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A highly selective ‘offt—on’ fluorescence chemosensor for Cr(III)
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Abstract—An ‘off-on’ fluorescence chemosensor for the selective signalling of Cr(III) has been designed exploiting the guest-induced
inhibition of the photoinduced electron transfer signalling mechanism. The system shows an approximately 17-fold Cr(I11)-selective
chelation-enhanced fluorescence response in tetrahydrofuran and the system is highly selective against the background of environ-

mentally and biologically relevant metal ions.
© 2006 Elsevier Ltd. All rights reserved.

Trivalent chromium, Cr(III), is an essential component
of a balanced human and animal diet. The trivalent
form of chromium is an essential nutrient for humans,
in amounts of 50-200 pg per day (WHO 1988) and its
deficiency causes disturbances in the glucose levels and
lipid metabolism. On the other hand, chromium is an
environmental pollutant and its build-up due to various
industrial and agricultural activities is a matter of con-
cern.! Thus, there is an urgent need to develop chemical
sensors>> that are capable of detecting the presence of
chromium ions in biological and environmental samples.
While the detection of Cr(III) employing electrochemi-
cal* and potentiometric® techniques has been reported
recently, selective detection of Cr(III) by fluorimetric
methods,® which are known for their simplicity, high
sensitivity and instantaneous response, has so far not
been possible primarily due to two reasons. Firstly,
paramagnetic Cr(III) is described as one of the most effi-
cient fluorescence quenchers among the transition metal
ions and secondly, the lack of a selective ligand system
for Cr(III). In the past few years, considerable efforts
have been directed towards the development of fluores-
cence chemosensors for the detection of paramagnetic
metal ions using different design strategies,”'® but selec-
tive detection has been achieved only on a few occa-
sions.!”2® Among the first row transition metal ions,
Zn(II) stands out because of its completely filled d-orbi-
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tals and thus several systems have been reported for the
selective detection of Zn(II) ions.!'%2!

The selective detection of Cu(Il), which occupies the
highest position in the Irving-Williams series, has also
been possible because of its strong complexation proper-
ties among its relatives.>?>~2° It is important to note that
molecular recognition can result from selective binding
or selective response, but in the latter case, interfering
substances will competitively inhibit the optical response
to the desired analyte. Unfortunately, most of the
systems are guest selective rather than guest specific
because metal ions of the same family show quite similar
binding properties.

In the search for efficient and selective receptor moieties,
we came across the SNS (di(2-ethylsulfanylethyl)amine)
ligand?’ that forms a strong complex with Cr(III).?® We
thought that the selective detection of Cr(III) might be
possible by integrating the SNS ligand with a suitable
fluorophore. An electron donor—acceptor system
employing the SNS ligand has been developed previ-
ously.?> However, since the central nitrogen atom of
the ligand in this fluoroionophore is in conjugation with
a nitro group, the electron density available at this nitro-
gen atom for coordination with the metal ions is signif-
icantly reduced and this leads to a change of the binding
properties of the ligand.?° Having recognized this prob-
lem, we designed APCr (Scheme 1)3° in which the mixed
soft and hard donor ligand, SNS, represented in the
scheme as L, was employed as a guest-binding unit in
such a way that the electron density of the central nitro-
gen atom of the ligand system was available for binding
with the metal ions.
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Scheme 1. Synthetic route to the fluorescence chemosensor APCr.
Conditions: (i) NaH, DMF, room temperature, 24 h; (ii) Na, ethanol,
reflux, 2 h; (iii) Na,COs;, KI, acetonitrile, reflux, 48 h.

APCr was synthesized in three steps (Scheme 1): the first
two steps consisted of the preparation of 5-amino-2-(2-
bromoethyl)-1,3-isoindolinedione (APBr) and SNS by
following the standard procedures.!3?7 In the third step,
APBr (0.74 mM) was added to 50 mL of dry acetonitrile
in a 100-mL three-necked round-bottom flask and to
this was added SNS (0.7 mM), potassium carbonate
(1 mM) and a catalytic amount of KI. The mixture
was allowed to reflux under a nitrogen atmosphere for
48 h with constant stirring. The removal of the solvent
yielded a solid residue, which was extracted with chloro-
form (4x40mL). The chloroform extract was dried
over anhydrous Na,SO,4 and evaporated to obtain a pale
yellow solid that was purified by column chromatogra-
phy (neutral alumina, 40:60 EtOAc/hexane).

