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Photophysical and complexing properties of new fluoroionophores
based on coumarin 343 linked to rigidified crown-ethers
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Abstract

The photophysical and complexing properties of a series of fluoroionophores based on coumarin 343 linked to monoaza-crown ethers
are presented. Aiming to modify the selectivity of the fluorescing probe, the complexing cavity is rigidified by the incorporation of benzo
groups. Complexation of alkaline-earth cations (magnesium and calcium) induces marked modifications of the photophysical properties
of the probes in acetonitrile and in ethanol, whereas the alkaline cations induce only very weak modifications. The stoichiometry of the
complexes is 1:1, except for C343-crown and C343-benzocrown in acetonitrile, where two complexes can be formed with calcium. The
results obtained show that rigidification of the complexing cavity improves selectivity, favouring the complexation of Mg2+ and Ca2+
versus Li+. Competition between Mg2+ and Ca2+ has also been studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The development of chromogenic and fluorogenic molec-
ular sensors for metal cations has been the object of impor-
tant effort due to a broad variety of potential applications[1–
3]. The design principles of the so-called fluoroionophores
consisting of a fluorophore linked to a complexing unit
have been reviewed[4–6]. In these host–guest systems, the
photophysical properties of the fluorophore are modified
by the complexation of a cation in the ionophore cavity.
This opens the way to the recognition and determination
of metal cation concentration. Various photoinduced pro-
cesses, such as electron, charge or energy transfer, and
excimer formation or disappearance, might be responsible
for these photophysical modifications.

Coumarins with an electron-donating group in position 7
are interesting fluorophores to be attached to an ionophore.
The electron-donating group is conjugated with the carbonyl
of the lactone ring, which acts as an electron-withdrawing
group. Since this carbonyl may participate to the complex-
ation of a metal cation chelated by a crown-ether linked on
that side of the coumarin, marked photophysical changes are
expected and have been observed[7].

∗ Corresponding author. Tel.:+32-1047-8909; fax:+32-1047-9178.
E-mail address: habib@chim.ucl.ac.be (J.-L. Habib Jiwan).

In a previous paper, we have reported the photophysi-
cal and complexing properties of a fluoroionophore com-
posed of a coumarin C343 linked to a 1-aza-15-crown-5
(C343-crown) via an amide bridge[8]. It was demonstrated
that the introduction of an amide bridge instead of the widely
used methylene bridge has interesting effects. First of all, the
selectivity for alkaline-earth cations versus alkaline cations
is much better for C343-crown (only Li+ is complexed) than
for C153-crown (all alkaline cations were complexed[7]).
This might be due to the presence of a less flexible bridge.

Moreover, additional photophysical effects result from the
presence of the amide function: when the ionophore cavity
is occupied by a cation, the linking amide behaves as an
electron withdrawing group and induces hyperchromicity as
well as additional shifts.

In order to try to improve the selectivity, we have replaced
the monoaza-15-crown-5 by monoaza-15-benzocrown-5
and monoaza-15-dibenzocrown-5. The benzo groups should
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rigidify the complexing cavity and modifications of the
selectivity may be expected.

2. Materials and methods

2.1. Solvents and reagents

Acetonitrile from Fluka (HPLC grade) and ethanol
from Merck (spectrometric grade) were used as solvents
for absorption and fluorescence measurements. Lithium,
sodium, alkaline-earth perchlorates and potassium thio-
cyanate purchased from Alpha were of the highest quality
available and vacuum dried on P2O5 prior to use. Coumarin
343 and 1-aza-15-crown-5 were purchased from Aldrich,
azabenzo15-crown-15 was a Fluka product and they were
used without further purification.

2.2. Apparatus

Infrared spectra were obtained on a Biorad spectropho-
tometer, using KBr pellets. UV-Vis spectra were recorded
on a Varian Cary 5E spectrophotometer. Corrected emission
spectra were obtained on a SML Aminco 48000 spectroflu-
orometer. Fluorescence quantum yields were determined us-
ing Coumarin 314 as a reference (Φ=0.68 in ethanol[9]).

