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Novel 5,15-bis(9-anthracenyl)porphyrin derivatives (1a, 1b) were synthesized by stepwise Suzuki-type
coupling reactions using anthracenyl-boronates bearing various electronically active moieties.
Absorption spectra of these porphyrin conjugates reveal some degree of delocalisation with the directly
linked chromophores, particularly in the case of anthracenyl-porphyrin bearing dimethylanilino
moieties at the two extremities. Fluorescence and 77 K phosphorescence properties indicate that the
excitation energy is invariably funnelled to the lowest singlet and triplet states of the porphyrin
chromophore. The latter levels have been probed also by transient absorption spectroscopy, showing the
typical triplet features detected in meso-substituted porphyrins. Extensive electrochemical studies have
been performed to unravel the electronic properties of the newly synthesized porphyrins.
Low-temperature cyclic voltammetry investigations showed that the anthracenyl-porphyrins are
capable of undergoing as many as four electron transfer processes. In particular, by means of
UV-Vis-NIR spectroelectrochemical measurements, a NIR-centred intramolecular photoinduced
intervalence charge transfer (IV-CT) from a neutral N,N-dimethylanilino moiety to the
N,N-dimethylanilino radical cation has been observed for the doubly-oxidised porphyrin 1b2+. The
molecules also showed unexpected electrogenerated chemiluminescence properties, which revealed to be
largely controlled by the electronic characteristics of the peripheral anthracenyl substituents. The
structural and the electronic properties of these complexes have been also characterised by DFT
calculations, as well as by X-ray crystallographic analyses.

Introduction

Understanding the electronic communication among the
p-conjugated constituents of multicomponent architectures is
essential toward the development of new organic materials for
several applications including light-harvesting antennae and pho-
tosynthetic reaction centres, light-emitting diodes, photovoltaic
cells, field-effect transistors and non-linear optics.1,2 In particu-
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eUniversità degli Studi di Bologna, Dipartimento di Chimica “G. Ciamician”,
Bologna, Italy. E-mail: francesco.paolucci@unibo.it; Fax: + 39-051-
2099456
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lar, molecules in which both distance and orientation between
electronically-active donor and acceptor functions are accurately
known provide a useful vehicle for understanding the mechanism
of electron and/or energy transfer.1,3 In this respect, a great deal
of academic and industrial research is focused on the development
of new tuneable electrochemiluminescent organic materials with
the aim of fabricating organic light emitting devices (LEDs).4–6

The basic requirements for an organic electroluminescent material
are the capability to undergo charge transfer to an electrode,
to transport electron/holes in the solid phase and to emit
visible light following electrical stimulation.5,7 Tuning the energy
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) plays a
crucial role in optimizing the performances and properties of
the materials because it allows suitable matching of the device
interfaces.5

With their unique photophysical properties in the ground and
excited states, porphyrins are very successful functional molecular
modules.8,9 Their electronic features are largely exploited to design
optical materials and devices.10,4,11 Notably, their narrow HOMO-
LUMO gaps (if compared to the other monomeric aromatic
scaffolds) make them very attractive modules for the construc-
tion of large p-conjugated molecules in which the electronic
properties can be extensively tuned by varying the macrocycle
porphyrin peripheral substituents or by selecting the central metal
ion.12,13,14 Porphyrins have been largely used in multicomponent
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assemblies in which the photo- and/or electroactive units are
fixed in a certain spatial orientation.15 They have mainly been
connected following three approaches: coordination through
the metal centre, weak intermolecular interactions through the
organic framework (e.g. hydrogen bonds) or covalent bonding
through rigid spacers.8,13,16 While the non-covalent approach
often leads to weak electronic coupling extended to one-,17

two-,18 and three-dimensional19 supramolecular structures, the
covalent strategy allows fine-tuning of the electronic interaction.
Typically this is accomplished by choosing covalent spacers
that can vary in size, shape, and electronic structure. Therefore,
the choice of the appropriate substituent and/or linkage is
the key step in the design of multicomponent porphyrin-based
ensembles.

The present work focuses on the synthesis, optical, electro-
chemical, and electrochemiluminescent properties of conjugated
5,15-bis(9-anthracenyl)porphyrin Zn complexes (1a–b, Scheme 1)
that featured orthogonal anthracenyl moieties displaying various
degrees of electronic density as also shown by comprehensive
computational modelling performed at the DFT/BLYP level of
theory. Fluorescence, including quantum yields and lifetimes,
and 77 K phosphorescence properties along with transient
absorption spectroscopy indicate that the excitation energy is
invariably funnelled from the anthracenyl moieties to the low-
est singlet and triplet states of the porphyrin chromophore.
Comprehensive electrochemical investigations revealed that all
porphyrin-anthracenyl derivatives are capable of undergoing
reversible multiple electron-transfer processes, the energy of
which is controlled by the peripheral anthracenyl substituents.
Moreover, the molecules showed unexpected electrogenerated
chemiluminescence properties in solution, which is also controlled
by the electronic characteristic of the peripheral anthracenyl
substituents.

