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Abstract

The optical study of ferrocenyl ligands 1-2 is presented, and reveals several interesting points. Contrary to their monosubstituted coun-
terparts, these ligands exhibit fluorescence properties in acetonitrile. They can detect calcium, and also barium, by four different techniques:
NMR, electrochemistry, UV-Vis absorption spectroscopy and fluorimetry in the same solvent. Each ligand detects both salts in the same
manner by UV-Vis absorption and by fluorimetry. The response depends on the nature of the N terminal groups of the ligand. In each case,
the ligand—calcium interaction is complex and involves 3-5 species in equilibrium in solution. Their association constants have been deter-
mined by fitting the UV-Vis data. Remarkably, for 2 and the calcium salts, nearly the same set of association constants can be used to fit not
only the UV-Vis data obtained with calcium triflate (in a restricted range of concentration) or with calcium perchlorate, but also the NMR
data obtained with calcium triflate. Interestingly, these results strengthen the fact that, in this family of compounds, the azacrown deriv-
atives are less sensitive to high calcium triflate concentrations than their simple N-alkyl homologues. It is noteworthy that the complex non-
monotonous fluorescence behaviour of compounds 1 and 2 upon Ca?" or Ba>" addition is quite original for ferrocenyl chalcones. These

ligands constitute scarce examples of multi-signalling fluorescent ferrocenyl chemosensors for Ca®* and Ba*" cations in CH;CN.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is a growing interest in redox molecules featuring
fluorescent unit(s), because they are expected to play a key
role in the design of new multi-signalling ion sensors [1].
Among these molecules, ferrocenyl compounds are very
attractive electrochemical sensors as they offer the possibil-
ity to modulate ion-receptor interaction according to their
redox state. For example, electrostatic interactions can be
switched off by the oxidation of ferrocene to ferricinium.
The modulation or control of the photophysical properties
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of a fluorescent moiety incorporated in such a molecule
has even been announced as a fascinating challenge for
modern chemistry [2]. Following this idea, recently, the fluo-
rescence intensity of a bistable dyad was reversibly modu-
lated, depending on the oxidation state of ferrocene [3].
Thus, the research area concerning this class of compounds
opens up new horizons for electronics and optical memory
devices [4].

In other respects, despite the varied and interesting stud-
ies devoted to ferrocenyl chalcones, [5], these compounds
had never been examined as ion chemosensors until the
beginning of our work. As far as we are concerned, to
get a new generation of original electrochemical and opti-
cal ferrocenyl ion chemosensors [6], we have designed a
family of ferrocenyl compounds according to a ‘‘three-
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Scheme 1. Compounds 1 and 2.

component conjugated system” concept [6a,7]. In these
compounds the ferrocenyl, complexing, and fluorescent
moieties belong to the same conjugated electron system.
In particular, we have showed that the monosubstituted
ferrocenyl derivatives containing the basic fragment
(—CO(CH=CH)C4H4-p-R), where R is an amino alkyl or
azacrown group, are good electrochemical [8] and optical
(UV-Vis absorption) [9] calcium sensors, though they are
not fluorescent. However, the corresponding disubstituted
compounds [Fe(CsH,CO(CH=CH),C¢Hy-p-R),], n=1,
R =NEt, (1) [6a] (Scheme 1), and n =2, R = NMe, (3)
display remarkable fluorescence properties in acetonitrile,
and we have recently reported the capacity of 3 for behav-
ing as a multi-responsive calcium chemosensor [7].

We are interested in the different factors that could influ-
ence cation detection in this family. Actually, numerous
parameters such as the ligand framework, the nature of the
salt (ion pair), as well as the medium or the detection method
used have to be considered for the study of multi-signalling
ion sensors. In particular, we have shown that an original
electrochemical barium detection with regard to calcium
detection was performed by compound 1 and its disubsti-
tuted azacrown counterpart [Fe(CsHyCOCH=CHCs-
Hy—p-aza-15-crown-5),](2) (Scheme 1) [10], in contrast with
their corresponding monosubstituted analogues
[(CsHs)Fe(CsH4COCH=CHC¢H,4-p-NEt,)] (4) and
[(CsHs)Fe(CsH4COCH=CHC¢Hy4-p-aza-15-crown-5)] (5).
In this article, we focus on the capacity of compounds 1
and 2 for behaving as Ca®" and Ba®* optical chemosensors.
Therefore, the UV-Vis absorption behaviour of these com-
pounds in the presence of these cations is described and
quantified. We show that each metal-ligand interaction gives
rise to a complex equilibrium between several species in solu-
tion, and is representative of the nature of the ligand
involved, this one being more or less sensitive to the experi-
mental conditions employed. The uncommon and surprising
fluorescence behaviour of compounds 1 and 2 upon addition
of the two perchlorate salts is also presented.

2. Results and discussion
2.1. UV-Vis absorption study
2.1.1. Absorption characteristics of compounds 1 and 2

For comparison purpose, the absorption properties of
these compounds were investigated in CH;CN, as it was

the case for the study of their NMR and electrochemical
properties [10], and for the optical study of their monosub-
stituted counterparts [9].

