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Abstract—A new chemosensor for the Cu(Il) ion has been realized by connecting via an amido bond an anthracenyl residue to
the all cis 2,4,6-triamino-1,3,5-trihydroxycyclohexane ligand (TACI). This sensor is able to detect micromolar concentrations of
Cu(I]) ions in water at pH 7 without interference with many other divalent transition metal ions. © 2001 Elsevier Science Ltd.

All rights reserved.

The development of fluorescent devices for the sensing
and reporting of chemical species is currently of signifi-
cant importance for both chemistry and biology.! More
specifically, chemosensors for the detection and mea-
surements of Cu(II) ions are actively investigated as this
metal ion is a significant environmental pollutant and
an essential trace element in biological systems.>!”
Essential requisites of such a sensor are high sensitivity
and selectivity but, since its main applications are
addressed to the analysis of environmental or biological
samples, also the ability to operate in water and the low
sensitivity to the operative pH are extremely

important.'?

Following our interest in the use of the all cis 2,4,6-tri-
amino-1,3,5-trihydroxycyclohexane ligand (TACI)'® as
a platform for the construction of supramolecular
devices, we have recently reported a fluorescent
chemosensor (ATMCA) obtained by coupling an
anthracenyl fluorophore with the trimethoxy derivative
of TACL'" This sensor was able to detect in water
Cu(II), Zn(II) and organic anions, depending on the
operative conditions. However, while in the case of
Zn(II) and of organic anions the system was effective at
neutral pHs, in the case of Cu(Il) ions the sensing
process was confined to slightly acidic solutions (pH<5)
and the selectivity toward other divalent transition
metal ions was lower than desired. These limitations are
to be ascribed to the structure of the metal ion binding
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site. As a matter of fact, polyaminic ligands are intrinsi-
cally poorly selective?® and the presence of the anthra-
cenylic amino group makes the fluorescence emission of
ATMCA strongly dependent on pH with the maximum
intensity at pH 5 or lower.!

We speculated that by connecting fluorophore and lig-
and with an amido group and, therefore, by switching
from a purely polyamino to an amino—amido type
ligand we could improve the selectivity toward the
Cu(Il) ion and reduce the influence of the pH on the
emission properties of the dye. With this in mind, we
synthesized the ligand ATACI (Fig. 1) in which the
anthracenyl residue is attached via an amido bond to
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Figure 1. Structures of the ligands.
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the ligand moiety. Moreover, in order to improve the
water solubility of the system, we used TACI as metal
ion binding subunit instead of its trimethoxy derivative.

ATACI has been synthesized starting from TACI. This
was first protected at two of the three amino groups
using (BOC),0 in a MeOH/CH,Cl, mixture. The BOC-
di-protected derivative was then coupled with 9-
anthracenecarboxylic acid using EDC/HOBt as con-
densing agents and Et;N in DMF. Deprotection of the
amino groups with TFA in CH,Cl, leads to the final
product as TFA salt.?! Using the same procedure we
have also prepared the mono-acetylated TACI deriva-
tive (AcTACI) which has been used as a reference
compound. Both derivatives are soluble in water
although to a different extent: up to 0.5 mM for
ATACI and 5 mM for AcTACI. UV-vis and fluores-
cence spectra of ATACI in water solution are typical of
the anthracene chromophore.* The fluorescence emis-
sion is directly proportional to the concentration of the
sensor (1-10 uM, at pH 5, 7 and 9), showing that the
ligand is not susceptible to self-quenching or to aggre-
gation processes at least in the concentration range
explored. As expected, the fluorescence emission of
ATACT is little affected by the pH (Fig. 2, O); less than
40% decrease in emission intensity is observed on going
from pH 3 to 12. This decrease follows a sigmoidal
curve that spans over a rather broad pH range (from
about pH 4.5 to 9.0) and, is apparently related to the
subsequent deprotonation of the two amino groups of
the ligand. This is confirmed by a potentiometric titra-
tion of the ACTACI ligand which gives pK, values of
6.9 and 8.5 for the two amino groups. Therefore, the
deprotonation of AcTACI starts at about pH 5.6 and
ends at pH 9.8. Taking into account that the attached
anthracenyl residue may decrease the pK, values,'®*
the pH effect observed for ATACI (Fig. 2) is to be
ascribed to the deprotonation of the amino groups.

Ligands characterized by a mixed amino—amido metal
ion binding site, such as ATACI and AcTACI, are

120 -

100 {1 g

pH

Figure 2. pH Dependence of fluorescence intensity (4.,,=330
nm, A, =415 nm) for ATACI (O, 5 uM) and ATACI in the
presence of 1 equiv. of Cu(Il) ion (e, 5 uM).

usually able to complex strongly and selectively Cu(II)*
and have been also used in the construction of
chemosensors for this metal ion.*>”’ In the usual design,
the two donor atoms are in beta position so that the
complexation occurs between the amino and the depro-
tonated amido nitrogen with the formation of a five
member chelate ring (see Scheme 1, top). This mode of
binding implies deprotonation of the amido group as
the key feature for strong binding. This occurs at
weakly acidic pH in the case of Cu(Il) and at pH values
higher than 9 in that of most of the other divalent
transition metal ions (Zn(1I), Ni(1l), Co(Il), etc).”* As a
result, in neutral or weakly acidic solutions, this kind of
ligand is highly selective for Cu(Il) among other metal
ions. In our case the amino and the amido nitrogens are
more distant (3 carbon atoms) and complexation
implies the formation of a six membered ring. However,
molecular models indicate that the rigid and tight struc-
ture of the ligand helps the formation of the complex
positioning the donor atoms with the correct geometry
(see Scheme 1, bottom).