Results and discussion

Synthesis

Attempts to covalently link tetrapyrrolic macrocycles to highly
fluorescent units such as anthracenes, have been mainly limited to
position 120 because of the difficulties in preparing on a large
scale meso-substituted 9-anthracenyl porphyrins via a classical
condensation reaction starting from 9-anthraldehyde and pyrrole
due to steric limitations occurring during the porphyrinogen for-
mation step.21 Therien and co-workers firstly reported a porphyrin
functionalized at the b-position with a 9-anthracenyl moiety,22

while very recently Anderson and co-workers reported the first
mono-functionalisation of porphyrin derivatives at the meso-
position.23 The target compounds 1a–b were obtained by Suzuki-
type cross-coupling between diiodo-porphyrin 2 (which has been
prepared by iodination of porphyrin 3 in the presence of I2 and
AgPF6)24,25 and boronates 4a–b, respectively, in the presence of
[Pd(PPh3)4] and Cs2CO3 in PhMe/DMF at reflux temperature
(Scheme 1).25 Addition of DMF as a co-solvent was crucial to
obtain the final compounds. Precursors 4a–b were prepared by us-
ing 4,4,4¢,4¢,5,5,5¢,5¢-octamethyl-2,2¢-bi(1,3,2-dioxaborolane) and
5a–b, respectively, in the presence of [Pd(PPh3)4] and AcOK in
PhMe. Reference porphyrin derivative 7 was also synthesised
following the same synthetic methodology as that used for 1a.
All compounds were isolated by flash column chromatography on
silica gel and were fully characterised by 1H-and 13C-NMR, X-ray,
FT-IR and UV-visible spectroscopy.

Single crystals of porphyrins 1a–b were grown by slow diffusion
of H2O into MeOH \ CH2Cl2 and MeOH \ Pyr \ CHCl3 solutions
for 1a and 1b, respectively, and used for X-ray crystal structure
analyses (Fig. 1a–b). The unit cell for the crystal of molecule
1a is triclinic with P1̄ symmetry whereas 1b is monoclinic with

Scheme 1 Synthesis of the N,N¢-dimethylaniline-bearing 5,15-bis(9-anthracenyl)porphyrins. Ar = 3,5-Di(tert-butyl)phenyl.
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Fig. 1 Molecular structure of 1a (Fig. 1a) and 1b (Fig. 1b) in the crystal.
Atomic displacement parameters obtained at 233 K are drawn at the 50%
probability level. Atom colours: blue N, grey C, red Zn.

C2/c symmetry. The refinement was performed by introducing
2.5 molecules of CH2Cl2 in the asymmetric unit for 1a and three
CHCl3 molecules, among which two were partially disordered, and
half a molecule of CH2Cl2 for 1b. The electron density maps and
the refinement of the structures revealed in the asymmetric unit the
presence of a half porphyrin molecule in 1a (i.e., Zn atom of the
porphyrin lies on an inversion centre) and a whole macrocycle in
1b, with the Zn(II) ion coordinated in the centre of the tetrapyrrole
ring with an average Zn–N distance of 2.04 and 2.06 Å for 1a
and 1b, respectively. For porphyrin 1b, the metal ion makes an
extra coordinative Zn–N contact of 2.15 Å with a molecule of
pyridine orthogonally nested atop the porphyrin ring. The fifth
coordination caused a displacement of the Zn(II) ion out of
the porphyrin plane of 0.33 Å towards the pyridine ligand. The
X-ray crystal structures reveal the nearly orthogonal arrangement
of the 9,10-anthracenyl moieties with respect to the porphyrin
ring and, for molecule 1b, also orthogonal to the terminal N,N-
dimethylanilino residues. The plane of the two aryl groups is
twisted of about 64◦ and 90◦ with respect to the tetrapyrrolic
ring, for 1a and 1b, respectively.

Photophysical studies

The electronic absorption spectra of porphyrin derivatives
1a–b and 7 in toluene (PhMe) solutions are depicted in Fig. 2a,
in comparison with the reference porphyrin system 3.25 Both
the intense Soret band around 420 nm and the whole Q-band

Table 1 Photophysical data in PhMe

298 K 77 K

Fluor. Fluor. Phosphoa

lmax [nm] t [ns] U lmax [nm] lmax [nm] t [ms]

4a 428 6.8 0.48 417 c c

6 336 3.2 0.08 336 419 1200
4b 465 0.5,5.7 0.08 451 c c

3 632b 2.5 0.02 631 742 51
1a 648b 2.55 0.02 648 770 35.6
7 616b 1.8 0.03 628 790 27.4
1b 648b 2.4 0.02 598 770 23.8

a Emission recorded with a delay of 0.02 ms to cut off the shorter lived
fluorescence signal. b From the fluorescence spectrum corrected for the
detector response. c No emission detected.

envelope are red-shifted by 25–30 nm suggesting electronic ground
state delocalisation with the directly linked chromophores, namely
anthracene, aniline, and N,N-dimethylanilino-anthracene. The
perturbative effect is particularly strong with the aniline residue
(7) where broadening of the Soret band and strong variations in
the relative intensity of the Q transitions are peculiarly observed.
Comparison of the spectra of the conjugates with the summation
of the spectra of the component units (Fig. S1†) also emphasizes
the substantial conjugation of the two moieties; in particular,
the anthracenyl-centred absorption around 350 nm is strongly
reduced and largely masked by the porphyrin-centred absorption
in molecules 1a–b.

