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The photophysical behaviour of Schiff-base complexes with several different metals has been investigated.
Among these complexes, the one with aluminium (3) presents interesting features, showing good chemical
stability, high absorption coefficients and fluorescence quantum yield. In addition, the fluorescence intensity of
3 udergoes appreciable changes in the presence of coordinating species, such as carboxylate anions, allowing the
association process to be monitored with high sensitivity. In addition, we have demonstrated that, if suitable
groups are attached to the carboxylate function, supramolecular systems with interesting properties can be

designed and characterised.

Introduction

In the last decade Schiff-base ligands have received more and
more attention, mainly because of their wide application in
the fields of synthesis and catalysis. This attention is still grow-
ing, so that a considerable research effort is today devoted to
the synthesis of new Schiff-base complexes with transition'
and main group® metal ions, to further develop applications
in both catalysis and material chemistry.>”” The salen ligand
has also been used to activate redox chemistry for the selective
recognition and modification of nucleic acids. Adducts formed
between guanine and nickel complexes based on salen ligands
strongly inhibit polynucleotide elongation, allowing sensitive
detection through polymer extension assays.

In spite of the great attention devoted to this class of com-
pounds, however, a systematic discussion of the photophysical
properties of Schiff-base complexes is still absent in the litera-
ture. As a matter of fact, this absence certainly cannot be due
to the lack of interesting photophysical features shown by
these complexes; in fact, very recently, two Schiff-base alumi-
nium complexes have been, for example, proposed as lumines-
cent biolabels thanks to their high fluorescence intensity.'!
Photoluminescence spectroscopy can indeed help to find solu-
tions to many analytical problems in applications such as
medical diagnostics, cell biology and environmental sciences,
giving also the possibility to monitor analyte concentrations
in real-time and real-space if suitable, highly luminescent
probes are used.'?'* In addition, among the different techni-
ques used to monitor molecular recognition processes, photo-
luminescence spectroscopy certainly offers great advantages in
terms of sensitivity and versatility.'!> As a consequence, this
technique could also be used to monitor some of the events
occurring in the catalytic processes in which Schiff-base
complexes play a so-important role,'® since the nature of the
coordination sphere could be monitored by changes in the
luminescence properties.

In this context, a special role can be played, in our opinion,
by aluminium salen complexes, which have found interesting
applications in catalysis and synthesis. Five-coordinated com-
plexes of aluminium were prepared and described.'” Cationic
complexes are able to promote the oligomerisation of
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propylene oxide'® while the neutral complexes have been used
in living polymerisation of propylene oxide and lactides.'
Chiral Al(salen) complexes are able to promote the 1,4-addi-
tion of nucleophiles to unsaturated substrates, via a coordina-
tion of the carbonyl to the aluminium centre.’ Aluminium
salen complexes are easily prepared®' and neither the chloride
nor methyl derivatives are moisture-sensitive. Dissolution in
water leads to dissociation of the chloride anion from the alu-
minium centre and the consequent formation of the cationic
dihydrate complex. These kinds of complexes are infinitely
stable in water. The photoluminescence properties of Al-
(salen), coupled with its stability in water, make it a strong
candidate for biological essays in vitro and in vivo."! We were
interested in evaluating the photophysical properties of Al-
(salen) for possible use in the detection of substrates able to
coordinate to the aluminium centre and change the lumines-
cence of the complex.

For these reasons, we report here the photophysical proper-
ties of a series of Schiff-base complexes, together with the
effects on the photophysical properties of the aluminium com-
plex upon addition of carboxylate anions. The aim of these
latter experiments is to show the possible use of some of the
Schiff-base complexes in the construction of supramolecular
systems with interesting photophysical properties.

Experimental

Chemicals

All the M(salen) metal complexes were obtained from com-
mercially available (S,S)-N,N -bis-(3,5-di-tert-butylsalicyli-
dene)-1,2-cyclohexenediamine (salen, 1).22 Co(salen) (2) and
ClAl(salen) (3) are commercially available (Strem). Zn(salen)
(4) was prepared according to ref. 3. (N)Mn(salen) (5),%
(O)V(salen) (6),>* Sn(salen) (7),>> CIPhSi(salen) (8),%°
and Mg(salen) (9),>” were all prepared according to the
literature.