The fluorescence decay times were measured by single
photon counting with a PicoQuant Fluotime 200 set-up. The
excitation source is a Coherent Mira 900F pumped by
a Verdi 10W delivering pulses of approximately 130 fs.
The repetition rate of the Mira is reduced to 3.8 MHz
with a Coherent Pulse-Picker 9200 and the frequency is
doubled by a Mira 9300 harmonic generator. The overall
instrument response function is below 30 ps. The decay
traces were deconvoluted with the PicoQuant Fluofit soft-
ware.

NMR spectra were recorded on a Varian Gemini 300 and
mass spectra on a Finnigan Matt TSQ-7000, by electronic
impact or fast atom bombardment.

HPLC analyses were performed with a SpectraPhysics SP
8800, equipped with a C18 reverse phase column. Analyses

were done at two wavelengths (240 and 380 nm), with an
EtOH–water (70:30) eluent.

2.3. Synthesis

Aza dibenzo15-crown-5 was synthesised according to the
method of Vaidya et al.[10].

The fluoroionophores were synthesised by reacting
Coumarin 343 with the corresponding aza-crown via the
acyl chloride according to[8].

2.3.1. C343-crown
See[8] for more details.

2.3.2. C343-benzocrown
The crude product was purified first by flash chromatog-

raphy on silica (eluent: CH2Cl2–iPrOH (98:2)), then recrys-
tallised from AcOEt and pentane, to give 171 mg (40%) of
yellow powder, melting point: 157◦C.

Purity: 99.6% (HPLC).
1H NMR (CDCl3) δ (ppm): 1.95 (m, 4H); 2.73 (t, 2H);

2.86 (t, 2H); 3.29 (2t, 4H); 3.59 (m, 2H); 3.75–3.80 (m, 4H);
3.89 (m, 6H); 4.19 (m, 4H); 6.79 (s, 1H); 6.91 (m, 4H); 7.59
(s, 1H).

MS (FAB-MNBA) (m/z): 535 (MH+), 268.
FTIR (KBr pellet): wave number (cm−1): 2922, 2857,

1707, 1620, 1598, 1562, 1508, 1445, 1370.
C30H34N2O7 requires C: 67.40, H: 6.41, N: 5.24, found:

C: 66.13, H: 6.08, N: 4.92.

2.3.3. C343-dibenzocrown
The crude product is purified by flash chromatography

on silica, eluent: CH2Cl2–iPrOH (98:2), followed by crys-
tallisation from EtOH and pentane, to give 200 mg (38%) of
yellow powder, melting point: 155◦C.

Purity: 99.5% (HPLC).
1H NMR (CDCl3) δ (ppm): 1.95 (m, 4H); 2.73 (t, 2H);

2.88 (t, 2H); 3.29 (m, 2H); 3.82 (m, 2H); 4.02 (m, 2H); 4.39
(m, 8H); 6.81 (s, 1H); 6.93 (m, 8H); 7.91 (s, 1H).

MS (FAB-NMBA) (m/z): 583.1 (MH+), 276.9.
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FTIR (KBr pellet) wave number (cm−1): 2932, 2851,
1715, 1616, 1601, 1561, 1502, 1445, 1370.

C34H34N2O7 requires C: 70.13, H: 5.84, N: 4.81, found:
C: 70.33, H: 5.86, N: 4.63.

2.4. Stability constants determination

In the case of stoichiometry 1:1, the equilibrium
is controlled by a stability constant expressed byK1
(Eq. (1)) where [L], [M] and [ML] are the concentra-
tions of the free ligand, free metal ion and complex,
respectively. The commonly usedEq. (2) can easily be
derived.

ML � M + L K1 = [ML]

[M][L]
(1)

X0 − X

X − Xlim
= KS[M] (2)

whereX is the absorbance or the fluorescence of the solution,
X0 andXlim are the values ofX for the free ligand and for
the ML complex, respectively.

It is often assumed thatCM, the total concentration of
metal ion, is equal to [M]. However, when the efficiency
of complexation is very high, this approximation cannot be
done and it is then necessary to deriveEq. (3), whereC0 is
the total ligand concentration[8]

X = X0 + Xlim − X0

2C0


C0 + CM + 1

KS

−
[(

C0 + CM + 1

KS

)2

− 4C0CM

]1/2

 (3)

KS can then be obtained by a non-linear least square anal-
ysis ofX versusCM. If Xlim cannot be accurately determined,
it can be left as a floating parameter in the analysis.