The relatively intense fluorescence spectra of 1a–b and 7 in
PhMe are depicted in Fig. 2b and are attributable to deactivation
from the porphyrin singlet upon comparison with porphyrin
reference 3; the spectra of the 5,15-bis(9-anthracenyl)porphyrins
1a–b are virtually superimposable. Detailed photophysical data,
including fluorescence quantum yields, singlet lifetimes at 298 K
and phosphorescence data at 77 K are collected in Table 1. Spectral
onsets of singlet and triplet emission features are slightly red-
shifted in the three conjugates relative to porphyrin reference 3,
in line with the absorption trends. The emission spectral shapes
are very similar to the reference compound, except for molecule
7, also in analogy with absorption spectra. The latter compound
exhibits the shortest singlet lifetime and the largest fluorescence
quantum yield (Table 1). Porphyrins 1a–b and 7 show a long-lived
(ms timescale) emission band above 700 nm at 77 K, attributed
to deactivation of the lowest lying porphyrin-centred triplet,26 in
analogy with porphyrin precursor 3.

In general, the emission properties of porphyrins 1a–b and 7
are similar to each other and comparable to those of 3 (Table 1).
Notably, all of the fragments appended to the porphyrin unit are
even more powerful fluorophores than the porphyrin reference
3 itself (Table 1, Fig. S2†), but the related singlet levels are
quenched in the conjugates. The energy content of the singlet
level of each fragment can be estimated from the highest energy
fluorescence feature. The porphyrin singlet of molecule 3 is located
at approximately 2.1 eV (580 nm), i.e. substantially lower lying
than those of the molecular substituents 4b, 5a, and 6 all placed
well above 2.6 eV (Table 1). Hence, singlet energy transfer may take
place in the conjugates. At 77 K triplet energy transfer also occurs
to the low lying porphyrin triplet (ca. 1.6 eV) from the upper lying
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Fig. 2 Absorption (a) and emission (b) spectra of 3 (black), 1a (green), 1b (blue), 7 (red) in toluene (PhMe). The intense Soret absorption bands are
magnified in the inset. Fluorescence bands are recorded in PhMe and corrected for the detector response (full lines); phosphorescence bands (dashed
lines) are taken in 77 K PhMe rigid matrix.

triplets of substituent 6 (>2.9 eV) and the anthracenyl moiety
(ca. 1.8 eV).27

The nanosecond transient absorption spectra of porphyrins
1a–b, 3, and 7 in O2-free toluene solutions are reported in Fig. 3.
They are very similar to each other and exhibit the classical profile
of porphyrin triplets28 in the tens of microsecond timescale (see
Fig. 3). These findings are in line with those of meso-substituted
porphyrins29 and confirm the strong similarities among the various
systems, as observed for the singlet excited state properties.

Computational studies

To shed further light upon the origin of the electronic properties of
porphyrins 1a–b, we carried out computational studies employing
the CPMD program30 package at the DFT/BLYP31,32 level of
theory and Gaussian 03 program package33 with 6-31G basis
set and the B3LYP exchange correlation functional.32,34 Selected
structural parameters of molecules 1a and 1b are reported in
Table S3,† and show that the structure of the central porphyrin

Fig. 3 Transient absorption spectra of 3 (a), 1a (b), 7 (c), 1b (d) recorded at 1, 12, 65 and 180 ms after laser excitation in oxygen-free PhMe solution.
Insets: transient absorption decays at 470 nm; lexc = 532; E = 1 mJ/pulse.
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complexes is not affected by the presence of the dimethylanilino
substituents. In addition, the geometries are rather insensitive
to the exchange correlation functional used in the calculations.
The only bonds that change substantially are the Zn–N bonds,
which are revealed to be slightly overestimated in the BLYP
calculations,35 while the tetrapyrrolic rings are almost identical.
Differences are, however, observed in the electronic structures of
both porphyrin arrays 1a–b.36 In porphyrin 1a, the Kohn–Sham
HOMO and the LUMO orbitals are localised over the tetrapyrrolic
rings (Fig. 4 and Fig. S3–4†) as opposite to porphyrin 1b in
which, due to the presence of the peripheral electron donating
substituents, the HOMO is localised on the N,N-dimethylanilino-
anthracenyl moiety, while the LUMO is localised on the central
rings (Fig. 4 and Fig. S3–4†). Considering also the Hartree–
Fock molecular orbitals (Fig. 4 and Fig. S3–4†) calculated on
the same optimised geometries (the same orbitals were observed
also on Hartree–Fock optimised geometries) we observe that the
HOMO and the LUMO of 1a are unaltered, while in porphyrin 1b
the HOMO involves the central porphyrin rings. However, small
differences are observed in the energies of the highest occupied
states, which make their relative energies highly dependent on the
level of theory. In fact, a relative shift in energies of the orbitals
close to the HOMO and LUMO is observed in the Hartree–
Fock and Kohn–Sham orbitals for both molecules. Thus, we
should remark that this provides only a qualitative picture of the
electronic structure of the molecules. We have also considered

complexes 1a and 1b in their single and double oxidation states
(Table S3†). B3LYP optimised geometries show a small shortening
of the C3–C4 bonds as the oxidation proceeds, which comes
along with a progressive change of the torsional angles between
the tetrapyrrolic ring and the anthracenyl moieties (Table S3).
In molecule 1b this feature mainly involves the torsional angles
between the dimethylanilino and the anthracenyl moieties. As the
oxidation proceeds, the torsional angles progressively depart from
90◦. The electronic structure analysis of the oxidised complexes
reveals that the HOMO orbital localised on the tetrapyrrolic
rings of 1a moves on the anthracenyl rings upon single and
double oxidation, while the LUMO orbitals of 1a and 1a+ are
similar and localised on the tetrapyrrolic ring and that of 1a2+ is
completely delocalised on the different moieites. In contrast, the
HOMO orbital is always localised on both N,N-dimethylanilino-
anthracenyl substituents upon single and double oxidations, while
the LUMO localised on the tetrapyrrolic rings in the neutral
and the singly-oxidised state becomes delocalised over the N,N-
dimethylanilino-anthracenyl substituents at the second oxidation.
The electronic structure of the oxidised species is consistent for
both DFT and Hartree–Fock level of theory.