1-Pyrenebutyric acid and tetramethylammonium hydroxyde
were purchased from Aldrich. Commercially available
(Aldrich) NAH was washed with hexane under nitrogen
before use.
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Spectroscopic measurements

The solvent for photophysical measurements was aerated
acetonitrile from Merck (UVASOL) used without further
purification. Absorption spectra were recorded with a Perkin
Elmer Lambda 40 spectrophotometer. Uncorrected emission
and corrected excitation spectra were obtained with a Perkin
Elmer LS50 spectrofluorimeter equipped with a Hamamatsu
R928 phototube. The fluorescence lifetimes (uncertainty +5%)
were obtained with an Edinburgh single-photon counting
apparatus, in which the flash lamp was filled with D, . Lumin-
escence quantum yields (uncertainty +15%) were determined
using quinine sulfate (@ =0.546 in 0.5 M H,SO,) as
standard.?® In order to allow comparison of emission
intensities, corrections for instrumental response, inner filter
effects and phototube sensitivity were performed. A correction
for differences in the refraction index was introduced when
necessary. Spectrofluorimetric and UV-Vis spectrophotometric
titrations were carried out in acetonitrile according to
previously published procedures.?-*°

ESI-MS experiments

HPLC grade acetonitrile and deionised water were used as
obtained from Carlo Erba Reagents. Electrospray ionisation
mass spectra were obtained with Agilent Technologies
MSD1100 single-quadrupole mass spectrometer. Mass spectra
were acquired in full-scan mode from m/z 150 to m/z 3000,
with a scan time of 0.1 s in the negative ion mode. The para-
meters of the spray chamber were set as follows: drying gas
flow at 10 ml min~', nebulizer (nitrogen) pressure at 35 psig,
temperature at 350 °C, and ESI spray voltage at 5000 V.
The fragmentor voltage was maintained at 50 V. All samples
are injected in direct mode with an HPLC Agilent Technolo-
gies HP1100 equiped with autosampler and were eluted isocra-
tically using a 70:30 mixture of acetonitrile-water.
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Results and discussion

Photophysical properties.

The most relevant photophysical properties of the ligand 1 and
its metal ion complexes studied in this work are gathered in
Table 1. As it can be seen from this table and Fig. 1, the ligand
presents two distinct absorption bands in the range 250-400
nm, at 257 and 328 nm. Upon addition of solid NaH (a well-
established procedure for deprotonating salen ligands®'~*?), the
lower energy band shifts to longer wavelength upon the addi-
tion of up to two equivalents of hydride. It is to be noted that
all the spectra obtained when less than 2 equiv. of NaH are
added are in fact a linear combination of the spectra of the free
ligand and the one obtained upon addition of 2 equiv. of NaH.
This finding indicates that the mono-deprotonated species is
rapidly converted in the bis-deprotonated one. A similar con-
clusion can be obtained from the fluorescence spectra (Fig. 2):
while the ligand is not fluorescent, upon addition of NaH only
one band at 436 nm appears, whose corrected intensity> is
proportional to the amount of hydride added.

Moreover, the excitation spectra (Ao, = 436 nm) are in all
cases proportional to the absorption spectrum obtained upon
addition of two equivalents of NaH. The shape of this band,
the large Stokes shift observed, and its lifetime indicate that
the fluorescent excited state is a singlet state, having a geometry
considerably distorted compared to that of the ground state.

A large, unstructured band in the 300-400 nm region similar
to that observed for the deprotonated form of 1 is also present
in the absorption spectra of complexes 3-6 and 9 (Table 1 and
Figs. 1 and 3). The energy of this band depends on the nature
of the metal ion, although it is difficult to make any correla-
tion. The absorption spectra of 7 and 8 (Table 1 and Fig. 3)
present in this spectral region only a long, rather weak, tail.
In the absorption spectrum of the Co complex 2 (Fig. 1) it is
instead present as an additional band. This band, which can-
not be attributed to a metal-centred transition (the molar
absorbivity is too high), can be assigned with good confidence
to a charge transfer transition involving the redox-active
metal ion.