For the 2:1 stoichiometry, successive complexations ac-
cording to the following scheme were considered and the
Eq. (4)was derived[8].

Table 1
Absorption properties in acetonitrile at room temperature

Radiusa (Å) Charge densityb

(q × Å
−1

)

C343-crown C343-benzocrown C343-dibenzocrown

λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)
λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)
λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)

Ligand 0.85–1.10 – 410.0 27.4 – 410.5 28.7 – 412.3 28.0 –
Li+ 0.90 1.11 424.0 28.7 415.0 419.3 27.9 415.0 418.3 28.3 414.3
Na+ 1.16 0.86 414.0 –c 412.0 411.5 28.8 –c 413.5 28.6 –c

K+ 1.52 0.66 410.0 –c –c 413.3 28.1 412.5 413.0 28.5 –c

Mg2+ 0.86 2.32 452.0 38.8 423.5 456.5 39.8 426.0 458.0 36.4 427.0
Ca 1.14 1.75 450.0 41 422.0 446.8 33.5 421.5 445.5 36.0 423.0

λmax: absorption maximum;ε: molar absorption coefficient;λiso: wavelength of the isosbestic point.
a For the ligand: radius of the cavity of crown-ether 15-crown-5[13]; for the cations: radius for a co-ordination number of 6 (Shannon table)[14].
b Number of charge/radius.
c The cation-induced changes are too small to yield a reliable value characteristic of the complex.

M + L � ML K1 = [ML]

[M][L]

ML + L � M2L K2 = [M2L]

[ML][M]

X = X0 + C0bK1[M] + Xlimβ[M] 2

1 + K1[M] + β[M] 2
(4)

whereβ = K1K2 andb is the absorptivity of the interme-
diate complex ML. This expression can be used under the
approximation [M]∼= CM. K1 andb can be determined by
a non-linear least square analysis ofX versusCM.

For the 3:2 stoichiometry, the following successive com-
plexations were considered, leading toEq. (5) [8].

M + L � ML K1 = [ML]

[M][L]

2ML + M � M3L2 K2 = [M3L2]

[ML] 2[M]

X = N

4K2
1K2[M] 3C0

(
X0 + bC0K1[M] + XlimN

2

)
(5)

in which

N = −1 − K1[M] + {(1 + K1[M] )2 + 8C0K
2
1K2[M] 3}1/2

3. Results and discussion

The fluoroionophores were synthesised by coupling the
acyl chloride of coumarin C343 to the azacrown ether.
Monoaza-15-dibenzocrown-5 was prepared according to the
method reported by Vaidya et al.[10]. Most of the experi-
ments with C343-crown were reproduced in order to have
the best comparison possible with the new fluoroionophores.

3.1. Cation-induced photophysical changes in acetonitrile

Results are reported inTables 1 and 2and the spectrum
evolution of C343-dibenzocrown upon addition of magne-
sium perchlorate is illustrated inFig. 1.
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The replacement of the aza-crown by aza-benzocrown has
a negligible effect on the spectral properties, a red shift of
maximum 2 nm is observed.

The effects of calcium and magnesium cations on
C343-benzocrown and C343-dibenzocrown are similar to
those reported for C343-crown[8]. The absorption spec-
trum undergoes an important red shift from 410 to 456 nm
for C343-dibenzocrown at full complexation with Mg2+,
whereas a smaller shift of the emission spectrum (29 nm)
is recorded. Addition of alkali metal ions induces much
weaker effects (Fig. 2); Na+ and K+ even at high concen-
tration give almost negligible changes, whereas Li+ induces
significant shifts in absorption and emission.

These spectral shifts may be understood in terms of
cation–dipole interaction because the chelated cation can
interact with the carbonyl groups (lactone, amide or both)
of the coumarinic fluorophore (Scheme 1). The dipole mo-
ment of the coumarin is higher in the excited state than
in the ground state as a result of the photoinduced charge
transfer from the nitrogen atom of the julolidyl ring to the
conjugated carbonyl groups[11]. Therefore, in the pres-
ence of a cation bound to these groups, the excited state
is stabilised to a greater extent than the ground state so
that the absorption and emission spectra are red shifted
[12].

