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9,10-Anthraquinone-based chemosensor 1 indicates the presence of Cu(1l) ions among other transition
metal ions with high selectivity by a color change from yellow to dark red. Chemosensor 2 shows
binding toward Cu(1r), Ni(11) and Co(11) with color changes from yellow to dark red, red and pale green,
respectively. Especially, Co(11) binding with chemosensor 2 causes significantly green fluorescence. On
addition of Cu(11), 1 and 2 exhibit 76 and 80 nm red shifts in absorption wavelength (pH 7.0). The effect
on pH by the formation of these 1-Cu(ir) and 2-Cu(11) complexes was determined by UV-vis
spectroscopic pH titration. In the pH range of 6-7.5, a maximum absorption was observed at 473 nm
and exhibited the formation of deprotonated 1-Cu(ir) and 2-Cu(1r) complexes.

Introduction

In recent years, an intense effort has been placed on the devel-
opment of molecular devices for metal ion detection. The most
common approach to the development of metal ion chemosensors
is to connect a metal-binding unit with a signaling unit such as a
chromophore or a fluorophore. The presence of metal ions causes
a signal during interactions with binding units that results in a
change in absorption wavelength or emission intensity." A metal
ion chemosensor can be viewed as a metal-binding ligand. Metal
ion chemosensors can selectively bind a specific metal ion or have
a higher binding affinity towards a metal ion.

Among the first row transition metal ions, Cu(1) and Zn(Ir)
are two of the most frequently studied metal ions in the area of
chemosensors.>® Only a few chemosensors have been developed
for Fe(111), Co(11) and Ni(11) due to their low binding affinity with
a given ligand.** According to the Irving-Williams series, out of
the first row transition metal ions, Cu(1r) has the greatest formation
constant with ligands containing oxygen or nitrogen donor atoms.®
This is a great advantage when considering the design of Cu(1)
chemosensors. To distinguish Cu(11) ions from other metal ions, a
chemosensor must be designed with a suitable binding affinity
toward metal ions. In other words, a Cu(i1) chemosensor is a
“poor” ligand, which only binds Cu(11) ions or has a significantly
higher binding affinity with Cu(11) ions than with other metal ions.

Cu(11) recognition is also a key issue for the design of Cu(in)
chemosensors. Cu(i1) can induce deprotonation of the NH amide
or NH groups that are conjugated to aromatic compounds upon
Cu(n) binding. This deprotonation process caused by Cu(i)
binding can be used for Cu(i1) recognition. In addition, Cu(I)-
induced deprotonation of NH groups that are conjugated to
aromatic compounds, such as 1,4-naphthoquinone* and 9,10-
anthraquinone,¥** causes an internal charge transfer (ICT), which
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can be observed as a shift in absorption wavelength or color
change. This color change mechanism has recently been applied
for highly selective Cu(1r) detection.

In this study, two 9,10-anthraquinone-based chemosensors
(chemosensors 1 and 2, see Scheme 1) were designed for metal
ion detection. The 9,10-anthraquinone moiety has recently been
used as a signal unit for sensing metal ions and anions because
its optical properties can be significantly perturbed by chemical
stimuli.*?¢7# Both chemosensors contain an amide attached to a
9,10-anthraquinone moiety and function as chelating agents that
are able to form complexes with metal ions. The only difference
is the ring in the metal-chelating ligand: chemosensor 1 contains
a benzene ring and chemosensor 2 contains a pyridine ring. This
difference results in chemosensors 1 and 2 exhibiting different
metal ion selectivity. Chemosensor 1 shows highly selective binding
with Cu(1n), resulting in a pronounced color change from yellow
to red. Chemosensor 2 shows binding toward Cu(ir), Ni(I1)
and Co(m) with a color change from yellow to dark red, red
and pale green, respectively. In particular, Co(11) binding with
chemosensor 2 causes significant green emission. The pH titration
experiments on Cu(11) binding with chemosensors 1 and 2 revealed
that the color change upon Cu(i) binding was primarily due
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Scheme 1 Synthesis of chemosensors 1 and 2.
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to the deprotonation of the amide group attached to 9,10-
anthraquinone.

Results and discussion
Synthesis of chemosensor 1 and 2

The procedure for the synthesis of chemosensor 1 and 2
is shown in Scheme 1. 1-(Chloroacetylamido)-anthracene-9,10-
dione was reacted with benzylamine or aminomethylpyridine to
form chemosensors 1 and 2, respectively. These products were
purified using column chromatography with a 1:5 ethyl acetate—
hexane eluent and subsequently characterized using mass and
NMR spectrometry. The structures of chemosensors 1 and 2 are
similar; the only difference is the ring in the metal-chelating ligand.
Chemosensor 1 contains a benzene ring while chemosensor 2
contains a pyridine ring. Both chemosensors are yellow with a
maximum absorption wavelength at 397 nm and exhibit weak
fluorescence (Ae, = 505 nm, @ = 0.002).