Electrochemistry

To assess the electronic properties of 1a–b, their electrochemi-
cal behaviour was investigated in tetrahydrofuran (THF), with

Fig. 4 Kohn–Sham (a) and Hartree–Fock (b) HOMO and LUMO orbitals of 1a, 1a+, 1a2+, 1b, 1b+ and 1b2+ (the 3,5-di(tert-butyl)phenyl groups have
been replaced by H atoms).
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tetrabutylammonium hexafluorophosphate (TBAH) as support-
ing electrolyte. All potentials are referred to SCE. Five reversible
redox couples (Fig. 5a) were observed for molecule 1a: three reduc-
tions (at -1.39, -1.80, and -2.19 V) and two oxidations (at 0.96 and
1.31 V). While the two oxidations and the first two reductions were
found to correspond to 1-e- transfer processes, the third reduction
corresponds to a 2-e- process. On the basis of the reported redox
behaviour of metallated porphyrins investigated under similar
conditions37,38 and by comparison with the porphyrin model 3
(Fig. 5b), all 1-e- peaks observed in Fig. 5a are attributed to
electron transfer processes involving the tetrapyrrolic ring, while
the 2-e- couple is associated to the reversible reduction of the two
9-anthracenyl residues. The introduction of the two peripheral
N,N-dimethylanilino moieties in position 10 of each anthracenyl
moiety (1b) led to a dramatic change of the voltammetric
properties (Fig. 5c). While the cathodic processes, i.e. the reductive
processes, display a similar pattern (two 1-e- and one 2-e- reduction
peaks at -1.39, -1.80 and -2.19 V, respectively) to that observed for
1a, the anodic processes are radically different. The first oxidation
peak observed at positive potentials (0.95 V) corresponds in fact
to the superimposition of two 1-e- transfer processes occurring
at very close potentials, as typically observed in the presence of
two identical and weakly-interacting redox centres. In view of
their chemical equivalency, such a peak might then involve the
peripheral N,N-dimethylanilino-anthracenyl moieties rather than
the central porphyrin core. On the other hand, the peak is located
at nearly the same potential as in molecule 1a, where its attribution
to a porphyrin-centred process is unequivocal. The hypothesis can
then be made that the two oxidation processes comprised in such
a peak involve each one of the two above moieties, i.e. either the
central porphyrin ring or one of the N,N-dimethylanilino residues.
In line with this hypothesis, low-temperature CV measurements
(Fig. 5d) show a partial resolution of the 2-e- oxidative peak
thus suggesting different temperature coefficients (i.e., different
electron transfer entropies) for the two redox processes (the

Fig. 5 CV curves of (a) 1a (0.5 mM), scan rate: 0.4 V s-1, T = -50 ◦C;
(b) 7 (0.5 mM), scan rate: 1 V s-1, T = 25 ◦C; (c) 1b (0.5 mM), scan rate:
1 V s-1, T = 25 ◦C; (d) 1b (0.5 mM), scan rate: 0.4 V s-1, T = -50 ◦C. All
CVs were performed under ultra-dry conditions.

estimated E1/2 of which are 0.94 and 1.04 V), as expected if
electrochemically non-equivalent redox moieties are involved.
All data have also been interpreted by computational studies
(vide supra). The picture provided by the electrochemical data
is consistent with the HOMO orbitals obtained at the Hartree–
Fock level for 1b and 1b+ (Fig. 4a and Fig. S4†) displaying that
the two first oxidative processes (i.e., at 0.94 and 1.04 V) occur at
the tetrapyrrolic and anthracenyl moieties, respectively. The same
qualitative picture is also observed for 1a (Fig. 4b and Fig. S3†),
although this is not fully consistent with the experimental results.
However, we should take into account that the small energy dif-
ferences between the highest occupied states make this calculation
qualitative and cannot be considered, in this case, of absolute
interpretation. Additionally, at low-temperature, two more 1-e-

oxidation peaks (at 1.23 and 1.46 V, respectively) were observed
at more positive potentials, which could be attributed to either
the second oxidation of the porphyrin core or to the oxidation of
the second N,N-dimethylanilino moiety. Interestingly, such peaks
display a significant larger half-peak width than the preceding
peaks thus suggesting an increased activation barrier for these
charge transfer processes. The separation between the second and
third process (190 mV) is significantly smaller than that between
the successive oxidations of the porphyrin core in molecules 1a
(350 mV) and 3 (370 mV): the process at 1.23 V would then
correspond to the oxidation of the second N,N-dimethylanilino
moiety while that at 1.46 V to the second oxidation of porphyrin.