As previously reported, the absorption spectrum of the
monosubstituted compound [(CsH;)Fe(CsH,COCH=
CHC¢H4-p-NEt,)] (4) (Fig. 1, bottom) displays two charac-
teristic bands at 254 and 404 nm, a shoulder near 330 nm,
and a long-wavelength absorption tail. The band at 254 nm
can be attributed to a m—n* transition characteristic of aro-
matic ketones, while the weak shoulder arises from a
n — n* transition [11]. The intense long-wavelength band
was assigned to charge transfer (CT) occurring between
the donor amino group and the acceptor carbonyl group.
The broad low-intensity band located above 480 nm can
be assigned to a d—d transition of iron in ferrocene [12].
The position of this band at long wavelengths can be
explained by the electron acceptor effect of the organic
moiety linked to ferrocene [12¢].

The absorption spectra of the disubstituted compounds
1 and 2 studied in this work (Fig. 1, top) are rather similar
in shape to that of monosubstituted compound 4, and the
same kind of band attribution can be done on the previous
basis. As expected, the insertion of a second conjugated
system in the molecular frame of 4 to give 1 induces a
red shift of the maximum of the CT band from 404 to
414 nm, while the width of this band increases (full width
at half-maximum = 3300 and 4300cm~! for 4 and 1,
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Fig. 1. Top: Absorption spectra of compounds 1 [2.1 x 107> M] (black
line), and 2 [2.2x 107> M] (grey line), in CH3CN. Bottom: Absorption
spectra of compounds 4 [2.9 x 107> M] (black line), and 5 [3.2x 107> M]
(grey line), in CH3CN.
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respectively). These results are in agreement with those
obtained by Thomas et al. with polyferrocene compounds
incorporating conjugated spacers [13]. The d—d transition
is now partially overlapped because of the width of the
CT band. As far as compound 2 is concerned, its absorp-
tion spectrum strongly resembles that of compound 1,
but the CT band is now slightly blue shifted by 10 nm. In
this precise case, this phenomenon can be ascribed to the
presence of the electron-withdrawing effect of the oxygen
atoms in the crown ring, thus decreasing the donating char-
acter of the nitrogen atom [8,10]. A similar blue shift has
also been observed when comparing the UV—Vis absorp-
tion spectrum of 4 with that of its azacrown counterpart
[(CsHs)Fe(CsH4COCH=CHC¢H,-p-aza-15-crown-5)] (5)
[9], and with related organic compounds [14b]. However,
this phenomenon is not systematically observed when
substituting an amino alkyl group by an azacrown group
in dye molecules [15].

2.1.2. Detection of calcium triflate by compounds 1 and 2

Calcium triflate was employed in our previous work to
study the electrochemical and NMR behaviour of com-
pounds 1 and 2 in the presence of ions. We went on work-
ing with this salt for absorption study, so that the results
obtained using different detection techniques were compa-
rable. Our aim was to explore a wide range of concentra-
tion in calcium, which means that a high metal-to-ligand
ratio should be attained.

Addition of calcium triflate to a solution of dye 1
(1.25x 107> M) induced drastic changes in its absorption
spectrum, and preliminary results have been published
about this point [16b]. A two-step behaviour was typically
observed: First, the intensity of the CT band slightly
increased until 1 equiv. of salt was added. Then, it slowly
decreased upon subsequent addition of salt (until a
3.0x 107> M salt concentration) while A,,, shifted from
414 to 422 nm. A reddening of the solution was noted, cor-
responding to an increase of absorbance around 500 nm.
This phenomenon was assigned to the interaction of the
carbonyl group with the cation [16]. It should be noticed
that no isosbestic points were observed, indicating that
more than one equilibrium between 1 and the calcium cat-
ion was involved in solution.

Actually, complementary experiments showed that
increasing further the salt concentration (until a 107> M
salt concentration) induced a drastic decrease of the absor-
bance intensity at long wavelengths (after 400 nm), and the
growth of a new band around 320 nm. This constitutes a
new and final third step due to addition of calcium triflate.

For compound 2 (1.37 x 107> M), the absorption spec-
trum also varies strongly in the presence of calcium triflate.
As noted for 1, the intensity of the CT band first increases
slightly. Then it decreases regularly, accompanied by a
weak red-shift of the band. A new band appears at
332 nm, with the formation of two quasi-isosbestic points
at 364 and 282 nm (Fig. 2, top). For calcium triflate con-
centration higher than 2.5 x 107> M (Fig. 2, bottom), the
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Fig. 2. Absorption behaviour of compound 2 [1.37 x 107> M] (solid line)
upon calcium triflate addition, in CH3;CN. Top, from top to bottom,
[Ca%t] (M): 1.0x 1072, 0.0, 5.0x 107>, 2.5%x 107, 5.0x 107, 1.0 x 1073,
2.5%1073; Bottom, from top to bottom, [Ca®*"] (M): 0.0, 2.5x 1073,
50x107% 7.5% 1073, 1.0x 1072, 3.0 x 1072,

absorbance of the whole spectrum decreases, until a new
band forms around 300 nm when the salt concentration
reaches 3.0 x 1072 M.