Spectrophotometric estimation of Cu(i1) binding with
chemosensors 1 and 2

The ability of chemosensor 1 to form complexes with metal ions
was first studied using ultraviolet-visible (UV-vis) spectroscopy.
Metal ions including Ca**, Cd*, Co*, Cu*, Fe**, Fe’*, Hg*,
Mg*, Mn*, Ni** and Zn** were tested using chemosensor 1 for
ion detection. The UV-vis spectra resulting from the introduction
of various metal ions are presented in Fig. 1. For chemosensor
1, Cu* was unique in producing a 76 nm red-shift (from 397 to
473 nm), which resulted in a visible color change from yellow
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Fig. 1 (Top) Absorption change in the UV-vis spectra of chemosensor
1 (black line, 100 uM) upon the addition of metal ions (100 pM) in
a methanol-H,0 solution (v/v = 4:1, 20 mM Hepes buffer, pH 7.0).
(Bottom) Color of chemosensor 1 (100 uM) before and after the addition
of metal ions (100 pM) in a methanol-H,O solution (v/v =4:1, 20 mM
Hepes buffer, pH 7.0).

to dark red (see Fig. 1). Competitive experiments were carried
out in the presence of Cu** with other metal ions (Fig. 2). The
absorption change at 473 nm caused by the mixture of Cu®* with
the other metal ion was similar to that caused by only Cu**. This
indicates that other metal ions did not interfere with the binding of
chemosensor 1 with Cu?*. These observations indicate that Cu**
is the only ion readily bound with chemosensor 1 to induce a
color change from yellow to dark red, permitting highly selective
detection of Cu**.
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Fig. 2 (Top) UV-vis absorption response of chemosensor 1 (black line,
100 uM) to Cu* (200 uM) over the selected metal ions (200 uM) in
a methanol-H,O solution (v/v = 4:1, 20 mM Hepes buffer, pH 7.0).
(Bottom) Absorbance at 473 nm upon the addition of chemosensor 1 to
Cu?* over the selected metal ions.
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Fig.3 Absorption change in the UV-vis spectra of chemosensor 2 (black
line, 100 uM) upon the addition of metal ions (100 uM) in a methanol-H,O
solution (v/v =4:1, 20 mM Hepes buffer, pH 7.0).

The ability of chemosensor 2 to form complexes with metal ions
was also studied using UV-vis spectroscopy (Fig. 3). The addition
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of Cu** to chemosensor 2 caused an 80 nm red-shift (from 397
to 477 nm), which resulted in a color change from yellow to dark
red. This observation is similar to that of the addition of Cu** to
chemosensor 1. Cu** binding with chemosensors 1 and 2 caused
an almost identical red-shift and color change. Addition of Ni*
to chemosensor 2 caused an 86 nm red-shift (from 397 to 483 nm),
which resulted in a color change from yellow to red (Fig. 4). The
addition of Co* to chemosensor 2 resulted in a blue-shift and a
color change from yellow to pale green, resulting in significant
green light emission (Fig. 4). Chemosensor 2 shows less selective
detection of metal ions such as Cu**, Ni**, and Co**.

24+Cu® 24N

2 2+Co™*

Fig.4 Color (top) and fluorescence (bottom) of chemosensor 2 (100 uM)
before and after the addition of metal ions (100 uM) in a methanol-H,O
solution (v/v =4:1, 20 mM Hepes buffer, pH 7.0).

The ability of chemosensors 1 and 2 to form complexes with
metal ions was also studied using fluorescence spectroscopy. For
chemosensor 1, Cu** was the only metal ion which resulted in
significant fluorescence quenching (see Fig. S1 in the ESIY).
Other metal ions only caused minor changes in fluorescence
intensity. Chemosensor 1 detected Cu** through a fluorescence
quenching process which arises from an energy or charge transfer
mechanism.?* Co?* binding with chemosensor 2 resulted in a
significant increase in fluorescence intensity (Fig. 5), while other
metal ions only caused a small change in fluorescence intensity.
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Fig. 5 Fluorescence spectra of chemosensor 2 (100 puM) in a
methanol-H,O solution (v/v = 4:1, 20 mM Hepes buffer, pH 7.0) in
the presence of different metal ions (100 uM).