UV-Vis-NIR spectroelectrochemistry

With the aim of confirming the attribution of the redox processes
given above, a UV-vis-NIR spectroelectrochemical investigation of
the two bisanthracenyl-porphyrins 1a–b was carried out at room
and low temperature (-35 ◦C) in THF, under the same strictly
aprotic conditions used for the CV studies. Fig. 6a compares
the electronic absorption spectra of molecules 1a–b. The two
species show very similar spectra where both porphyrin-centred
and anthracenyl-centred transitions are observed. In particular,
the B (Soret) band is centred at 431 and 432 nm for 1a and
1b, respectively (the Q bands at 557 and 595 nm and at 558
and 596 nm for 1a and 1b, respectively). The two anthracenyl
moieties are instead responsible for the transition at 255 nm,
while the anthracenyl-centred typical, low-intensity, absorption
bands in the 300–400 nm range are partly covered by the intense
porphyrin B band.39,40 Fig. 6b and 6c show the absorption
spectra of 1a–b respectively at various applied potentials. At
potentials corresponding to the first and second reductions of the
complexes, both spectra undergo the typical changes associated to
the generation of porphyrin-centred p radical anions and dianions:
during the first reduction, small changes are observed in the
Soret band and the two Q bands of both species, i.e. the bands’
intensities decrease and shift to higher wavelengths.41,42 The second
reduction of both complexes brings about more dramatic changes
in the spectra, i.e. a pronounced intensity decrease of the Soret
and Q bands and the appearance of new low-intensity absorption
bands at 701–703 nm and 891–893 nm,38,41,43 also associated to the
formation of porphyrin-based dianions. No significant change was
observed with the third 2-e- reduction that, according to the above
analysis of CV behaviour, is centred at the anthracenyl fragments:
the weak absorption bands of the reduced anthracenyl moieties39,44
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Fig. 6 (a) Thin-layer electronic absorption spectra of porphyrins 1a (red
trace) and 1b (blue trace) in 0.5 mM in 0.08 M TBAH/THF solutions.
(b) Spectral evolution upon exhaustive reduction of 1a at various poten-
tials: -1.6 V (blue line); -1.8 V (red line); -2.0 V (green line). (c) Spectral
evolution upon exhaustive reduction of 1b at various potentials: -1.6 V
(blue line); -1.8 V (red line); -2.0 V (green line). T = 238 K. Potentials are
referenced to SCE.

are likely masked by the intense bands associated to the porphyrin-
based dianion. All spectral changes were totally reversed upon
performing the potential-controlled re-oxidation of the porphyrin
solutions, confirming the reversibility of all the redox processes in
the present conditions, even in the relatively longer time scale of
thin-layer bulk electrolysis.

A rather different and, to some extent, unexpected spectro-
electrochemical behaviour was found comparing the reversible
oxidations of the two porphyrins. Figs. 7a,b compare the UV-vis
absorption spectra of porphyrins 1a–b at potentials corresponding
to the first and second oxidations of the two complexes. In the case
of 1a (Fig. 7a), the spectral changes closely match those associated
to the generation of the porphyrin-based p cation radical and
dication:45 the Soret bands shift to higher energies with a decreased
intensity while the Q bands collapse completely already at the
level of the first oxidation. Other changes are observed at longer
wavelengths, as illustrated in the difference spectra shown in
Fig. 8a. Along with the bleaching associated to collapsing of the
Q bands, the broad absorption band with a maximum at 632 nm
and a shoulder at 672 nm was unambiguously attributed to the
porphyrin-based radical cations by comparison to the reported
spectra of similar oxidised porphyrins.46 The UV-vis absorption

Fig. 7 Thin-layer electronic absorption spectral evolution upon exhaus-
tive oxidation (a) of 1a at 1.3 V (blue line) or 1.8 V (red line) and (b) of 1b
at 1.1 V (blue line); 1.9 V (red line). T = 238 K. Potentials are referenced
to SCE.

Fig. 8 Difference absorption spectra of (a) 1a or (b) 1b solutions, under
the conditions of Fig. 2. In the inset, enlarged views (560–1000 nm) of the
difference spectra of 1b at 1.1 V (blue) or 1.8 V (red) and of 1a at 1.3 V
(dashed line) are displayed. T = 238 K. Potentials are referenced to SCE.

spectrum obtained for 1b at potentials that correspond to its first
2-e- oxidation (1.1 V) is shown in Fig. 7b (blue line).

It displays spectral changes analogous to those observed for
1a, thus suggesting that the oxidation involves the porphyrin
core with, however, some notable differences both in the 640–
680 range (see also Fig. 8b) and in the spectral region between
750 and 2000 nm (Fig. 8b) that deserved a closer inspection. The

2408 | Org. Biomol. Chem., 2009, 7, 2402–2413 This journal is © The Royal Society of Chemistry 2009



increased absorbance in the 640–680 nm range (compare, in the
inset of Fig. 8b, the blue and the black dashed trace of 1b2+ and
1a+, respectively) is attributed to the N,N-dimethylanilino-centred
radical cations that are known to exhibit absorption maxima at
around 650 nm.