Thus, for both ligands, the same main trends (dispari-
tion of the CT band and appearance of a new band around
300 nm) were characteristic features observed at high cal-
cium triflate concentration (>2.5 x 107> M) and were more
clearly observed for 2.

Remembering the outcome of the results obtained with
the monosubstituted compounds of this family under the
same conditions, a protonation reaction was suspected to
occur in this final step. Therefore, the UV-Vis behaviour
of compounds 1 and 2 towards protonation was examined.

2.1.3. In situ protonation of compounds 1 and 2

We have previously shown elsewhere that adding HBF,
to solutions of compounds 1-2 effectively leads to their N-
protonated homologues [10]. We investigated here the
absorption behaviour of these compounds upon H" addi-
tion. Triflic acid was added stepwise to a solution of each
compound in the 107> M range in CH;CN. The solution
turned clear (orange to very clear pink) and strong modifi-
cations of the spectrum were observed (Fig. 3). The inten-
sity of the CT band (near 400 nm) progressively decreased
while a new band appeared around 310 nm. Isosbestic
points were formed, located at 348 nm for compound 1
and at 232, 266 and 348 nm for 2. This behaviour is char-
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Fig. 3. Absorption behaviour of compounds 1 [2.5 x 107> M] (top), and 2
[2.0 x 107> M] (bottom) before (solid line) and after addition of CF3SO;H
in CH;CN. From top to bottom at 400 nm for 1: [H*] (M): 2.25x 1079,
6.75x107,9.00x 1075, 1.35x 107>, 1.80 x 103, 2.25 x 10>, 2.70 x 102,
3.15% 1075 3.82x 1073, 427 x 107>, 4.95x 107> M. From top to bottom
at 400 nm for 2: [H](M): 8.0x 107, 1.60x 107>, 2.40 x 107>, 3.2 x 107>,
4.0x 1077,

acteristic of the formation of the corresponding protonated
species, the quaternarization of the amino group leading to
the suppression of charge transfer within the molecule [17].
The UV-Vis absorption spectrum of compounds 1 and 2
placed in the presence of high triflate salt concentration
(=3.0x10*M for 1 and 3.0 x 1072 for 2) is thus very
close to that obtained at the end of the titration by triflic
acid. In particular, in both cases, the maximum wavelength
of the two spectra was quite close. We propose that during
the last step corresponding to addition of high concentra-
tions of calcium triflate to compounds 1 and 2, the related
protonated species is the major species formed in solution.
Let us consider now the origin of the H" source: under
our previous NMR experimental conditions [10], the salt to
ligand ratio was below 12 equiv., and we have checked that
there is no protonation reaction over a 48 h period. In con-
trast, under the UV-Vis conditions, the salt to ligand ratio
is much higher. Consequently, the amount of impurities
such as free triflic acid may increase and become a substan-
tial source of H". Another explanation could be that the
proton source comes from the hydrolysis of the triflate cal-
cium salt in spectroscopic grade acetonitrile, used without
subsequent dehydration. Regarding the NMR calcium
titration experiments, we have performed them with dried
deuterated acetonitrile and under inert atmosphere.

2.1.4. Detection of calcium and barium perchlorate by
compounds 1 and 2

Taking into account the conclusions of the UV-Vis
absorption study concerning addition of calcium triflate
to ligands 1 and 2, perchlorate salts were then preferred.
They are generally used because they dissolve easily in ace-
tonitrile and are known not to interfere with spectrophoto-
metric measurements.

In the presence of perchlorate salts, the behaviour of dye
1 is different from that observed with the triflate salt. A rep-
resentative evolution of the spectrum is displayed in Fig. 4
for calcium (top), and barium (bottom). A common feature
appears for both salts: the CT band slightly decreases and
progressively shifts to the red, while absorbance increases
around 310 nm. It is noteworthy that no isosbestic point
is observed, indicating in each case the formation of several
species in solution. The variation of the absorption maxi-
mum of compound 1 (44 nm) after addition of 10~' M cal-
cium perchlorate is close to that obtained under the same
conditions with the monosubstituted counterpart 4
(34 nm) [9], for which no protonation reaction occurred.
These values are lower than that obtained with the related
organic compound CO(CH=CHC¢H4NEt,), (7) and Ca>*
(74 nm).
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Fig. 4. Absorption behaviour of compound 1 upon addition of perchlo-
rate salts addition, in CH;CN; Top: 1 [2.28 x 1073 M] (solid line), from
top to bottom at 400 nm: [Ca®*] (M): 1.0x 107>, 2.5x 107, 7.5x 1074,
LOx 1073, 25%x107%, 1.0x107% 25x107% S5x107% 7.5%x 1072
1.0x 107", Bottom: 1 [8.50 x 10~® M] (solid line), from top to bottom at
400 nm: [Ba> 1 (M): 5.0 x 107%,2.5x 107>, 7.5x 107%,5x 1073, 1.0 x 1072,
25%x1072, 5% 1072, 7.5x 1072, 1.0 x 10",
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As shown by Fig. 5, the addition of calcium or barium
perchlorate salt to a solution of compound 2 leads to a
behaviour quite different from that observed with com-
pound 1. The variation of the absorption spectrum is qual-
itatively similar with both salts. The intensity of the CT
band decreases regularly and a new band appears at short
wavelengths at 336 and 352 nm for Ca>" and Ba>", respec-
tively. No isosbestic points were detected, suggesting the
formation of several L, M,, species (where L is the ligand
and M the metal cation) in equilibrium in solution. It is
noteworthy that addition of perchlorate salts to solution
of 1 or 2 turned the solution deep red.