The quantum yield of 2-Co** complexes was determined as 0.242,
which is 100-fold higher than that of chemosensor 2, at 0.002.
This demonstrated that chemosensor 2 can detect Co*, yielding a
significant increase in fluorescence. The mechanism of fluorescence
of 2-Co** complexes is based on CHEF (chelation-enhanced
fluorescence) of 1-amino-9,10-anthraquinone.” Competitive ex-
periments were carried out in the presence of Co** with other
metal ions (Fig. 6). Emission intensity at 520 nm caused by
Co** was completely quenched in the presence of Cu*. This
indicates that Cu** dominated binding with chemosensor 2 and
resulted in low emission intensity. In the presence of Ni**, emission
intensity reached half the intensity of Co**-2 complexes. This
observation indicates that Ni** and Co** competed to bind with
chemosensor 2. In addition, the colors of the metal ion mixture
with chemosensor 2 depended on the composition. In the presence
of Cu?*, the color was dark red and no green light emission was
observed. In the presence of Ni**, the color was red and weak
green light emission was observed. These findings indicated that
Cu?* dominates binding with chemosensor 2 followed by Ni**. This
observation is consistent with the Irving—Williams series, in which
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Fig. 6 (Top) Fluorescence spectra of chemosensor 2 (100 uM) after the
addition of metal ions (200 uM) in a methanol-H,O solution (v/v=4:1,
20 mM buffer). (Bottom) Color and emission of chemosensor 2 in the
presence of the mixture of metal ions.
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Cu(1) has the highest formation constant with ligands among the
first row transition metal ions.

Stoichiometries and affinity constants of 1-Cu** and 2-Cu**

The binding stoichiometry of 1-Cu?** and 2-Cu* complexes
was determined using Job’s plot experiments.’® In Fig. 7, the
absorbance at 473 nm was plotted against the molar fraction
of both chemosensors under a constant total concentration. A
maximum absorbance was observed when the molar fraction
was 0.5, which indicates a 1:1 ratio for both the 1-Cu** and
2-Cu** complexes. The association constant, K,, was evaluated
graphically by plotting 1/AA4 against 1/[Cu*"] as shown in Fig. 8.
The data was linearly fit according to the Benesi-Hilderbrand
equation and a K, value was obtained from the slope and
intercept of the line® The K, values obtained for 1-Cu®* and
2-Cu** complexes were 8470 and 18667 M, respectively. For Cu*
binding, chemosensor 2 has a two-fold higher association constant
than chemosensor 1. This is due to the extra coordination nitrogen
in the pyridine ring. The binding stoichiometry of the 2-Ni** and 2-
Co* complexes was also determined using Job’s plot experiments
(see Fig. S2 in the ESIt). The 2-Ni** complex has a maximum point
at 0.6, which indicates two possible ratios (2/Ni**), 1 : 1 and 2: 1.
The 2-Co** complex has a maximum point at 0.4, which indicates
two possible ratios (2/Co*"), 1:1 and 1:2, for 2-Co** complexes.
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Fig. 7 Job’s plot of a 1:1 complex of 1-Cu** (top) and 2-Cu** (bottom),
where the absorbance at 473 nm was plotted against the mole fraction of
Cu?* at a constant total concentration of 1.0 x 10 M in a methanol-H,O
solution (v/v =4:1, 20 mM Hepes buffer, pH 7.0).

To demonstrate the Cu**-induced deprotonation of the amide
group in chemosensor 1, pH titration experiments were carried
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Fig.8 Benesi-Hilderbrand plot of chemosensor 1 (top) and chemosensor
2 (bottom) with Cu(BF,),.

out. First, the influence of pH on chemosensor 1 was studied
using UV-vis spectroscopy (see Fig. S3 in the ESIt). Over a pH
range of 6-10, the visible absorption band centered at 397 nm
was unchanged. A decrease in pH from 5.5 to 1 engendered a
shift in the maximum absorption wavelength to 390 nm; this 7 nm
shift was due to protonation of the amide group. The effect of
pH on Cu?* binding to chemosensor 1 was further studied by
monitoring red 1-Cu®* complexes at a wavelength of 473 nm (see
Fig. 9). The absorbance at this wavelength suddenly increased
at pH 6.0 and reached a maximum over a pH range of 6.0-7.5
for chemosensor 1. This indicates that the formation of red 1-Cu**
complexes is a deprotonation process. When the pH value exceeded
8, the absorbance at 473 nm gradually decreased. This was due to
the dissociation of red 1-Cu** complexes, which resulted in lower
absorbance at 473 nm. At pH values less than 4, absorbance was
almost negligible; evidently the 1-Cu** complexes do not exist over
this pH range. For chemosensor 2, there were two flat areas in the
pH range of 3.5-5.5 and 6.0-10.0. The first flat area (pH 3.5-5.5)
indicated the formation of non-deprotonated 2-Cu®* complexes.
The second flat area (pH 6.0-10.0) represented the formation of
deprotonated 2-Cu** complexes. This observation differed from
that of chemosensor 1. The deprotonated 1-Cu** complexes were
gradually decomposed at pH > 8, but the deprotonated 2-Cu*
complexes were stable at pH > 8.