A clear indication that the binding of the metal ion
occurs as depicted in Scheme 1 comes from the UV-vis
titration of AcTACI with Cu(Il) (Fig. 3). By adding the
metal ion to a solution of the ligand (1.7x10 M, pH
6.3) a new absorption band centered around 645 nm
appears. The absorbance increases linearly with the
concentration of Cu(Il) up to a ratio ligand/Cu(Il) of 1
and then levels off (Fig. 3, inset). This behavior is
diagnostic for the formation of a complex with a 1:1
stoichiometry and, more important, the position of the
absorption maximum of the complex is typical of an
amino/deprotonated-amido nitrogen binding site.>*
Further evidence for this type of binding comes from
the potentiometric titration of a 1:1 mixture of AcTACI
and Cu(Il) which indicates the formation of a very
strong complex with a 1:1 stoichiometry. This requires
the deprotonation of three acidic functions: the two
protonated amines and the amido nitrogen.

The pH dependence of the fluorescence emission of
ATACI in the presence of 1 equiv. of metal ion is
shown in Fig. 2 (e). The emission intensity remains
constant up to pH 5 and then decreases down to a
plateau with about 15% of the initial value due to the
formation of the complex. At variance with the curve
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Scheme 1. Mode of binding of ‘classical’ amino-amido type
ligands (top) and the proposed mode of binding for ATACI
and AcTACI (bottom).
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Figure 3. UV-vis titration of AcTACI (1.7x107> M) at pH 6.3
(MES buffer 0.05 M) with Cu(Il). The inset shows the
binding isotherm at 645 nm.

obtained in the absence of the metal ion (O), the
sigmoid is much sharper and the quenching process
spans only two pH units. At pH 7 or higher the
complex is totally formed and the complexation of the
metal ion switches off the fluorescence emission of the
sensor, usually by an energy or electron transfer mecha-
nism.'">* Moreover, at pH 7 the difference in the
fluorescence emission of the free and complexed ligand
is appreciably large and, therefore, under these condi-
tions, the system displays the highest sensitivity as
Cu(II) sensor.

The titration with Cu(Il) of a 5 pM solution of ATACI
at pH 7 is shown in Fig. 4 (e). The emission intensity
decreases smoothly, almost linearly, pointing to a
plateau value of about 15% of the initial value. On the
other hand, upon addition of Cu(Il), the ATACI
absorption spectra do not change appreciably at the
excitation wavelength used (330 nm). Interpolation of
the emission intensity versus Cu(Il) concentration,
assuming a 1:1 model, gives a good fit and allows to
estimate a log K, value of 6.2+0.2. Therefore, under
these conditions, concentrations of Cu(II) down to the
micromolar range can be easily detected and evaluated.

To test the sensor specificity, which is the ability to
sense only the target metal ion, we titrated the ATACI
solutions with other divalent metal ions (Fig. 4). Ni(II),
Co(II), Zn(II), Pb(II), Cd(IT), Mn(II) have no effect on
the emission intensity of the sensor. On the contrary,
addition of Fe(Il) and Hg(II) causes relatively minor
changes in the emission. As shown in Fig. 4 a decrease
of about 20% was observed after the addition of 2
equiv. of these metal ions.

Finally, we tested the selectivity of the sensor, which is
the ability to sense the Cu(Il) ion in the presence of

other metal ions. Fig. 5 shows the titration with Cu(II)
of a solution containing ATACI at pH 7 and all the
other metal cations (each 10 uM). The curve thus
obtained (O) is very close to the one in the presence of
Cu(Il) alone (e) and the similarity is even better when
the titration is performed in the absence of Hg(II) and
Fe(Il) ((J). The results demonstrate that, on one hand,
the ATMCA sensor does not respond to a large selec-
tion of divalent metal ions other than Cu(Il) and, on
the other hand, the presence of these metal ions does
not interfere with the Cu(II) determination.
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Figure 4. Spectrofluorimetric titrations of ATACI (5x107° M)
at pH 7.0 with different metal ions: Cu(Il) (e), Ni(Il) (O),
Co(II) (+), Zn(II) (A), Pb(II) (O), HegdI) (<), CA(I) (M),
Mn(II) (X), Fe(Il) (¢). [Hepes buffer]=0.01 M, A,.=330
nm, A.,=415 nm, 25°C.
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Figure 5. Spectrofluorimetric titrations of ATACI (5x107° M)
at pH 7.0 with Cu(Il) alone (e), in the presence of Ni(Il),
Co(II), Zn(1I), Pb(II), Cd(II), Mn(II) each 10 uM (0OJ), and in
the presence of all the above metal ions and Hg(I) and Fe(II)
(O). [Hepes buffer]=0.01 M, A.,.=330 nm, A,,=415 nm,
25°C.
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In conclusion, the ATACI ligand has many of the
features required for a Cu(Il) chemosensor to be used
in practical applications. It is very sensitive and selec-
tive and operates in neutral aqueous solutions with
little dependence on small variations of the pH value.
The results obtained also show that the TACI ligand is
a really versatile platform for the construction of such
type of devices and studies are in progress to extend the
use of this ligand in the design of chemosensors for
other metal ions and organic substrates.
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