As can be seen, in our fluoroionophore, we chose
4-aminophthalimide (AP) as the fluorescing moiety be-
cause of its high molar absorption coefficient, high fluo-
rescence quantum yield and long fluorescence lifetime.>!
Another factor that influenced our choice in favour of
this fluorophore was its electron-deficient nature, which
is an essential criterion for ‘off-on’ fluorescence signal-
ling systems for quenching metal ions.®!3!° The fluoro-
phore and the guest binding units were covalently
integrated to modulate the photophysical responses of
the dye by introducing a possible excited-state electron
transfer process between the two. This system shows
selective chelation enhanced fluorescence (CHEF) in
the presence of Cr(III). The Cr(I1I)-induced ‘off-on’ sig-
nalling would be observed even in a sample containing
as many as 12 different metal ions including environ-
mentally and biologically relevant alkali and alkaline
earth, transition and post-transition metal ions. This
study, however, was carried out in tetrahydrofuran
due to the fact that complexation of the SNS ligand with
Cr(III) was reported in this solvent.?8

The optical absorption and fluorescence spectra of
APCr were characterized by structureless bands centred
at 366 nm and 455 nm, respectively, assigned to the
intramolecular charge transfer (ICT) state of the fluoro-
phore moiety. The fluorescence quantum yield of APCr
in THF was measured to be 0.026, which is 96% lower
than that of the wunsubstituted fluorophore (¢r
(AP) =0.70)%! in the same solvent indicating photoin-
duced electron transfer (PET) between the fluorophore
and receptor moieties. The PET in this system may ap-
pear unexpected when the influence of the internal elec-
tric (dipolar) field on the PET process, as demonstrated
by de Silva and co-workers,?? is taken into account.
However, we have previously demonstrated in several
aminophthalimide and aminonaphthalimide derivatives
that through-space PET is not hampered by the electric
dipole of the AP moiety.®!3333* A multiexponential
fluorescence decay behaviour (see Supplementary data)
was observed for the system yielding the following decay
parameters: t; =0.17 ns (64%), 1. =0.9ns (23%) and
13 =15ns (13%). The complex nature of the fluores-
cence decay behaviour is a reflection of the flexibility
of the molecule, which can exist in several conforma-
tions. Two limiting situations can be considered here.
One in which the spatial disposition of the fluorophore
and receptor moieties is favourable for PET, which
can give rise to 0.17 ns and 0.9 ns components, which
are much shorter than the fluorescence lifetime of AP
(12.4 ns in THF).3! The other limiting situation in which
the spatial arrangement of the receptor and fluorophore
moieties is unfavourable for PET can contribute to the
15 ns component. The time-resolved data suggest that
nearly 87% of the molecules are in PET communication
with the receptor moiety.

We have examined the effects of various metal ion addi-
tives on the spectral features of APCr. It was observed
that among the metal ions studied, only Cr(III) signifi-
cantly modulated the absorption and fluorescence spec-
tra of APCr. The progressive addition of Cr(IlI) to a
solution of APCr led to a gradual bathochromic shift
of the absorption maximum with a slight increase in
absorption (Fig. 1). The presence of an isosbestic point
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Figure 1. Absorption and fluorescence spectra of APCr in THF upon
progressive addition of Cr(Ill). [APCr]=1.7x 107> M, [Cr*']=0-
3.5x 107> M. Inset: fluorescence enhancement versus concentration of
Cr(I1I).
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in the absorption spectra at around 345 nm indicated
that the optical response arises from the formation of
a 1:1 complex between APCr and Cr(I1I).

The coordination of APCr to Cr(IIl) caused a 27 nm
Stokes shift of the emission band and an approximately
17 fold increase in the fluorescence quantum yield (Table
1). The Stokes shift of the fluorescence maximum of
APCr is due to an enhanced separation of charge in
the electron donor—acceptor fluorophore, AP on com-
plexation. The Stokes shift is indicative of the possible
involvement of the carbonyl groups of the fluorophore
in coordination and is consistent with the literature.®
While Stokes shifted emission with only an approxi-
mately 4-fold increase in the quantum yield can be
observed in the presence of Fe(IIl), all the other
environmentally and biologically relevant metal ions
did not show any significant response (Fig. 2). The
enhancement of fluorescence is attributed to the disrup-
tion of PET communication between the receptor and

Table 1. Maximum fluorescence enhancement (FE) observed and the
binding constant values for selected metal ions with APCr*