The effect of pH on the formation of 2-Ni** and 2-Co*
complexes was also studied (see Fig. S5 in the ESIf). For
2-Ni** complexes, the absorbance at the wavelength 479 nm
abruptly increased at pH 6.0 and reached a maximum at pH 8.0.
This indicates that the formation of red 2-Ni* complexes is
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Fig. 9 pH titration of Cu* (10* M) bonded with chemosensor 1 (top)
and chemosensor 2 (bottom) (10 M) in a methanol-H,O solution (v/v =
4:1, 20 mM buffer). The absorbance at 473 nm was plotted against pH.

a deprotonation process. When the pH value exceeded 8, the
absorbance at 479 nm gradually decreased, due to the dissociation
of red 2-Ni** complexes. For the 2-Co** complexes, the emission at
the wavelength 520 nm increased sharply at pH 6.5, and reached
a maximum at pH 7.5. This also indicates that the formation of
2-Co?* complexes is a deprotonation process.

To gain a clearer understanding of the structure of 1-Cu®*
complexes, Infrared (IR) spectroscopy was employed. The IR
spectra were primarily characterized by bands in the carbonyl
region. Two bands, 1666 and 1652 cm™, were associated with
C=0 absorption in the amide and quinone components of
chemosensor 1 (see Fig. S6 in the ESIf). Binding of Cu** with
chemosensor 1 resulted in a shift in the carbonyl region peaks
to 1660 and 1626 cm™. The significant shift observed in the
carbonyl absorption band from 1652 to 1626 cm™ was due to
Cu**-induced deprotonation of the amide group during binding.!!
The downward shift in the IR spectrum from 1666 to 1660 cm™ was
indicative of direct interaction between Cu®* and the anthracene-
9,10-dione oxygen." Chemosensor 1 thus forms a tridentate ligand
in which Cu** is bound with two nitrogens and one oxygen in
anthraquinone. This model is consistent with previous indications
that Cu** ions form a 1:1 ratio complex with chemosensor 1
(Scheme 2). The IR spectra of 2-Cu®* complexes is similar to
that of 1-Cu** complexes. Binding of Cu** with chemosensor 2
resulted in a shift in the carbonyl region from 1651 to 1645 cm™
and from 1679 to 1670 cm™. This indicated that Cu** bonded with
chemosensor 2 through the carbonyl oxygen in anthraquinone.

Ja

HN

_NH
l cu? /L
0 HN Yo &

cu®* 0 N
o]

Scheme 2 A bonding model of the 1-Cu** complex.

Conclusions

In summary, two 9,10-anthraquinone-based colorimetric
chemosensors have been developed for Cu* detection.
Chemosensor 1 functions as a chelating agent that binds a
Cu? ion through three functional groups: amine nitrogen, amide
nitrogen and quinone oxygen. The Cu®* binding of chemosensor
1 induces deprotonation of the amide group and results in a
significant color change from yellow to dark red, with a 76 nm
red-shift. Chemosensor 2 can detect Cu(ir), Ni(i1) and Co(Ir)
with a color change from yellow to dark red, red and pale green,
respectively. In particular, Co(11) binding with chemosensor 2
causes significantly green fluorescence.

Experimental
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. Fluores-
cence spectra were recorded in a Hitachi F-4500 spectrometer. IR
data were obtained on Bomem DAS.3 Fourier-Transform Infrared
Spectrometer. NMR spectra were obtained on a Bruker DRX-300
NMR spectrometer.

