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This paper examines the preparation of tailor-made azaporphyrins and analogues exhibiting their
Q-bands in several particular and predetermined regions of the electromagnetic spectrum. The
applications of phthalocyanines, the possibility of preparing novel related porphyrinoids with different
colour properties and, consequently, new emerging applications, are discussed.

1. Introduction

It is well known that colours result from light. The interaction
between an object and an incident light determines how a human
observer perceives that object. Colour is the visual sensation
produced by the light that an object reflects with wavelengths
within the so-called visible range. The sensation of violet colour
is produced by low wavelength radiation—around 380-450 nm—
whereas a red colour is the consequence of higher wavelength
radiation—625-780 nm. These colours are the limits of the visible
spectrum, which is flanked by the ultraviolet and infrared zones.
Intermediate wavelengths produce blue, green, yellow and orange
colours. The colours that we are able to see are due to the
selective absorption of light by means of chemical compounds—
pigments—or physical phenomena. For instance phthalocyanines,
the main protagonists of this article, absorb in the red and therefore
they have blue—green colours.

Nowadays, colours play an extremely important role not only
in science and technology, but also in our everyday lives. The
technological applications of colour chemistry are expanding in
areas such as photonics, electro-, thermo- and photochromic
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devices, electroluminescence, colour displays, holography, photo-
sensitizers, photodynamic therapy, data storage, solar cells, and
light emitting diodes, among many others."

2. The electronic properties of porphyrinoid
macrocycles

Conjugated tetrapyrrolic macrocycles like porphyrin derivatives
constitute ideal structures to be used as absorbers in a wide region
of the electromagnetic spectrum. In fact, nowadays it is possible
to obtain a porphyrinoid-based structure absorbing in any region
of the visible spectrum. The reason for such versatility arises from
the chemical structure of such macrocycles, and especially the
numerous modifications that may be performed on them, giving
rise to a great assortment of compounds. Therefore, the name
“porphyrin” (1, Fig. 1) was first applied to a class of naturally
occurring, deep red or purple pigments sharing a large aromatic

Fig.1 The basic skeleton of a porphyrin (1) as a free-base and as a metal
complex.
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ring formed by four pyrrole rings that are bound together through
four methylene bridges (meso carbons). This kind of arrangement
produces a flat macrocyclic molecule, whose superior properties
cannot be deduced from those of its parts. However, the name
“porphyrin” is currently associated with a variety of macrocycles
of different composition and size that display a huge number of
different physicochemical properties and applications.?

The optical properties of the porphyrins constitute some of their
most fascinating attributes. Thus, their UV-vis spectra consist
of two absorptions in two different regions, like other aromatic
compounds such as benzene itself. What makes these compounds
so special is the fact that these absorption bands appear in the
near-ultraviolet and in the visible regions, respectively. Porphyrins
display an intense band at 390-425 nm, called a B- or Soret
band, and between two and four weaker bands appearing at 480
700 nm (Q-bands). The exact location, number and intensity of
these bands strongly depend upon the substitution pattern of
the macrocycles as well as whether the porphyrin is metallated
or not and the kind of metal coordinated by the central cavity.
Hence, free-base porphyrins show four Q-bands (IV, III, II and
I, Fig. 2a) with different relative intensities, depending on the
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Fig. 2 Typical UV-vis spectra for (a) a free-base porphyrin and (b) a
porphyrin—metal complex.

functionalization both at the B-pyrrole positions and the meso
carbons, so that the spectra are classified as etio-type, rhodo-
type, oxo-rhodo-type or phyllo-type. Protonation of porphyrins
produces a more symmetrical ring, thus simplifying the spectrum
by Q-band collapse from four to two bands. Metallation of the
macrocycle also gives rise to spectra displaying only two Q-bands,
denoted as o- (appearing at lower energy) and - (Fig. 2b). The
relative intensities of these two bands are intimately related to the
kind of metal used and its coordination mode. Metalloporphyrins
are also catalogued as “regular” or “irregular”, producing normal,
hypso or hyper electronic spectra, respectively. All these modifica-
tions of the UV-vis spectrum occur very often with variation
in the position of the B-band and with concomitant colour
change.

Although there have been many attempts to justify the main
aspects of the porphyrin UV-vis spectrum through detailed
theoretical calculations, Martin Gouterman and co-workers were
the first to successfully interpret the electronic spectrum of the
porphyrins by means of theoretical concepts.** The so-called four-
orbital model postulated by Gouterman uses the two HOMOs
and LUMOs generated by simple Hiickel theory® so that the
frontier orbitals of the basic porphyrin macrocycle are related
to the e, and es orbital levels of a 16- or 18-membered cyclic
polyene. In porphyrin complexes the symmetry is reduced to
D,,. The transitions from the two HOMOs, namely the la,,
and la,,, and the doubly degenerated LUMO, which is the
le,* orbital, account for the typical spectrum of porphyrins
(Fig. 3). Gouterman assumed that the la,, and la,, HOMOs
are accidentally degenerated for porphyrin complexes, despite the
reduction of the symmetry to D,, with respect to the inner cyclic
polyene. As a result, the B- and Q-transitions almost completely
retain their allowed and forbidden characters, with respect to
the corresponding 18 m-electron cyclic polyene. In this situation,
the B-band is the dominant spectral feature since it is allowed.
The Q-bands are forbidden. The fact that they exist is because
of molecular vibrations within the porphyrin ring, which make
them weakly allowed. However, perturbation of the structure can
result in the lifting of this degeneracy for the HOMO orbitals,