This is in line with the CV behaviour of molecule 1b, in which the
first 2-e- oxidative wave would involve, together with the oxidation
of the porphyrin core, one of the peripheral N,N-dimethylanilino
moieties. According to such an attribution, an absorption band
associated with an intramolecular photoinduced intervalence
charge transfer (IV-CT) from a neutral N,N-dimethylanilino
moiety to the N,N-dimethylanilino radical cation can be expected
in the NIR region as revealed by the deconvolution spectra of
the absorption profile shown in Fig. 9a. Herein, three distinct
bands are observed, at 11524 cm-1 (863 nm), 10662 cm-1 (938 nm)
and 8661 cm-1 (1155 nm), respectively. In particular, because of its
very large bandwidth (~6000 cm-1), the component at 10662 cm-1 is
likely to be associated to the above IV-CT transition. As a matter of
fact, as molecule 1b is further oxidised at potentials corresponding
to the second set of oxidation peaks, i.e. 1.9 V, along with the
oxidation of the second N,N-dimethylanilino moiety, such a band
disappears (Fig. 9b).

Fig. 9 Absorption spectra of 1b solutions displaying the gaussian
deconvolution (see dashed lines) of the bands in the NIR region: (a) 1.3 V
and (b) 1.8 V. The red lines display the reconstructed spectra.

According to the Hush theory,47 one can deduce the electronic
coupling integral, HAD, from the IV-CT band maximum and shape.
Assuming an N–N distance between the two N,N-dimethylanilino
moieties of about 2.8 nm, a rather small HAD value of about
120 cm-1 is obtained. The band at 11524 cm-1, whose intensity
in fact doubles on passing from 2-e- to 4-e- oxidised 1b, is likely to
be associated to the N,N-dimethylanilino radical cation. Finally,
the latter process had also small effects on the longest wavelength
component of the NIR band, that has shifted by 50 cm-1 to
higher wavenumbers and the intensity of which has decreased
by ~30% (Fig. 9b). Notably, in the final spectrum, the presence
of a structured band, with maxima at 359, 376 and 396 nm

(Fig. 7b) would suggest the presence of oxidised anthracenyl
groups. We can thus infer that, in the higher (>2-e-) oxidised states,
1b could rearrange to a structure characterised by an expanded
p-conjugation where the charge is partly spread throughout the
system, and in particular over the anthracenyl moieties. For
instance, as testified by the presence of the IV-CT band for the
1b2+ species, we can envisage that a partial planarisation of the
whole structure would possibly occur for 1b2+ through a partial
quinoidalisation of the N,N-dimethylanilino-anthracenyl moieties
(see Fig. 10 structures 1bqc

2+ and 1bqt
2+), although a fully planar

structure would be too strained to form. In order to support this
assumption, computational studies were performed on molecule
1b2+ in which the two N,N-dimethylanilino-anthracenyl moieties
are rotated by 90 degrees and thus in partial conjugation through
a quinoidal form (i.e., which originates the IV-CT band) with
the central porphyrin ring. In particular, we have considered
either the quinoidal complex 1b2+ with both N,N-dimethylanilino-
anthracenyl moieties on the same (1bqc

2+) or on opposite sides
(1bqt

2+) with respect to the plane defined by the tetrapyrrolic
ring. Due to the presence of close unfavourable contacts between
the anthracenyl and the N,N-dimethylanilino fragments (shortest
close contacts are 1.96 Å for both 1bqc

2+ and 1bqt
2+, respectively)

both structures turned out to be quite unstable (DE = +71 and
+86 kcal mol-1, for 1bqc

2+ and 1bqt
2+, respectively) with respect

to that of 1b2+ (i.e., in which the two N,N-dimethylanilino-
anthracenyl substituents are perpendicular). Thus, it is quite
unlikely that such compounds could be isolated. Moreover,
because of the strain energy associated to the formation of such
quasi-planar structures, the generating oxidations (i.e. the third
and/or fourth processes) are likely to be rather slow charge transfer
processes, and this is in full agreement with the observed CV
behaviours (vide supra). Long wavelength absorptions (1100–1200
nm) have also been reported recently for quinoidal porphyrin

Fig. 10 Planarisation of porphyrin 1b upon oxidation: formation of
quinoidal (1bqc

2+ and 1bqt
2+) and tape-like (8) porphyrins.
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dimers by Anderson and co-workers,48 which would support our
assumption that the residual NIR absorption observed for the 4-e--
oxidised 1b is caused by a partial planarisation. If we now consider
the oxidative fusion between the tetrapyrrolic ring and the two
anthracenyl substituents, by removing from 2 up to 8 hydrogen
atoms, the tape-like fused anthracenyl-porphyrin derivative 8
(Fig. 10) could be obtained. Considering the reaction with respect
to the 1b2+, the oxidative fusion of the rings is endothermic at
the first step by +1.8 kcal mol-1, and exothermic in the following
steps by -7.2, -4.0 and -11.0 kcal mol-1 (the properties of the
structures corresponding to the progressive fusion of two rings are
given in Table S4†). Thus, molecule 8 was revealed to be more
stable than 1b2+ by 21.4 kcal mol-1. This calculation is further
supported by the recent development from Anderson and co-
workers who first reported the fusion of an anthracenyl moiety
with a porphyrin core.23 Current work is now focused toward the
development of new synthetic methodologies to synthesize newly
fused multianthracenyl-porphyrin derivatives.

