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The results of this project have been published in Dalton Transactions, 2010, 39,
4363 — 4368. The paper islisted below

Colorimetric Sensing of Cu(l1): Cu(ll) Induced Deprotonation of an Amide
Responsible for Color Changes

Shu-pao Wu*, Kun-Ju Du and Yi-Ming Sung

Abstract

A 9,10-anthraguinone based chemosensor (chemosensor 1) indicates the presence of
Cu(ll) ions among other transition metal ions with high selectivity through a color
change from yellow to dark red. Chemosensor 2 shows binding with Cu(ll), Ni(Il)
and Co(Il) with color changes from yellow to dark red, red and pale green,
respectively. In particular, Co(Il) binding with chemosensor 2 causes significant green
fluorescence. Upon addition of Cu(ll), chemosensors 1 and 2 exhibit 76 nm and 80
nm red shifts in absorption wavelength (pH 7.0). The effect of the formation of these
1-Cu(ll) and 2-Cu(ll) complexes on pH was determined using Ultraviolet-visible
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(ll) and 2-Cu(ll)
complexes.

Introduction

In recent years, an intense effort has been placed on the development 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(ll) and Zn(Il) are two of the most
frequently studied metal ions in the area of chemosensors®® Only a few
chemosensors have been developed for Fe(lll), Co(ll) and Ni(ll) 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(ll) has the greatest formation constant with
ligands containing oxygen or nitrogen donor atoms.® This is a great advantage when
considering the design of Cu(ll) chemosensors. To distinguish Cu(ll) ions from other
metal ions, a chemosensor must be designed with a suitable binding affinity toward
metal ions. In the other words, a Cu(ll) chemosensor is a “poor” ligand, which only
binds Cu(ll) ions or has a significantly higher binding affinity with Cu(ll) ions than



with other metal ions.

Cu(ll) recognition is also a key issue for the design of Cu(ll) chemosensors. Cu(ll)
can induce deprotonation of the NH amide or NH groups that are conjugated to
aromatic compounds upon Cu(ll) binding. This deprotonation process caused by
Cu(ll) binding can be used for Cu(ll) recognition. In addition, Cu(ll)-induced
deprotonation of NH groups that are conjugated to aromatic compounds, such as
1,4-naphthoquinone® and 9,10-anthraquinone®?®, cause an interna charge transfer
(ICT), which can be observed as a shift in absorption wavelength or color change.
This color change mechanism has recently been applied for highly selective Cu(ll)
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.??%"8
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(ll), resulting in a pronounced color change from
yellow to red. Chemosensor 2 shows binding toward Cu(ll), Ni(I1) and Co(l1) with a
color change from yellow to dark red, red and pale green, respectively. In particular,
Co(l1) binding with chemosensor 2 causes significant green emission. The pH titration
experiments on Cu(ll) binding with chemosensors 1 and 2 revealed that the color
change upon Cu(ll) binding was primarily due to the deprotonation of the amide
group attached to 9,10-anthraquinone.

Results and Discussion
Synthesis of Chemosensors1 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 benzyl amine 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 (Aem = 505 nm, @ = 0.002).



Spectrophotometric Estimation of Cu(l1) 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 ionsincluding 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 Figure 1. For chemosensor 1, Cu** was unique in producing a
76-nm red-shift (from 397 nm to 473 nm), which resulted in a visible color change
from yellow to dark red (see Figure 1). Competitive experiments were carried out in
the presence of Cu®* with other metal ions (Figure 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?*. Thisindicates 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®*.

The ability of chemosensor 2 to form complexes with metal ions was also studied
using UV-vis spectroscopy (Figure 3). The addition of Cu®* to chemosensor 2 caused
an 80-nm red-shift (from 397 nm 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 nm to 483 nm), which resulted in a color change from yellow to
red (Figure 4). The addition of Co®* to chemosensor 2 resulted in a blue-shift and a
color change from yellow to pae green, resulting in significant green light emission
(Figure 4). Chemosensor 2 shows less selective detection of metal ions, such as Cu*,
Ni?*, and Co*".

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 Figure S1 in the
supplementary data). 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 (Figure 5),
while other metal ions only caused a small change in fluorescence intensity. 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-anthragquinone’. Competitive experiments were carried



out in the presence of Co?* with other metal ions (Figure 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 Cu(l1) has the highest formation
constant with ligands among the first row transition metal ions.