The UV-Vis absorption spectra obtained with com-
pounds 1 and 2 upon addition of the Ca®>" and Ba®" cat-
ions clearly indicate that the main interacting sites are
respectively the CO groups for 1, and the azacrown groups
for 2. This is in perfect agreement with the thorough inves-
tigation of these interactions that we have recently per-
formed by NMR spectroscopy [10]. However, NMR
studies have revealed that the CO sites are also involved
in the ligand-metal interaction for the azacrown com-
pound 2. The small red shift of the CT band maximum
(4 and 6 nm for the Ca®" and Ba®' salt, respectively)
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Fig. 5. Absorption behaviour of compound 2 upon addition of perchlo-
rate salts in CH;CN; Top: 2 [1.74 107> M] (solid line), from top to
bottom at 400 nm: [Ca®'] (M): 1.0x107° 25x107°, 1.0x107%
25x107% 5.0x107% 25%x1073, 5.0x1073, 1.0x 1072 Bottom: 2
[2.40 x 1073 M] (solid line), from top to bottom at 400 nm: [Ba®*] (M):
1.0x 1075, 2.5%107°, 5.0x 1075, 1.0x107% 2.5x107% 5.0x107%
75%x107% 1.0x 1073, 25%x 1072, 5.0x 1073, 7.5x 1073, 1 x 1072

observed during salt addition is probably a discrete indica-
tion of this phenomenon. From a general viewpoint, com-
pounds 1 and 2 give a different absorption response in
connection with the nature of the aza terminal groups, as
previously observed for other members of this ferrocenyl
chalcone family.

2.1.5. Proposition of models for the ligand—salt interactions:
processing of the absorption data

To get a deeper insight into the ligand—Ca®" interaction
processes, we wanted to determine the number, the stoichi-
ometry, and the association constants of the calcium
adducts involved. To do so, the absorbance variation was
analyzed versus cation concentration. Absorbance was
recorded at three different wavelengths chosen to obtain
maximum information, and the absorption spectroscopic
data were processed according to the global curve-fitting
method described elsewhere [14]. Figs. 6-8 are provided
as chosen examples, other results are given as Supplemen-
tary Material.
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data. (Bottom) Corresponding calculated concentrations of the different
species.
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Regarding the experiments performed with calcium tri-
flate and ligand 1, accurate determination of the binding
constants could only be achieved for calcium concentration
lower than 107> M because of the major competitive pro-
tonation reaction that takes place at high salt concentra-
tion. Except for compound 2 with calcium perchlorate,
good fits were obtained by taking into account the exis-
tence of only three species of different stoichiometries:
LM, L,M and LM,. The corresponding association con-
stants are indicated in Table 1 (values given with a +15%
error). It is noteworthy that the association constants are
nearly the same for compound 1 whatever the perchlorate
salt used. For compound 2 with calcium perchlorate, con-
sidering two new L;M and LMj species was necessary to
get a good fit of the experimental data.

For ligand 2, the main characteristic feature is that the
highest association constants are obtained for the 2M spe-
cies with calcium perchlorate, and for the 2,M species with
barium perchlorate. The first value can be explained by the
fact that the crown ring fits well the calcium ion [18]. This
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Fig. 8. Processing of the UV-Vis absorption data for compound 2
[2.4 x 107> M] in the presence of barium perchlorate. (Top) Absorbance
vs. barium concentration at different wavelengths in nanometers. The
points are experimental and the curves (lines) were calculated by fitting the
data. (Bottom) Corresponding calculated concentrations of the different
species.

2M species is probably formed by a Ca®' cation sand-
wiched between two crown rings of the ligand [19]. Actu-
ally, the value of the 2M association constant is two
order of magnitude higher than that obtained for the mon-
osubstituted azacrown counterpart 5 (2.0 x 10° mol L™1).
This suggests that the second aza ring in 2 enhances the sta-
bility of such a 2M adduct. In the literature, although
numerous calcium-containing structures are known, only
a few X-ray structures have been reported for azacrown
calcium complexes [20], and unfortunately, it was not pos-
sible to obtain any X-ray structures for the 2M species.
Now, the high association constant obtained for the 2,M
species formed with barium may be explained by the fact
that the bis-crown compound 2 is better suited for the com-
plexation of calcium than for that of the bulky barium cat-
ion, and by the propensity of the Ba®>" cation to promote
intermolecular interactions [21]. The latter point may also
explain why the highest Ba®" association constants is also
obtained for the L,M species with compound 1 (Table 1).
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Table 1

3357

Association constants (K,, L mol™!) related to the different species formed with ligands 1-2 and calcium or barium salts in acetonitrile, determined by

processing the UV—Vis data (values given with +15% error)

[Compound] Salt Final [salt] [LM] K, [L,M] K> [LM,] K5 [LsM] K4 [LM;] Ks
(1]

1.20x 107> Ca(CF3S0;), 3.0x 1073 3.2x 103 2.0%10° 1.0x 10°

1.14x 1073 Ca(ClOy), 1.5x 107! 23x10° 1.3x 106 43

8.5%x107° Ba(ClOy), 1.0x 107! 2.1x10* 5.7%10° 1.3x 10!