Electrochemiluminescence measurements

ECL measurements were performed according to the method
of the co-reactant.49,50,51 Fig. 11 displays the ECL spectra of
compounds 1a–b and 3 obtained in THF solutions. While the
anodic oxidation of 3 in the presence of iPr3N as a co-reactant
displays a negligible ECL emission, molecule 1a produces an
ECL spectrum that, in agreement with the fluorescence spectrum,
displays a shoulder peak at 603 nm and a maximum at 654 nm. The
free energy of the reaction of the porphyrin radical cation with the
electrogenerated iPr3N radical (i.e., 0.96 + 1.1 = 2.06 eV) is close to
the level needed to populate the singlet state of the porphyrin, thus
suggesting that both S- and T-routes are viable for the generation
of ECL. Surprisingly, in spite of the very similar oxidation
potentials of porphyrins 1a–b, ECL was largely suppressed in
molecule 1b. This contrasts with the behaviour of other systems
recently reported, such as phenyl-2-quinolinylethynes,52 where the
presence of strong donor groups on the phenyl moiety was found
to be essential for promoting ECL. The partial localisation of the
oxidation process in 1b on the lateral anthracenyl units provides
a possible rationale for the observed behaviour. The oxidised
anthracenyl unit provides a viable route to the quenching of the
porphyrin-centred excited state. On the other hand, the formation
of anthracene-centred excited state, which may be expected from
the reaction of 1b radical cation with the electrogenerated iPr3N
radical, is energetically unfavoured (energy-deficient reaction) and
so it does not occur.

Fig. 11 ECL spectra of 0.5 mM 3 (red line), 1a (black line), and 1b (blue
line) in THF solutions (+5 mM iPr3N) obtained by pulsing the Pt electrode
between 0.0 and 1.8 V vs. Ag/AgCl at 1 Hz.

Conclusions

A protocol for synthesizing newly designed anthracenyl-porphyrin
derivatives (1a–b) via a Suzuki-type cross-coupling reaction has
been developed. Moreover, functional groups, such as N,N-
dimethylaniline, are readily attached to the lateral position of the
anthracenyl derivative, offering new ways to tune the physico-
chemical properties. Steady-state absorption spectra of the por-
phyrin conjugates reveal some degree of delocalisation with the di-
rectly linked chromophores, particularly in the case of anthracenyl-
porphyrin bearing dimethylanilino moieties at the two extremities
(1b). Fluorescence and 77 K phosphorescence measurements show
that the excitation energy is invariably funnelled to the lowest
singlet and triplet states of the porphyrin chromophore. The
latter levels have been monitored also by transient absorption
spectroscopy, showing the typical triplet features detected in meso-
substituted porphyrins. Multiple reversible redox processes were
observed by means of CV measurements for both anthracenyl-
porphyrin molecules. The presence of the two peripheral N,N-
dimethylanilino residues in molecule 1b lead to dramatic changes
in the anodic region of the CV curve. In particular, for molecule
1a the two first oxidations occur at the tetrapyrrolic ring being the
HOMO and HOMO-1 located at the porphyrin core, whereas for
porphyrin 1b the first two oxidations (i.e., at 0.94 and 1.04 V) take
place at the tetrapyrrolic and anthracenyl moieties respectively.
By means of UV-Vis-NIR spectroelectrochemical measurements,
a NIR-centred intramolecular photoinduced intervalence charge
transfer (IV-CT) from a neutral N,N-dimethylanilino moiety to
the N,N-dimethylanilino radical cation has also been observed
for the doubly-oxidised porphyrin derivative 1b2+. The latter
charge transfer is most probably occurring through a planarised
quinoidal-like structure. By means of the method of the co-
reactant using electrogenerated iPr3N radical it has been shown
that compound 1a displays good ECL properties. Surprisingly,
in spite of the very similar oxidation potentials of porphyrins
1a–b, ECL was virtually suppressed in molecule 1b. The new
anthracenyl-porphyrin derivatives reported here are promising
molecular modules for further scaffolding in either one or two-
dimensions. Indeed, future work will focus on the development of
new synthetic methodologies to further expand the p-conjugation
of the central tetrapyrrolic ring via oxidative fusion of the anthra-
cenyl moieties to prepare extended, bi-dimensional, porphyrin-
based materials.

Experimental section

Photophysics

Absorption spectra were recorded with a Perkin-Elmer l40
spectrophotometer. Emission spectra were obtained with an
Edinburgh FLS920 spectrometer (continuous 450 W Xe lamp),
equipped with a Peltier-cooled Hamamatsu R928 photomultiplier
tube (185–850 nm). Emission quantum yields were determined
according to the approach described by Demas and Crosby53

using [Ru(bipyridine)3Cl2] (Uem = 0.028 in air-equilibrated H2O
solution)54 as standard. Emission lifetimes of the species ab-
sorbing in the UV and VIS regions were determined with two
spectrometers using the time correlated single photon counting
technique with different sources (thyratron gated N2 lamp at
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308 or 337 nm and laser diode at 407 nm), setup details are
reported elsewhere.55 Phosphorescence spectra and related long-
lived decay signals (s-ms timescale) were recorded with a Perkin-
Elmer LS-50B spectrofluorimeter, equipped with a Hamamatsu
R928 PMT. Transient absorption spectra and lifetimes were
detected upon excitation at 532 nm (Nd:YAG laser); details on
the apparatus have been already reported.55