Table 1 Photophysical properties of the ligand and its metal com-
plexes in acetonitrile solutions at room temperature

Absorption Emission

Compound  Apgy/nm /M~ lem™! Jmax/DM  T/N8 P

1 328 7200 - - -
257 32000

1H_,>~ 351 13000 436 6.6 0.08
257(s) 25000

2 411 5500 - — -
353 5750
260 27300

3 355 9300 476 6.6 0.18
279 24000

4 392 12650 464 5.8 0.14
276 22500

5 385 4600 4 - -
247 21700

6 373 6800 - - -

7 363 4400 495 2.0 0.005
331 5150
235 25000

8 343(s) 2420 531 2.1 0.008
303 14300

9 361 10000 458 6.3 0.19
240 42000

“ Not luminescent
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Fig. 1 Absorption spectra of the ligand 1, of its deprotonated
form, and of the complexes 2-4 in acetonitrile solutions at room
temperature.

The complexes 2, 5, and 6 did not show any luminescence;
this was an expected result, since complexes of these transition
metal ions typically possesses low-energy metal-centred states
or can give rise to electron transfer processes involving the
redox-active metal ion, thus quenching the luminescence com-
ing from intraligand transitions.** The complexes with Al (3),
Zn (4), Sn (7), Si (8), and Mg (9) present an unstructured, large
fluorescence band in the 400-700 nm region (Fig. 2), with a
lifetime in the nanosecond range. As it was discussed for the
deprotonated ligand, these transitions could be assigned as
originating from singlet ligand-centred excited states, having
a geometry considerably distorted compared to that of the
ground state. It is interesting to note that the energy of this
transition decreases on increasing the formal charge of the cen-
tral metal. While 7 and 8 show quite weak fluorescence inten-
sities, 3, 4, and 9 present remarkably high quantum yields.
Unfortunately, the Mg complex is not very stable in non-anhy-
drous acetonitrile solutions, while the Zn complex tends to
form aggregates,® leading to precipitation of the complex.
For these reasons, these latter complexes do not seem very
promising for use as luminophores in the design of new
luminescent chemosensors and labels. On the contrary, the
ClAl(salen) complex 3 is stable for days in acetonitrile solu-
tions and, because of its interesting photophysical properties,
deserves attention as a possible component of supramolecular
structures.
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Fig. 2 Fluorescence spectra of the deprotonated form of ligand 1
and of the complexes 3, 4, 7, 8, and 9 in acetonitrile solutions at room
temperature.
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Fig. 3 Absorption spectra of the complexes 5-9 in acetonitrile solu-
tions at room temperature.

Adducts between the Al complex and carboxylate anions

In the view of integrating the Al(salen) complex in supramole-
cular systems, and considering the high affinity usually shown
by the hard aluminium centre for carboxylate anions, we
added an increasing amount of tetrabutylammonium acetate
to an acetonitrile solution of 3. While the changes observed
in the absorption spectrum were almost negligible, noticeable
changes could be monitored in the fluorescence intensity. As
it can be seen in Fig. 4, the intensity increases, reaching a max-
imum upon the addition of 0.5 equiv. of acetate anion (Ac"),
while decreasing afterwards before reaching a plateau once 1
equiv. of the salt has been added.

A parallel change of the excited state lifetime can be
observed: a longer component (10.4 ns) shows up in the first
part of the titration experiment, while a shorter one (4.2 ns)
appears after the addition of more than 0.5 equiv. of acetate.
This latter component is the only one present at the end of
the titration experiments. These findings clearly indicate that
two species with different stoichiometries are formed during
the titration experiment, one (3,Ac) in which an acetate anion
acts as bridging ligand between two salen complexes and one
with a 1:1 stoichiometry, according to the following equilibria:

23+ Ac” < 35-Ac (1)
3+Ac” < 3-Ac (2)