2]

1.74x 1073 Ca(ClOy), 1.0x 107! 1.54 % 10° 9.03 x 10° 2.32x 10° 1.93x 10° 6.27 x 10
24%x107° Ba(ClOy), 1.0x 107! 1.08 x 10* 5.35x 10° 6.18 x 10"

[2]'([

6.5%1073 Ca(CF;S0;), 6.5%x 1072 2.37%10° 1.29 x 10% 1.27 x 10* 2.12x 103 2.89x 10!

% Related to compound 2 with calcium triflate and determined by processing the NMR data, see Ref. [10].

We have verified that the set of values obtained by fitting
the UV-Vis absorption data of 2 with calcium perchlorate
provides a good fit of the UV-Vis data obtained with this
compound and calcium triflate until a 2.5x 107> M salt
concentration. This confirms that, in this restricted range
of calcium salt concentration, the absorption response of
ligand 2 is not sensitive to the nature of the calcium salt
used (perchlorate or triflate), as it was the case for its mon-
osubstituted counterpart 5.

Interestingly, the set of association constants issued
from processing the UV-Vis data of 2 with calcium per-
chlorate is also very close to that obtained from 'H
NMR data with calcium triflate (Table 1). Compound 2
thus provides here a rare opportunity to fit the data
obtained by both techniques with nearly the same set of
association constants. To our knowledge, such an opportu-
nity was only provided until now by the monosubstituted
counterpart 5 when considering its '°C NMR and UV-
Vis absorption data [9]. In this family of ferrocenyl chal-
cones, this trend seems to be a specificity of the azacrown
derivatives when compared to the N-alkyl compounds.

In other respects, mass spectra were recorded with sam-
ples of compounds 2 (5x 107> M) containing different
equivalents of calcium perchlorate, and the LM,, major
species were detected; similarly, the measurements realized
with calcium triflate have revealed all the peaks corre-
sponding to the species expected, thus providing thus
strong support for their existence in solution [10].

2.2. Fluorescence study

2.2.1. Detection of calcium and barium perchlorate by
fluorescent compound 1

Few examples of ferrocenyl fluorescent ion sensors have
been described, probably because ferrocene is known to be
an efficient fluorescence quencher [22]. In the literature very
few ferrocenyl derivatives have a satisfying fluorescence
efficiency. Compound 1 was designed to possess this origi-
nal property and we have previously shown that it could
behave as a fluorescent probe, providing a different and
noticeable response over a wide range of calcium triflate

concentrations [16b]. To complete our study, we have
examined here the capability of compound 1 to detect cal-
cium and barium perchlorates by fluorescence
spectroscopy.

In the absence of salts, the emission spectrum of 1 in
acetonitrile displayed only one emission band with a max-
imum at 560 nm, independently of the excitation wave-
length. In the presence of calcium perchlorate, 1
(3.5x 107° M) was excited at A = 338 nm to minimize the
effects of absorption variations. Fig. 9 (top) shows that a
two-step behaviour is observed: First the intensity increases
until the Ca®" concentration reaches 10 equiv. (arrow a),
then it decreases slowly. Two main differences are noted
by comparison with the calcium triflate titration experi-
ments. In the present case, total fluorescence quenching is
not observed, even for a 10~ M salt concentration, and
the emission maximum is subsequently red-shifted by
24 nm. The latter observation could be explained by the
fact that the CO groups of the molecules are involved in
the interaction processes that take place in the excited state.
The variations of the fluorescence spectrum cannot be jus-
tified by the disappearance of the emissive ligand and the
formation of a unique species. It seems that several species
contribute to fluorescence emission. Actually, the set of
association constants obtained by processing the UV-Vis
absorption data of 1 and calcium perchlorate was used to
process the fluorescence data, and a good fit was obtained.
However, caution is required because we have no informa-
tion about the deactivation process that the different spe-
cies may undergo in the excited state.

