stability of the 1—Cu?* complexes at high pH. For pH <5, the
emission intensity is very low due to the protonation of the amine
groups that prevents the formation of 1-Cu®>* complexes.
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Fig. 8. Fluorescence intensity (417 nm) of free chemosensor 1 (25 uM) (A ) and after
addition of Cu?* (100 uM) (M) in an acetonitrile—water (v/v=1/1, 10 mM buffer) so-
lution as a function of different pH values. The excitation wavelength was 350 nm.

3. Conclusions

In conclusion, this study developed a pyrene-based fluores-
cent chemosensor for Cu?* sensing. The experiment synthesized
chemosensor 1 from the reaction of diaminomaleonitrile and
1-pyrenealdehyde to form an imine bond between dia-
minomaleonitrile and pyrene. We observed significant fluores-
cence enhancement with chemosensor 1 in the presence of
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Cu®*. However, adding Ag™, Ca%*, Cd**, Co®*, Fe?t, Fe**, Hg?™,
Mg?*, Mn?*, Ni?*, Pb%*, or Zn®** to the chemosensor solution
caused only minimal change in fluorescence emission. The op-
timal pH range for Cu** detection by chemosensor 1 is 5—7.5.
This pyrene-based Cu?* chemosensor provides an effective
means of Cu?* sensing.

4. Experimental section
4.1. Materials and instrumentations

All solvents and reagents were obtained from commercial
sources and used as received without further purification. UV—vis
spectra were recorded on an Agilent 8453 UV—vis spectrometer. IR
data were obtained on Bomem DAS8.3 Fourier-Transform Infrared
Spectrometer. NMR spectra were obtained on a Bruker DRX-300
NMR spectrometer.

4.2. Synthesis of 2-((pyren-1-yl)methyleneamino)-3-amino
maleonitrile (chemosensor 1)

The reaction mixture containing 1-pyrenecarboxaldehyde
(0.230 g, 1.0 mmol) and 1,2-diaminomaleonitrile (1.5 mmol) in
acetonitrile was heated, and stirred for 12 h. Color was changed
from colorless to yellow. Thereafter, the solvent was evaporated
under reduced pressure, and the crude product was purified by
column chromatography (ethyl acetate: hexane=2:1) to give 1 as
a yellow solid. Yield: 60%; mp: 248—249°C. EI-Mass m/z (%), 320
(100%), 266(19%), 227(22%); HRMS(EI): C21H12Ny4 caled, 320.1062;
found, 320.1057. "H NMR(300 MHz, acetone-dg): 6 9.46 (s, 1H), 8.96
(d,j=1.48 Hz, 1H), 8.93 (s, 1H), 8.37—8.41 (m, 3H), 8.33 (d, J=1.97 Hz,
1H), 8.30 (d, J=2.67 Hz, 1H), 8.23 (d, J=8.91 Hz, 1H), 8.15(dd, J=7.66,
7.66 Hz, 1H), 7.37(s, 1H); 13C NMR (75 MHz, acetone-dg): 6 154.2,
134.2,131.7,131.1,131.0, 129.9,129.8, 128.2,127.8,127.0, 126.9, 126.8,
126.7, 126.6, 125.4, 125.0, 124.6, 122.2, 114.5, 113.4, 106.5. IR (KBr)
3442 (NH), 3314 (NH), 2242 (C=N), 2198 (C=N), 1603 (C=C, C=N),
1595 (C=C, C=N) cm .

4.3. Metal ion binding study by UV—vis and fluorescence
spectroscopy

Chemosensor 1 (25 pM) was added with different metal ions
(100 puM). All spectra were measured in 1.0 mL acetonitrile—water
solution (v/v=1/1, 10 mM HEPES buffer, pH 7.0). The light path
length of cuvvet was 1.0 cm.

4.4. The pH dependence on Cu?* binding in chemosensor 1
studied by fluorescence spectroscopy

Chemosensor 1 (25 pM) was added with Cu®* (100 pM) in
1.0 mL acetonitrile—water solution (v/v=1/1, 10 mM buffer). The
buffers were: pH 1—2, KCI-HCI; pH 2.5—4, KH,PO4—HCI; pH 4.5—6,
KHP—NaOH; pH 6.5—10 HEPES.

4.5. Determination of the binding stoichiometry and the
apparent association constants K, of Cu(ll) binding in
chemosensor 1

The binding stoichiometry of 1—Cu?* complexes was de-
termined by Job plot experiments.'® The fluorescence intensity at
417 nm was plotted against molar fraction of 1 under a constant
total concentration. The concentration of the complex approached
a maximum intensity when the molar fraction was 0.5. These re-
sults indicate that chemosensor 1 forms a 1:1 complex with Cu?*.
The apparent association constants (K,) of 1—Cu®* complexes were
determined by the Benesi—Hildebrand Eq.1:1% 18

1/(F = Fo) = 1/{Ka x (Fmax — Fo) x [Cu®*| } + 1/(Fmax — Fo)
(M

where F is the fluorescence intensity at 417 nm at any given Cu®>*
concentration, Fy is the fluorescence intensity at 417 nm in the
absence of Cu?", and Fmax is the maxima fluorescence intensity at
417 nm in the presence of Cu®* in solution. The association constant
K, was evaluated graphically by plotting 1/(F—Fp) against 1/[Cu®*].
Typical plots (1/(F—Fp) vs 1/[Cu®*]) are shown in Fig. 6. Data were
linearly fitted according to Eq. 1 and the K, value was obtained from
the slope and intercept of the line.
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