Interpolation of absorption and fluorescence titration profiles
with the global analysis package SPECFIT**® confirmed
this qualitative interpretation, allowing us to calculate the
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Fig. 4 Fluorescence intensity of an acetonitrile solution of 3 upon
addition of increasing amounts of tetrabutylammonium acetate.
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constants relative to the two equilibria [logf,; = 14.3+0.3 for
eqn. (1) and logf1; = 9.1 £0.3 for eqn. (2)]. The formation of
the 3,-Ac species was confirmed by ESI-MS measurements,
since in the presence of 3 (5 x 10~* M) and 0.4 equiv. of acetate
anion, the signal of the molecular ion [2M — H + Ac]™ at m/z
1272 was clearly evident. This signal is completely absent when
solutions of the ligand alone or upon addition of 1.2 equiv. of
acetate are analysed.

As far as the fluorescence band shape is concerned, these
two species are both blue-shifted, compared to the complex
alone, by 10 nm, indicating that the charge density changes
caused by the anion complexation has non-negligible effects
on the photophysical properties of the complex. While these
changes could be insufficiently large to be used in the design
of a sensor device for the acetate anion to use in practical
applications, they are large enough to allow the possibility to
monitor the association process with high sensitivity.

In order to see whether it was possible, using the Al(salen)
platform, to assemble supramolecular systems in which
photoinduced processes could occur among the different com-
ponents, we used as a coordinating ligand the 1-pyrenebutano-
ate anion (10), obtained by neutralising 1-pyrenebutyrric acid
with 1 equiv. of tetrabuthylammonium hydroxide. Upon addi-
tion of 10 to an acetonitrile solution of 3, it was possible to
observe an increase of the absorbance due to the increased
concentration of the pyrene chromophore.’”” Negligible
changes were detected in the absorption of the salen complex,
similarly to what was observed on adding the acetate anion. As
in that case, much larger changes were observed in the fluores-
cence spectrum. If excitation is performed at 360 nm, a wave-
length that is predominantly (> 95%) absorbed by the Al
complex, upon addition of the carboxylate anion the fluores-
cence band of 3 undergoes a 10 nm blue-shift. As far as the
intensity is concerned, small changes could be detected in the
first part of the titration experiment (Fig. 5), while a noticeable
quenching occurred afterwards to about 65% of the initial
value upon addition of 1 equiv. of 10. A parallel decrease (to
3.4 ns) of the excited state lifetime was also observed.

As it was found for the acetate anion, interpolation of the
fluorescence (Aexc = 360 nm) titration profile showed the pre-
sence of two different equilibria, with association constants
(logf; = 13.9£0.3 and logf;, = 8.7+£0.3) slightly smaller
than those found for the acetate. This was an expected result,
because of the larger steric hindrance present in this case. The
molar fraction distribution of all the species in solution is
shown in Fig. 6. The calculated fluorescence spectra upon exci-
tation at 360 nm shows that the intermediate species 3,-10 has
the highest quantum yield, while the 3-10 species showed the
lowest one, as it was found in the case of the acetate anion.

12
L0 yvwy -
V\v\ ///

0.8 -
- * s
= ¥ 7
\\'-_q/ 0.6 1 v—'———-_v___;.____'____;.__
= [ | /—/—‘.“"4—._'ﬂ—

0.4 1 L P

=" -
I
0.2 T.“ YTy %
[ ]
0.0 & . . . .
0.0 0.5 1.0 L5 20 25 3.0
Equivalents of 10

Fig. 5 Fluorescence intensity of an acetonitrile solution of 3 upon
addition of increasing amounts of 10 (V¥ /e = 360 nm, Ae, = 480
nm; @ Aexe = 325 nm, ey = 378 nm; B A = 325 nm, A, = 480
nm).
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Fig. 6 Molar fraction distribution of the species formed during the
titration of 3 with10: 3 (— — —), 10 (---), 3,-10(——), and 3-10(——).