With barium perchlorate (Fig. 9, bottom) the same gen-
eral trends as for calcium perchlorate are obtained. The
maximum fluorescence intensity is reached with 2 equiv.
of salt, the bathochromic shift of the emission maximum
is 14 nm, and processing the emission data according to
the previous method shows that the species detected by
absorption spectroscopy could also be involved in the fluo-
rescence process. In this case, the enhancement of the fluo-
rescence intensity at low salt concentration could be
connected with the formation of the 1,M species which
would enhance the rigidity of the system, thus limiting
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Fig. 9. Fluorescence behaviour of compound 1 upon perchlorate salts
addition in CH3CN; Top: 1 [3.5x 107 M] (solid line), from top to
bottom: [Ca?'] (M): 2.5x107°, 1.0x107°, 1.0x107% 2.5x107°,
1.5%107% 0.0, 2.5x1073, 5x 1073, 7.5x 1073, 1.0x 1072 2.0x 1072,
40%x1072, 6.0x1072 8.0x 1072, 1.0x 107!, Ay =338 nm. Bottom: 1
1.9%x 107° M (solid line), from top to bottom: [Ba®'] (M): 2.5x 107¢,
25%107°, 1.0x107% 7.5x 1074, 0.0, 1.0x 1072 2.5% 1072, 5.0x 1072,
7.5%1072, 1.0 x 1071, Aoy = 440 nm.

the non-radiative deactivation processes due to the vibra-
tion modes of the molecule.

2.2.2. Detection of calcium and barium perchlorate by
fluorescent compound 2

Interestingly, compound 2 is also fluorescent and exhib-
its the same emission characteristics as compound 1 in ace-
tonitrile. In this solvent, the quantum yield of 2 is up to
7.6 x 1072, This value is close to that obtained for com-
pound 1 (7.7x107%) and related organic compounds
[14b]. Consequently, substituting the NEt, groups by the
azacrown groups in the molecular framework of 1 retains
the fluorescence properties.

In the presence of calcium perchlorate, compound 2
(2.6 x107° M) was excited at =366 nm. The emission
spectrum is strongly perturbed by subsequent additions
of salt (Fig. 10, top). A three-step behaviour is now
observed: first the intensity increases until the Ca®* concen-
tration reaches 10 equiv. (arrow a) and a concomitant
bathochromic shift (4 nm) of the maximum emission wave-
length is observed, suggesting possible CO interactions
processes with the cation. Then, the intensity decreases
stepwise, accompanying a hypsochromic shift of the emis-
sion maximum (10 nm with respect to the spectrum of
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Fig. 10. Fluorescence behaviour of compound 2 upon perchlorate salts
addition in CH3CN; Top: 2 [3.3x107°M] (solid line), from top to
bottom: [Ca*"] (M): 5.0x107%, 0.0, 2.5x 107>, 5.0x 107>, 1.0x 1074,
501074 5% 1073, 1.0x 1073 2.0x107% 4.0x107% 6.0x 1072
1.0x 107", 2 = 366 nm. Bottom: 2 [2.55x 107° M] (solid line), from
top to bottom: [Ba>'] (M): 1.0x107° 2.5x107° 2.5x107°, 0.0,
7.5%107°, 1.0x107% 25%x107% 25%x1073, 5x1073 7.5x1073,
1.0x1072 2.5% 1072 5.0x 1072, 7.5x 1072, 1.0x 107", 4oy = 368 nm.

the free ligand) (arrow b). Finally, when a 10~2 M salt con-
centration is reached, a significant bathochromic shift
(40 nm) of the emission maximum occurs (arrow c). During
this third step an isoemissive point is located at 560 nm.

The first step is reminiscent of that obtained for ligand 1
and calcium perchlorate. The second step is more represen-
tative of the nature of ligand 2: the hypsochromic shift
observed could be attributed to an interaction of the aza-
crown with Ca®", leading to the formation of one or sev-
eral species that emit at short wavelengths. Finally, the
third step is characteristic of the formation of new species
that emit at higher wavelengths.

In the presence of barium perchlorate (Fig. 10, bottom),
compound 2 exhibits the same general fluorescence trends.
The emission maximum undergoes a shift that is succes-
sively bathochromic (accompanying the fluorescence
enhancement indicated by arrow a), hypsochromic (accom-
panying the fluorescence decrease indicated by arrow b),
and bathochromic again. The corresponding shift values
are respectively 6, 4, and 30 nm. In agreement with NMR
and UV-Vis absorption data, these variations reflect the
possibility of interactions between the cation and the CO
or azacrown groups of 2.
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In the literature, non-monotonous variations of the fluo-
rescence intensity are rarely reported for ligand—ion inter-
actions. Interestingly, Otsuki et al. have reported a two-
step variation for a diether-crown compound [23]. During
cesium titration, a decrease of the fluorescence intensity
of the ligand is observed at low cation concentration,
whereas an increase is observed at high cation concentra-
tion. This change has been explained by the existence of
an equilibrium between two species, the first one being a
sandwich LM complex, and the second one an LM, type
complex. The fluorescence intensity variation has been
attributed to conformational change of the ligand when
passing from the first adduct to the second one. In our case,
the fluorescence behaviour of ligand 2 is more likely to
result from the presence of several interacting sites,
although conformational changes may also take place.