An increase of the molar absorption coefficient due to
the metal complexation has been observed in the case
of C343-crown[8] and is still present for the new fluo-
roionophores. This was explained by an electron withdraw-
ing effect of the metal cation bound amide carbonyl on the
coumarin. The presence of this effect for C343-benzocrown
and C343-dibenzocrown reveals the participation of the
amide carbonyl to the metal chelation.

It should be noted that the absorption spectral shift in-
duced by Li+ decreases with the introduction of benzo
groups in the ionophoric cavity: 14 nm for C343-crown, 9 nm
for C343-benzocrown and 6 nm for C343-dibenzocrown.
This might be due to the rigidification of the ionophoric
cavity which precludes a shrinkage of the cavity around
the small lithium cation, therefore, a weaker stabilising in-
teraction is expected between the cation and the carbonyl
groups. On the other hand, the emission spectral shift due
to the Li+ chelation is not reduced by the introduction of
the benzo group, a slight increase is even observed (from
14 nm for C343-crown to 17 nm for C343-dibenzocrown).
A possible explanation is a movement of the lithium cation
closer to the carbonyls during the lifetime of the excited
state. This motion would be driven by a strong electrostatic

N O O

O
O

O O

N
O

Scheme 1. Proposed structure for an ML complex.
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Fig. 1. Evolution of the absorption (a) and fluorescence (b) spectrum of C343-dibenzocrown upon addition of magnesium perchlorate.
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Fig. 2. Absorption (a) and emission (b) spectra of free C343-dibenzocrown and at full complexation with cations.

attraction between Li+ and the important negative charge
density of the lactone moiety of the coumarin in the excited
state.

The incorporation of benzo groups to the complexing cav-
ity has almost no influence on the photophysical properties
of the free ligands. However, an increase of the gap between
the absorption maxima of the Ca2+ and Mg2+ complexes
is induced (this gap is of 3, 10 and 13 nm, for C343-crown,
C343-benzocrown, C343-dibenzocrown, respectively). This
effect deserves to be underlined since it allows an easier
discrimination between Mg2+ and Ca2+ and thus, might be
viewed as a photophysical selectivity.

The fluorescence quantum yield and the fluorescence de-
cay time of the fluoroionophores are only slightly affected
by the metal chelation (seeTable 2). Nevertheless, it is
worthwhile to note that biexponential decays are observed,
in the case of magnesium complexes with the three fluo-
roionophores. In the calcium case, a biexponential decay is
observed only for the C343-dibenzocrown complex. The ob-
servation of biexponential decays might be an indication for
a mixture of different complexes or at least of different ex-
cited states. The shoulder (stronger for Mg2+ than for Ca2+)
displayed on the emission spectra of the complexes (Fig. 2),
gives further hints for this explanation.

By calculating the radiative and non-radiative rate con-
stants from the values of the fluorescence quantum and the
excited state lifetime, it appears that the non-radiative rate
constant is significantly decreased by the chelation with
magnesium or calcium cation. This might be due to a rigid-

ification of the fluoroionophore upon complexation, namely
an inhibition of the rotation around the amide bridge.

3.2. Cation-induced photophysical changes in ethanol

In ethanol, the general trends of the changes in photophys-
ical properties on cation binding resemble those in acetoni-
trile. Results are presented inTables 3 and 4. Once more,
the effects of cation addition are stronger for calcium and
magnesium than for lithium, sodium and potassium. For
these cations, there is almost no change in the absorption
and emission spectra of the ligand even on addition of large
amounts of cation. It is worth to note that, in ethanol, mag-
nesium and calcium induce a biexponential decay for all the
three fluoroionophores.

3.3. Stoichiometry and stability constants of the
complexes

The stability constants were obtained using the evolu-
tion of the absorption spectra of ligand solution ([ligand]∼=
3 × 10−5 M) upon addition of metal ions. The experimen-
tal data were processed by Origin© software. In most cases,
the titration curves can be satisfactorily fitted to an ML sto-
ichiometry.