The most interesting results were indeed observed when
exciting at 325 nm, where the absorption coefficient of the
pyrene is much higher than that of 3. In this case, two different
signals can be monitored, namely the structured fluorescence
attributable to the pyrene chromophore, with .., at 378
nm, and the unstructured band centred on the salen structure,
with Apnax at 476 nm. In particular, the corrected fluorescence
of the pyrene chromophore, although its concentration
increases linearly during the titration experiment, showed an
increase up to the addition of 0.5 equiv. of the salt, a plateau
until 1 equiv. is added, while it steeply increases afterward
(Fig. 5). On the contrary, the corrected intensity of the salen
complex remains quite low until 0.5 equiv. of 10 is added,
while it increases afterwards up to the addition of 1 equiv. of
the carboxylate anion; at this point a plateau is reached. These
results clearly indicate that in the 3-10 adduct, an efficient
energy transfer occurs from the pyrene moiety, whose fluores-
cence is almost completely quenched, to the salen complex
inside the supramolecular structure (Scheme 1).

The increase of the fluorescence intensity of the latter moi-
ety, observed in spite of the decrease of its quantum yield dis-
cussed above, is due to an increase in the number of photons
absorbed by the system that, via the energy transfer process,
populate the fluorescent excited state. The occurrence of the
energy transfer process in 3-10 finds further support in the
appearance in the excitation spectrum, obtained at A.,, = 480
nm (i.e. looking at the fluorescence of 3), of the structured
absorption band typical of the pyrene chromophore when this
adduct is present. On the contrary, the energy transfer process
among the two chromophoric units is almost negligible in the
3,-10 adduct [Scheme 1(a)]. In the first part of the titration
experiment, when less than 0.3 equiv. of 10 are added, the
fluorescence of the pyrene unit is not quenched and, at the
same time, its absorption bands are absent in the excitation
spectra obtained at Ao, = 480 nm.

Interpolation of the fluorescence titration profiles obtained
at dexe = 325 nm confirmed this qualitative interpretation,
allowing us to calculate the fluorescence spectra of 3, 3,10,
and 3-10 upon excitation at this wavelength (Fig. 7). As it
can be seen, the fluorescence spectrum of 3,-10, in which the
energy transfer process is not active, is dominated by the fluor-
escence band of the pyrene, while the spectrum of 3-10 is domi-
nated by the typical fluorescence of the salen complex, as
expected when energy is transferred from the pyrene to this
latter unit. The most likely reason why the energy transfer
process is not efficient in 3,-10 while it is efficient in 3-10 lies
in the different geometry of the pyrene chromophore and 3
in the two different complexes. As a matter of fact, the rate
of the energy transfer process according to the Forster
mechanism*® depends on the overlap among the fluorescence
band of the pyrene and the absorption band of the Al complex,

New J. Chem., 2003, 27, 692-697 695
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Scheme 1 Schematic energy level diagram of the 3,-10 (a) and 3-10
(b) adducts and the photophysical process involved.

which do not change substantially on going from 3,-10 to 3-10,
and on the distance and mutual orientation of the different
chromophores, which on the contrary are expected to change
upon changing the complex. These two parameters are also
very important in determining the electronic coupling that
governs the rate according to the Dexter mechanism.

Conclusions

We have presented here the photophysical properties of a large
family of salen complexes, which nowadays find widespread
use in catalysis and material chemistry. Five of the eight

I (arb.units)

A/ nm

Fig. 7 Calculated fluorescence spectra (Aex. = 325 nm) of the species
formed during the titration of 3 with 10: 3 (— — —), 10 (---), 3,-10
( ), and 3-10 (——).
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complexes reported in this work show a large, untructured
fluorescence band, originating from singlet ligand-centred
excited states, having a geometry considerably distorted com-
pared to that of the ground state. Among these complexes, 3
shows the most interesting properties, since it exhibits good
chemical stability and has a quite large fluorescence quantum
yield. In addition, the fluorescence properties can be changed
in the presence of coordinating species such as carboxylate
anions and, if suitable groups are attached to the anchoring
function, supramolecular systems with interesting properties
can be designed and characterised. In particular, if the 1-pyre-
nebutanoate anion is used, a very efficient energy transfer pro-
cess can occur from the pyrene unit to the salen complex in the
1:1 3-10 complex. Interestingly, this process is not efficient in
the 3,-10 complex.
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