Regarding now the variation of the spectrum position,
the first bathochromic shift could be attributed to the inter-
action of the cation with only one crown. A link can be
made with the bathochromic shift of 28 nm of the emission
spectrum that has been reported for bis-crown compound
[CO(CH=CHCgH4-p-aza-15-crown-5),] in the presence of
calcium perchlorate [14b]. This unsymmetrical molecule
formed by complexation of only one crown would emit
at higher wavelengths than the symmetrical one. Neverthe-
less, this molecule is not strictly comparable to ours. Hyp-
sochromic shifts could correspond to an interaction where
both crowns are involved. The final bathochromic shift can
be attributed to interaction of the carbonyl group with the
cation, or with water molecules brought by the hydrated
perchlorate salt. The overall variations of the initial wave-
length could in fact be due to a combination of all these
phenomena. Finally, the isoemissive point observed at high
salt concentration may correspond to a simple equilibrium
between two emissive species [24].

To sum up, the variations of the fluorescence spectrum
reflect the existence of several interactions in solution
involving the azacrown and CO groups of the excited mol-
ecules. For compound 2, the hypsochromic shift of the
wavelength constitutes the signature of the azacrown
ligand when compared to compound 1. According to the
previous study, at very high calcium concentration, the
final emissive species obtained could be the LMj species.

As for compound 1, the fluorescence data obtained with
compound 2 in the presence of Ca®* and Ba®" perchlorate
were processed with our global curve-fitting method, using
the set of species and association constants already calcu-
lated for the ground state. No satisfying fits were attained
in these conditions for the calcium salt. In particular, the
L,Ca*" species were not necessary to fit the data. This
result suggests that, with the calcium salt, an equilibrium
different from that of the ground state is reached in the
excited state. In contrast, a correct fit was achieved with
the barium cation, indicating that the equilibrium present
in the ground state could be similar to that of the excited
state. This could indicate that, with Ba>", the final emissive
species is the LM, species.

2.2.3. Triflate cation detection tests: 2 and the lithium cation

Before developing the fluorescence detection study with
the calcium and barium perchlorate salts, compounds 1
and 2 have been evaluated towards other triflate cations
(Li*, Na*, K", Mg?*, Ca?", Ba®*, Zn?*, and Cu*"). Each
ligand has been excited at the wavelength of a quasi-isos-
bestic point. This one was determined by UV-Vis absorp-
tion study by taking the spectrum of the ligand in the
presence of four different salt concentrations ranging from
107* M to 107> M. Adding a solution of salt [10~> M ] on
compound 1 [3 x 10°° M] induces a red shift (5-8 nm) of
the maximum emission wavelength, with a partial or total
decrease of the fluorescence intensity. Under the same con-
ditions, a blue shift is systematically observed with com-
pound 2, whereas the fluorescence intensity decreases,
except for the sodium and the lithium cations (see
Fig. 11). Under these concentrations, the fluorescence is
totally quenched by Cu®' for 1 and also by Cs*' and
Hg®" for 2. For the Cu®" cation this is probably due to
an electron transfer process from the excited molecule to
the cation leading to non-radiative deactivation processes
and to fluorescence quenching [25]. Interestingly, the stron-
gest hypsochromic shift (A4 = 12 nm) and enhancement of
the fluorescence intensity (25%) are observed with the Li"
cation. Owing to the known biological interest for this cat-
ion [26], and the fact that chemical separation and enrich-
ment processes of isotopes of this cation using azacrown
derivatives exist [27], we have undertaken a rapid study
about this cation. NMR investigations show that weak
interaction probably takes place with the crown ring induc-
ing a 0.38 ppm downfield-shift and a broadening of the "Li
signal when compared to that of Li(CF3;SO;) salt
(0 = —2.48 ppm). This crown interaction is in agreement
with data reported for the [(CsHs)Fe(CsH4CO-aza-15-
crown-5)] compound but not with the [Fe(CsH4CO-aza-
15-crown-5),] compound where a CO interaction is pre-
ferred [28]. The Li* cation is small and different coordina-
tion modes involving all, or a part of the nitrogen or/and

Fluorescence intensity arb. u.

Wavalength / nm

Fig. 11. Fluorescence behaviour of compound 2 [3.0x 107®M] in the
absence (solid line), and upon addition of selected triflate salts [10> M]in
CH;CN. From top to bottom, Ae: 360, 356, 368, 354, 366, 342, 368,
366 nm.
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oxygen atoms of the crown can be envisaged [29]. However,
compound 2 allows an optical UV-Vis lithium detection: a
decrease of the CT band at 404 nm is observed, while a new
band grows up at 280 nm. Again, this result strengthens the
NMR results, indicating that the main interaction sites are
probably the azacrown rings. Till now, the hyperchromic
effect observed by fluorescence spectroscopy remains unex-
plained. Mass data indicate that the four LM, LM,, LM3,
and L,M species could be involved here, with peaks
observed at 887 [LM]", 1043 [LM,XJ*" and 447 [LM, ",
1199 [LM5X,]", and 1768 [L,M]". However, in contrast
with Grossel’s compound [28], 2 does not electrochemically
detect Li". For this reason we have not developed further
the optical analysis, as we were first interested by multi-
detection of the same cation by different techniques.