The results for lithium, magnesium and calcium com-
plexes are reported inTable 5and an example of titration
curve is given inFig. 3 for C343-dibenzocrown with mag-
nesium and calcium.
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Table 3
Absorption properties in ethanol at room temperature

Radiusa (Å) Charge densityb

(q × Å
−1

)

C343-crown C343-benzocrown C343-dibenzocrown

λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)
λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)
λmax

(nm)
ε × 10−3

(M−1 cm−1)
λiso

(nm)

Ligand 0.85–1.10 – 415.5 29.0 – 416.0 29.3 – 418.5 27.7 –
Li+ 0.90 1.11 417.0 –c 415.5 417.0 29.8 –c 419.0 28.0 –c

Na+ 1.16 0.86 419.0 –c 412.0 417.0 29.9 –c 419.0 27.9 –c

K+ 1.52 0.66 418.0 –c –c 417.0 30.2 –c 419.0 27.9 –c

Mg2+ 0.86 2.32 452.0 40.1 423.5 452.5 39.9 426.0 454.0 38.5 428.5
Ca 1.14 1.75 436.0 33.0 422.0 433.0 31.3 420.0 435.0 29.5 424.0

λmax: absorption maximum;ε: molar absorption coefficient;λiso: wavelength of the isosbestic point.
a For the ligand: radius of the cavity of crown-ether 15-crown-5[13]; for the cations: radius for a co-ordination number of 6 (Shannon table)[14].
b Number of charge/radius.
c The cation-induced changes are too small to yield a reliable value characteristic of the complex.
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Fig. 3. Titration curves of C343-dibenzocrown with magnesium and cal-
cium perchlorates. The solid lines represent the fits withEq. (3).

For the Na+ and K+, the photophysical changes were too
small for a reliable determination of the stability constants,
which are probably very small.

In acetonitrile, the most striking effect of the rigidifica-
tion of the complexing cavity is observed for lithium. The
values of the stability constants of the complexes formed by
C343-crown with Li+, Mg2+, Ca2+ are rather close. The
introduction of a first benzo group allowed to reach a better
selectivity of detection of the alkaline-earth cations versus
Li+ with a complexation of lithium which is less efficient
by two orders of magnitude. For C343-dibenzocrown, the
complexation of lithium is still weakened and no reliable
value ofKS could be obtained.

All those values can be explained in terms of size and
charge density of the cations. Ca2+ is, probably, the cation
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A

[Ca++] (m/l)(b)

Fig. 4. Titration curve of C343-crown with calcium perchlorate. The solid line represents the best fit withEq. (4) (a) and withEq. (5) (b).

whose diameter fits the best in the crowned complexing
cavity. Li+ and Mg2+ are smaller than the hosting cavity,
but in the case of C343-crown, the flexibility of the cavity
probably allows it to tighten around those small cations.
Introducing benzo groups should induce a rigidification
of the complexing aza-crown cavity and thereby reduce
the tightening capacity around small cations. This can ex-
plain the drop of the stability constant for lithium, for
C343-benzocrown and the absence of measurable complex-
ation for C343-dibenzocrown.

The lack of selectivity between magnesium (of which the
ionic diameter is close to lithium) and calcium can be ex-
plained by the difference of charge density. With its high
charge density, Mg2+ must be able to interact at a larger dis-
tance with the receptor, and specifically with the carbonyl
and the amide links. On the other hand, the stability constants
for Mg2+ with the three fluoroionophores are very close in
acetonitrile (logKS = 4.27, 4.59 and 4.24 for C343-crown,
C343-benzocrown and C343-dibenzocrown, respectively).
This absence of effect of the modification of the crown-ether
may indicate that the complexing crown does not really par-
ticipate to the Mg2+ chelation. Magnesium cation could be
preferentially chelated by the two carbonyl groups of the
fluoroionophore (Scheme 2). Such kind of supramolecular
structure was recently proposed by Alonso et al.[15] for
other coumarin-derived ionophores.