Electrochemistry

All chemicals used were reagent grade. Tetrabutylammonium
hexafluorophosphate (TBAH, Fluka) was used as supporting elec-
trolyte as received. Tetrahydrofuran (LiChrosolv) was treated ac-
cording to a procedure described elsewhere.56 For the voltammetric
experiments, the solvent was distilled into the electrochemical cell,
prior to use, by a trap-to-trap procedure. In the voltammetric
experiments, a one-compartment electrochemical cell of airtight
design was used, with high-vacuum glass stopcocks fitted with
Viton (DuPont) O-rings to prevent contamination by grease. The
connections to the high-vacuum line and to the Schlenk flask
containing the solvent were made by spherical joints fitted with
Viton O-rings. The pressure measured in the electrochemical
cell prior to performing the trap-to-trap distillation of the
solvent was typically 1.0–2.0·10-5 mbar. The working electrode
consisted of platinum disk ultramicroelectrodes (with radius =
62.5 mm) also sealed in glass. The counter electrode consisted
of a platinum spiral, and the quasi-reference electrode was a
silver spiral. The quasi-reference electrode drift was negligible for
the time required by a single experiment. Both the counter and
reference electrodes were separated from the working electrode
by ~0.5 cm. Potentials were measured with the ferrocene or de-
camethylferrocene standards and are always referred to saturated
calomel electrode (SCE). E1/2 values correspond to (Epc + Epa)/2
from CV. Ferrocene was also used as an internal standard for
checking the electrochemical reversibility of a redox couple.
The temperature dependence of the relevant internal standard
redox couple potential was measured with respect to SCE by
a nonisothermal arrangement.57 Voltammograms were recorded
with an AMEL Model 552 potentiostat or a custom-made fast
potentiostat controlled by either an AMEL Model 568 function
generator or an ELCHEMA Model FG-206F. Data acquisition
was performed by a Nicolet Model 3091 digital oscilloscope
interfaced to a PC. Temperature control was accomplished within
0.1 ◦C with a Lauda thermostat. The minimization of ohmic drop
was achieved through the positive feedback circuit implemented
in the potentiostat. ECL was generated by a single oxidative
step according to well established methods.51 The ECL signal
during cyclic voltammetry was measured with a photomultiplier
tube (PMT, Hamamatsu R4220p) placed a few millimetres in
front of the working electrode inside a darkbox with the detec-
tor entrance hole including completely the surface of working
electrode. A voltage of 1000 V was supplied to the PMT. To
register light/current/voltages curves PMT output signal was
sent to a current ultra low noise preamplifier (Acton research
mod. 181). After electronic processing the signal is directly sent
to the second input channel of AUTOLAB. For these types of
measurements PMT was biased at 750 V. ECL spectra were
recorded by inserting the same PMT in a dual exit monochromator
(ACTON RESEARCH mod. spectra pro 2300i). Photocurrent

detected at PMT was accumulated for 3 to 5 seconds depending
on emission intensity, for each monochromator step; entrance and
exit slits were fixed to the maximum value of 3 mm.

Computational studies

The computational models of 1a and 1b and their derivatives
were constructed by replacing the 3,5-di(tert-butyl)phenyl groups
replaced by H atoms. Geometry optimizations of all the complexes
were performed at the DFT/BLYP31,32 level of theory using the
program CPMD,30 with a plane waves (PW) basis set up to an
energy cutoff of 70 Ry. Core/valence interactions were described
using norm conserving pseudopotentials of the Martins–Troullier
type.58 Periodic boundary conditions were applied and we have
used orthorhombic cells of the edge of a = 35.0 Å, b = 15.0 Å, and
c = 15.0 Å for 1a (and its oxidised derivatives) and of a = 24.0 Å,
b = 12.0 Å, and c = 12.0 Å for 1b, its oxidised derivatives as well as
the products deriving from the oxidative fusion 8. Isolated system
conditions59 were applied. Geometries of complexes 1a and 1b were
also optimised with Gaussian33 without symmetry constraints at
the B3LYP/6-31G(d) level.32,34

Synthesis

NMR spectra were obtained on a Varian Gemini 200 spectrometer
(200 MHz 1H-NMR and 50 MHz 13C-NMR) and on a Jeol JNM-
EX400 (400 MHz 1H-NMR). Chemical shifts are reported in ppm
using the solvent residual signal as an internal reference (CDCl3:
dH = 7.26 ppm, dC = 77.16 ppm; CD3OD: dH = 3.31 ppm,
dC = 49.00 ppm; C5D5N: dH = 7.19, 7.55, 8.71 ppm, dC = 123.5,
135.5, 149.5 ppm; (CD3)2SO: dH = 2.50 ppm, dC = 39.52 ppm).
Coupling constants (J) are given in Hz. The resonance multiplicity
is described as s (singlet), d (doublet), t (triplet), q (quartet),
dd (doublet of doublets), m (multiplet), br (broad signal). IR
spectra (KBr) were recorded on a Perkin Elmer 2000 spectometer
by Mr Paolo de Baseggio. Mass spectrometry measurements:
Electrospray Ionization (ESI) performed on a Perkin-Elmer API1
at 5600 eV and Electron Impact (EI) performed on a Ion
trap GCQ Finnigan Thermoquest at 70 eV were recorded at
Università degli Studi di Trieste by Dr Fabio Hollan. Melting
Points (m.p.) were measured on a Büchi SMP-20. Chemicals
were purchased from, Aldrich, Fluka and Riedel and used as
received. Solvents were purchased from JTBaker and Aldrich,
and deuterated solvents from Cambridge Isotope Laboratories.
The solutions were degassed following the “freeze–pump–thaw”
cycles methodology. General solvents such as CH2Cl2, PhMe,
THF, and NEt3 were distilled from Na, Na/benzophenone, and
CaH2 respectively. For the synthesis of the single compounds see
the ESI.†
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