3. Concluding remarks

With respect to the work already published on this fam-
ily of ferrocenyl chalcones, the present study brings inter-
esting highlights on the three following points.

(i) We have recently shown that ferrocenyl chalcones 1
and 2 are good electrochemical calcium sensors, and
“non-classical” electrochemical barium sensors, the
detection pathway being different according to the
cation considered. In this work, we show that both
compounds detect calcium and barium cations in a
similar manner. The variations of the absorption
spectrum depend on the nature of the ligand and,
consequently, on the interacting sites involved in the
ligand—cation interaction. The main interacting sites
are the CO groups and the azacrown rings for 1
and 2, respectively. We give evidence that each
ligand—cation interaction is complex and involves
several L,M,, species. This is in total agreement with
previously reported NMR and mass spectrometry
analyses.

(i1) This study also highlights that, under UV-Vis
absorption conditions, the azacrown compound 2 is
less sensitive to the nature of the calcium source (tri-
flate or perchorate) than its NEt, counterpart 1.
Actually, whatever the salt used, the same absorption
spectrum is obtained until salt concentration reaches
2.5% 107> M. The same set of association constants
can be used to fit these data, showing that the same
species are involved with both salts. Remembering
the results obtained with the monosubstituted coun-
terparts, this fact points out that the azacrown deriv-
atives have a better chemical stability towards
calcium triflate than their amino alkyl counterparts.

(iii) Compounds 1 and 2 exhibit good fluorescence effi-
ciency in acetonitrile. In this medium, they can detect
several cations by fluorimetry. Using calcium and
barium perchlorate salts, we illustrate that a complex
and unusual fluorescence detection behaviour may
occur for ferrocenyl chalcone derivatives. Neverthe-

less, non-monotonous variations of the fluorescence
response reduce the interest of these ligands for use
as fluorescent probes.

These ferrocenyl chalcones can give varied physico-
chemical responses upon addition of a given cation (Ca*"
or Ba®"), and can be sensitive to the nature of the associ-
ated anion. Regarding electrochemistry, this last property
constantly appears with calcium salt whatever the ligand
used. Considering now UV-Vis spectroscopy, the sensitiv-
ity to anion nature depends on the nature of the ligand
used and can be modulated by the calcium salt concentra-
tion. These ligands are good (and original) electrochemical
and UV-Vis optical calcium and barium sensors, and con-
sequently constitute intriguing examples of multi-channel
cation chemosensors with unprecedented fluorescence
detection behaviour.

4. Experimental
4.1. Materials

Spectroscopic grade acetonitrile (Merck) was used for
absorption measurements. HCF;SO; (98%) was from
Aldrich. Calcium salts: Ca(CF3S03), (96%) and
Ca(ClOy), - 4H,0 (99%) were from Strem and Aldrich,
respectively. Ba(ClOy), (99.9%) was from Aldrich. Other
salts: LiCF3SO3; (99%) (Strem), NaCF;SO; (97%),
KCF3S0;5 (99%) (Acros), Mg(CF3S03), (98%) (Fluka),
Cu(CF3S03); (98%), Zn(CF3S03), (98%) (Aldrich),
Cs(CF3S03), (98%) (Strem), Hg(CF3S03), (98%) (Strem).
Triflate salts were dried, weighed, and dissolved in acetoni-
trile solutions of ligands under inert atmosphere before use
of the mixtures. Warning! Perchlorate salts are hazardous
because of the possibility of explosion! Compounds 1 and
2 were prepared according to our published procedures [10].

4.2. General instrumentation and procedures

The solutions of compounds 1 and 2 were light-pro-
tected before each measurement. Mass spectra were
obtained at the Service Commun de Spectrométrie de
Masse de I’Université Paul Sabatier et du CNRS de Tou-
louse. Spectra were performed on a triple quadrupole mass
spectrometer (Perkin—Elmer Sciex API 365) using electro-
spray as the ionization mode (positive mode). The infusion
rate was 5 uL/min.

4.3. Optical measurements

4.3.1. Apparatus

UV-Vis absorption spectra were recorded on a
Hewlett—Packard 8452 A diode array spectrophotometer.
It was checked that the absorption spectra did not vary
over a period of 2 h. Cells of 1 cm optical path-length were
used. Steady-state fluorescence work was performed on a
Photon Technology International (PTI) Quanta Master 1
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spectrofluorometer. All fluorescence spectra were cor-
rected. The fluorescence quantum yield was determined rel-
ative to coumarin 6 in ethanol as the standard (&g = 0.78)
[30]. The measurements were conducted at 20°C in a
thermostated cell-holder.

4.3.2. Data analysis

All the simulations and parametric adjustments were
performed using home-made software, SA version 3, as
described in Refs. [14,9]. Absorbance 4 was related to
the concentration C; using Beer-Lambert’s law:
A =1Y(gC;) were ¢; is the molar absorption coefficient of
the species i and [ is the optical path length. The system
of the equilibrium equations with independent variables
was numerically solved by an iterative method. The sum
of the squares of the differences between the experimental
values and those of the numerical calculation was mini-
mized by a Powell nonlinear minimization algorithm.
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