As in the previously reported case of C343-crown[8],
the complex formed by C343-benzocrown with Ca2+ in
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Table 5
Stability constants

Solvent Cation C343-crown
(logKg)

C343-benzocrown
(logKg)

C343-dibenzocrown
(logKg)

Acetonitrile Li+ 3.26 ± 0.01 1.77± 0.02 –a

Mg2+ 4.72 ± 0.02 4.59± 0.0l 4.24± 0.01
Ca2+ –b –b 3.65 ± 0.01

Ethanol Mg2+ 3.08 ± 0.02 2.29± 0.01 2.73± 0.02
Ca2+ 2.78 ± 0.01 2.78± 0.01 2.06± 0.02

a The modifications induced by complexation are very low, no reliable value
of KS could be obtained.

b Unsatisfactory fit with ML model. Other stoichiometries are considered below.

N O O

C
O

O
N

O

Mg2+

Scheme 2. Possible structure for the Mg2+ complexes in acetonitrile.

acetonitrile does not give a satisfactory fit with ML stoi-
chiometry. ML2 and M3L2 complexes were then considered.
The stability constants obtained are reported inTable 6.
Both stoichiometries fitted satisfactorily with the experimen-
tal datas (seeFig. 4) and it was not possible to discriminate
between them.

3.4. Competition experiments

Mg2+ and Ca2+ both play an important biological role.
Their selective detection is thus of high interest. Many
fluorescent sensors have been developed for the measure-
ment of Ca2+ concentration in biological samples[16].
Fewer have been developed for Mg2+ [17] and most of the
fluoroionophores reported are only useful for Mg2+ con-
centration much higher than Ca2+, when their respective
extracellular concentrations, both in the micromolar range,
are quite close.

Competitive experiments have been performed with
C343-dibenzocrown in order to check if the selective de-
tection of Mg2+ in presence of Ca2+ was possible. The
selectivity (expressed as the ratio of the stability constants)
Mg2+/Ca2+ is only 3.89, yet discrimination might be pos-
sible thanks to the gap between the absorption maxima of
the Mg2+ and Ca2+ complexes.

Table 6
Stability constants for Ca2+

C343-crown (logKg) C343-benzocrown (logKg)

ML (5.58)a (4.68)a

M2L 3.97 ± 0.77 5.46± 0.13
5.32 ± 0.09 9.33± 0.19

M3L 4.11 ± 0.07 5.15± 0.13
10.30± 0.10 18.50± 0.37

a Unsatisfactory fit.
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Fig. 5. Evolution of the absorption spectrum of C343-dibenzocrown+ 1 mM Ca(ClO4)2 (a), titration curve (b) and evolution of the different species’
concentration ((�) free ligand, (�) MgL, (�) CaL) (c) upon addition of Mg(ClO4)2 in acetonitrile.
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In a first experiment, C343-dibenzocrown was titrated
with Mg2+ in presence of 1 mM Ca2+, in acetonitrile. The
evolution of the absorption spectrum and the titration curve,
illustrated inFig. 5, clearly show that Mg2+ can be detected
when Ca2+ is present, with a very good sensitivity.

Those results were processed by Specfit© software, using
the known spectra of the free ligand, MgL and CaL com-
plexes. In presence of 1 mM Ca2+, logKS for Mg2+ is 4.20±
0.01, which is very close to the value obtained for Mg2+
alone. The magnesium complex being more stable than the
calcium complex, the latter disappears as Mg(ClO4)2 is
added.

A second experiment was performed in which the probe
was titrated with a solution containing both cations at the
same concentration. These results are illustrated byFig. 6.
Processing with Specfit© gave logKS = 3.57 ± 0.02 for
Ca2+, and logKS = 4.02 ± 0.01 for Mg2+. These values
are in good agreement with those obtained for the separate
cations (seeTable 5).

4. Conclusion

The rigidification of the complexing cavity by incor-
poration of benzo groups greatly improved the selectivity
of detection of the alkaline-earth cations versus Li+. In-
deed, if the stability constant obtained for the lithium

complex of C343-crown was close to those obtained
for the alkaline-earth complexes, it’s much lower for
C343-benzocrown. For C343-dibenzocrown, the interaction
with Li+ was so weak that no constant could be determined.

The addition of benzo groups to the complexing cavity
also increased the gap between the absorption maxima of
the magnesium and calcium complexes, allowing an easier
deconvolution of the spectra when those cations are both
present.
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