Synthesis of chemosensor 1 and chemosensor 2. The reac-
tion mixture containing 1-(chloroacetylamido)-anthracene-9,10-
dione® (299.0 mg, 1.0 mmol), triethylamine (0.696 mL, 5.0 mmol),
potassium iodide (10 mg) and 5.0 mmol benzylamine (or
aminomethylpyridine) in THF was heated for 14 h at 60 °C.
After cooling, the solvent was removed by rotor vacuum and
dichloromethane was added to dissolve the reaction mixture.
Product was separated in silica gel by eluting with ethyl acetate—
hexane = 1:5. Yellow band was collected and the yields of
1 and 2 were 67% and 74%, according to the amount of 1-
chloroacetylamido-anthracene-9,10-dione.

Chemosensor 1. EI-Mass m/z (%): 91 (100), 106 (47.6), 120
(65.1), 223 (46.4), 251 (35), 265 (5.3), 371 (2.3). HRMS(EI)
m/z caled for C»H;sN,O,, 370.1317, found, 370.1317. 'H-
NMR(300 MHz, CDCl;):6 13.06 (1H, s), 9.10 (1H, d, 8.2 Hz),
8.14-8.22 (2H, m), 7.95 (1H, d, 7.2 Hz), 7.64-7.72 (3H, m), 7.45
(2H, d, 7.2 Hz), 7.29 (2H, t, 7.2 Hz), 7.20 (1H, t, 7.2 Hz), 3.88
(2H, s), 3.49 (2H, 5).”C-NMR (100 MHz, CDCl;):6 186.9, 183.2,
172.8,141.7,139.7, 135.9, 134.7, 134.6, 134.5, 134.4, 133.2, 128.9,
128.8, 127.8, 127.7, 127.4, 126.7, 123.1, 118.7, 54.5, 53.9.

Chemosensor 2. EI-Mass m/z (%): 92(100.0), 107(15.1),
119(80.5), 221(6.5), 251(3.9), 371(1.1). HRMS m/z caled for
C,,H;N;0; = 370.1270, found, 370.1284. '"H-NMR (300 MHz,
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CDCl,) § 13.23 (1H, s), 9.24 (1H, d, 8.6 Hz), 8.61 (1H, d, 4.8 Hz),
8.29 (2H, t, 4.5 Hz), 8.10 (1H, d, 7.5 Hz), 7.76-7.84 (3H, m), 7.77
(1H, t, 7.6 Hz), 7.50 (1H, d, 7.8 Hz), 7.20-7.27 (1H, m), 4.13 (2H,
s),3.62 (2H, 5).*C-NMR (100 MHz, CDCl,) § 186.8, 183.2, 172.7,
159.3, 149.8, 141.6, 137.0, 135.9, 134.6, 134.5, 134.4, 134.3, 133.1,
127.7,127.3,127.1,126.7, 123.1, 122.7, 118.7, 55.5, 53.9.

Metal ion binding study by UV-vis and fluorescence spectroscopy.
Chemosensor 1 or 2 (10 M) was added with different metal ions
(10* M). All spectra were measured in 1.0 mL methaol-water
solution (v/v=4:1, 20 mM Hepes buffer, pH 7.0). The light path
length of cuvette was 1.0 cm.

The pH dependence on Cu** binding in chemosensor 1 and 2
studied by UV-vis spectroscopy. Chemosensor 1 and 2 (10~ M)
was added with Cu®* (10 M) in 1.0 mL methanol-water solution
(v/v=4:1,20 mM buffer). The buffers were: pH 1-2, KCI/HCI;
pH 2.5-4, KHP/HCI; pH 4.5-6, KHP/NaOH; pH 6.5-10 Hepes.

Determination of the binding stoichiometry and the stability
constants K, of Cu(i1) binding in chemosensor 1 and 2. The
binding stoichiometry of 1-Cu?* and 2-Cu** complexes was
determined by Job’s plot experiments.'® The absorbance at 473 nm
was plotted against molar fraction of 1 or 2 under a constant total
concentration. The concentration of the complex approached a
maximum absorbance when the molar fraction was 0.5. These
results indicate that both chemosensor 1 and 2 form a 1:1
complex with Cu?*. The stability constants K, of 1:1 1-Cu** and
2-Cu** complexes were determined by the Benesi-Hilderbrand
equation:'

1/AA = 1/AA, + 1/(AAdy, K, JCu*)) (1)

where AA is the absorbance difference at 473 nm and AA,, is
the maximum absorbance difference at 473 nm. The association
constant K, was evaluated graphically by plotting 1/AA4 against
1/[Cu**]. Typical plots (1/Aabsorbance vs. 1/[Cu**] are shown in
Fig. 8. Data were linearly fitted according to eqn 1 and the K,
value was obtained from the slope and intercept of the line. The
K, values of 1-Cu* and 2-Cu** complexes were 8470 M~ and
18667 M, respectively.
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