Metal ion FE K/10° M™!
None 1.0 —
Cr(III) 16.8 11.3
Mn(II) 1.3 —
Fe(I1I) 43 8.0
Co(II) 1.5 —
Ni(IT) 1.2 —
Cu(I) 1.6 —
Zn(II) 1.5 —
Hg(II) 1.0 —
Pb(II) 14 —
HY 5.1 —

# Jexc = 345 nm; K values, estimated from the absorption spectral data,
can be evaluated accurately only for Cr(I11) and Fe(III). These values
could not be estimated for the other metal ions because of the small
change in the absorption behaviour.
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Figure 2. Fluorescence spectra of APCr (1.8 x 107> M) in the absence
and presence of selected metal ions in THF. In the presence of other
remaining metal ions, the spectrum overlaps either with that of the free
sensor or with that of Ni(II), Cu(Il) or Zn(II). The metal ion
concentrations required for the observance of maximum fluorescence
enhancement are in the range of 3.5-5 x 1075 M. Jeye = 345 nm.

the fluorophore moieties due to the introduction of me-
tal ions into the coordination sphere of SNS. Late first-
row transition metal ions such as Ni(II) and Cu(II) form
strong complexes with nitrogen donor ligands and in
some cases with sulfur donor ligands. However, in the
present case, an effective binding occurred only with
Cr(III) and Fe(III). The binding constant values (Table
1) evaluated from the absorption titration data assum-
ing a 1:1 stoichiometry (see Supplementary data) indi-
cate that APCr forms a strong complex with Cr(IlI) in
solution. This is consistent with the literature that the
SNS ligand forms a stable complex with Cr(III), which
can be used as a catalyst.”® We also studied the effect
of Cr(Ill) on the fluorescence decay behaviour of the
chemosensor. In the presence of Cr(III), the sub-nano-
second component of the decay disappears completely
(see Supplementary data) confirming the inhibition of
the PET quenching pathway upon Cr(III) binding.
The decay profile in the presence of Cr(III) can be
roughly fitted to a mono-exponential model yielding a
lifetime of 10.8 ns.

The selectivity of APCr for Cr(III) over alkali and alka-
line earth metal ions, other transition and post-transi-
tion metal ions was further investigated and the results
are depicted in Figure 3. The ‘off-on’ signalling of APCr
for Cr(III) was not affected in the presence of excess
alkali and alkaline earth metal ions such as Na(l),
K(I), Mg(Il) and Ca(Il). The chemosensor was also
selective for Cr(III) over the divalent first-row transition
metal ions and post-transition metal Cd(II), Hg(II) and
Pb(II) ions. However, for reasons not clear to us
at the moment, Cr(III) could not displace Fe(IIl) from
the coordination sphere of APCr. Thus, we have tested
the Cr(III) selectivity by analyzing a sample containing
all the metal ions except Fe(Ill). The introduction of
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Figure 3. A bar diagram highlighting the fluorescence ‘off-on’ signal-
ling response of APCr to Cr(III) in the presence of selected metal ions
and in the presence of all the 12 metal ions (MIX). The patterned bars
represent enhancement of fluorescence upon addition of 2 equiv of
individual metal ions and the solid bars represent the fluorescence
enhancement that occurs upon the introduction of 2 equiv of Cr(III) to
the solutions containing APCr and the selected metal ion.
Aexe = 345 nm.
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2 equiv of Cr(IIl) to a solution of APCr containing
2 equiv each of Na(I), K(I), Mg(II), Ca(Il), Mn(II),
Co(IT), Ni(II), Cu(II), Zn(II), Cd(II), Hg(IT) and Pb(II)
produced a 50% increase in the fluorescence yield.

In summary, we developed an ‘off-on’ fluorescence
chemosensor for the selective detection of Cr(III)
exploiting the selective binding ability of the SNS ligand.
An approximately 17-fold Cr(III)-selective chelation
enhanced fluorescence response in THF was attributed
to the disruption of PET communication between the
receptor and the fluorophore moieties. It was demon-
strated that this system in THF was highly selective over
other environmentally and biologically relevant metal
ions such as alkali and alkaline earth metal ions, diva-
lent first-row transition metal ions, Group 12 metal ions
and Pb(II). However, it is important to note that since
the present study was carried out in THF, the findings
in aqueous media could be very different from those re-
ported here, so it may not be possible to exploit the
Cr(III) selective signalling ability of the present system
in practical applications except in films or organogels.
Studies are in progress to explore the fluorescence sig-
nalling ability of the present system in other solvents.
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