Soichiometries 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 Figure 7, the absorbance a 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/AA against 1/[Cu®'] as shown in Figure 8. The
datawas 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 M and 18667 M, respectively. For Cu®* binding,
chemosensor 2 has atwo-fold higher association constant than chemosensor 1. Thisis
due to the extra coordination nitrogen in the pyridine ring. The binding stoichiometry
of the 2-Ni?* and 2-Co** complexes was aso determined using Job’s plot experiments
(Figure 9). The 2-Ni** complex has a maximum point a 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.

To demonstrate the Cu®**-induced deprotonation of the amide group in
chemosensor 1, pH titration experiments were carried out. First, the influence of pH
on chemosensor 1 was studied using UV-vis spectroscopy (see Figure S2 in the
supplementary information). 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 Figure 10). 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 aso
studied (see Figure S3 in the supplementary information). 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 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 aso 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 cm™ and 1652 cm™, were associated with C=0O
absorption in the amide and quinone components of chemosensor 1 (see Figure $4 in
the supplementary information). Binding of Cu** with chemosensor 1 resulted in a
shift in the carbonyl region pesks to 1660 cm™ and 1626 cm™. The significant shift
observed in the carbonyl absorption band from 1652 cm™ to 1626 cm™ was due to
Cu?" induced deprotonation of the amide group during binding.'* The downward shift
in the IR spectrum from 1666 cm™ to 1660 cm™ was indicative of direct interaction
between Cu?* and the anthrance-9,10-dione oxygen.> Chemosensor 1 thus forms a
tridentate ligand in which Cu?* is bound with two nitrogens and one oxygen in
anthraguinone. 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 cm™ to 1645 cm™ and from
1679 cm™ to 1670 cm™. This indicated that Cu** bonded with chemosensor 2 through
the carbonyl oxygen in anthraquinone.



Conclusions
In summary, two 9,10-anthraquinone based col orimetric 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(ll), Ni(Il) and Co(ll) with a color
change from yellow to dark red, red and pale green, respectively. In particular, Co(Il)
binding with chemosensor 2 causes significantly green fluorescence.
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1 1+Co® 1+Cu® 1+Ni*
Figure 1. (Top) Absorption change in the UV-vis spectra of chemosensor 1 (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). (Bottom) Color of chemosensor 1 (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).
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Figure 2. (right) UV-vis absorption response of chemosensor 1 (black line, 100 uM)
to Cu®*(200 uM) over the selected metal ions (200 pM) in a methanol-H,O solution
(v/v=4/1, 20 mM Hepes buffer, pH 7.0). (left) Absorbance at 473 nm upon the
addition of chemosensor 1 to Cu** over the selected metal ions.
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Figure 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).



2 2+C0”* 2+Cu” 2+Ni*
Figure 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).
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Figure5. (right) Fluorescence spectra of chemosensor 2 (100 xM) 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). (left) Emission intensity at 520 nm of chemosensor 2 in the presence

of different metal ions
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Figure 6. (right) Fluorescence spectra of chemosensor 2 (100 uM) after the addition
of metal ions (200 uM) in a methanol-H,O solution (v/iv = 4/1, 20 mM buffer).
(Bottom) Color and emission of chemosensor 2 after the addition of anions.
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Figure 7. Job’s plot of a 1:1 complex of 1-Cu?* (right) and 2-Cu®* (left), where the
absorbance at 473 nm was plotted against the mole fraction of Cu?* at a constant total
concentration of 1.0x10* M in a methanol-H,O solution (v/v = 4/1, 20 mM Hepes
buffer, pH 7.0).



®  Chemosensor 1
y = 1.481110™x + 1.25449
K,=8470 M™

T T T T T
0 20000 40000 60000 80000 100000

1/[cu® (M)

» o ~ ©
wn =} 3 =}
N 1

1/(A-A)

[
3
1

0.0

w
=}
N

®  Chemosensor 2
y = 6.8969910°> x + 1.28824
K, =18667 M*

0

20000 40000 60000 80000 100000
1/[cu®](MY)

Figure 8. Benesi-Hilderbrand plot of chemosensor 1 (right) and chemosensor 2 (l€eft)
with CU(BF4)2.
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Figure 9. Job’s plot of 2-Ni** (right) and 2-Co** (left) complexes, where the
absorbance at 483 nm (2-Ni%") or the fluorescence at 520 nm (2-Co**) was plotted
against the mole fraction of Ni?* or Co*" at a constant total concentration of 1.0x10™
M in a methanol-H,O solution (v/v = 4/1, 20 mM Hepes buffer, pH 7.0).
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Figure 10. pH titration of Cu®* (10* M) bonded with chemosensor 1 (right) and
chemosensor 2 (left) (10 M) in a methanol-H,0 solution (v/v = 4/1, 20 mM buffer).
The absorbance at 473 nm was plotted against pH.
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