8
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Fig.3 The scheme of energy levels in metallated porphyrins with the first
two m—7* transitions, the Q- and B-bands, marked.
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giving rise to spectra with different features to those typical of
porphyrins. With this or other purposes in mind, the porphyrin
molecule can be moulded and adapted to different applications
by simple modification of its basic skeleton. Therefore, porphyrins
can be functionalized with groups of different nature at either or
both of the B-pyrrole positions or at the meso carbons.
Concerning structural changes, the formal introduction of
heteroatoms (nitrogen) at the four meso positions of the porphyrin
basic structure (1 in Fig. 1) affords the porphyrazines® (section
4), whereas the condensation of four benzene rings onto the
pyrrol units gives rise to tetrabenzoporphyrins. The introduction
of both changes at the same time results in the phthalocyanines
(2 in Fig. 4, section 3). The absorption Q-bands characteristic
of all these four types of compounds are shifted to the red with
respect to porphyrins. Although the synthesis of porphyrins and
phthalocyanines has been a matter of continuing scientific interest,
the preparation of new congeners remains an expanding topic.
On this regard, much less synthetic effort has been devoted to
preparing contracted systems that contain only three pyrrole or
isoindole units, respectively, instead of four, like subporphyrins
(section 8),” subporphyrazines (section 5),® and subphthalocyanines
(section 5).° The absorption Q-bands responsible for the colour
of these compounds are shifted to the blue when compared
to their higher homologues. Other contracted porphyrins, like
corroles' as well as core-modified porphyrin analogues' have
also been described. On the other hand, expanded porphyrins and
phthalocyanines® differ from their basic relatives in their larger
central core, while the extended conjugation features are retained.
Among the limitless number of expanded systems that can
be conceived, sapphyrins, texaphyrins and superphthalocyanines

(section 7) are worthy of mention.
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Fig.4 The basic skeleton of a phthalocyanine (2) as a metal complex and
as a free-base.

Over the last two decades we have been devoted to the
synthesis of a large number of phthalocyanine derivatives for
their application in different fields, as well as the in depth study
of other classes of azaporphyrins and the development of new
categories of azaporphyrin analogues. Herein we would like to
highlight not only the colour properties and the applications of
phthalocyanines, but also the possibility of preparing novel related
porphyrinoids with different colour properties and, consequently,
new emerging applications. All this work has given rise to a
collection of azaporphyrin-based absorbers that covers the whole
visible spectrum. In this article we review most of them, with
the emphasis on their optical features and distinctive absorption
regions.

3. From the violet to the red absorbers: the
phthalocyanines

Among the plethora of natural and synthetic dyes and pigments,
a particular macrocycle emerges with its own brilliant blue-green
colour: the phthalocyanines. Phthalocyanines (Pcs, 2, in Fig. 4)!
are some of the best known synthetic porphyrin analogues,
consisting of four isoindole units linked together through nitrogen
atoms. They possess an 18 n-electron aromatic cloud delocalized
over an arrangement of alternating carbon and nitrogen atoms.
Therefore, Pcs can be referred to as tetrabenzotetraazaporphyrins.
Numerous properties arise from their electronic delocalization,
which makes them valuable in different fields of science and
technology.

The replacement of the meso carbons in porphyrin molecules
by aza linkages significantly breaks the accidental degeneracy of
the la,, and la,, HOMO orbitals of the resulting azaporphyrins.
Although not all the studies have been carried out on regular
porphyrins, but also on the corresponding tetrabenzo-fused ana-
logues, detailed analysis of all theoretical and experimental data
has allowed to derive a general trend. Therefore, the sequential
azasubstitution, that is, mono-, di-, tri- and tetrasubstitution,
causes a progressive blue shift of the B-band and a red shift of the
Q-band, with a concomitant decrease and increase, respectively,
of the apparent absorption coefficients.’*'¢ However, there is no
systematic change in the bandwidth of the Soret band and the
splitting of the Q-band for free-base derivatives."”

The situation is extreme for phthalocyanines, since these
macrocycles also contain four fused benzene rings. The benzo
groups break the accidental degeneracy of the top-filled molecular
orbitals as well. Also in this case, we can follow Gouterman’s
model to explain the states that account for the first two or
three allowed transitions in the UV-vis spectrum. The frontier
orbitals of phthalocyanine complexes are still similar to those
of the 16-atom and 18 m-clectron polyene. However, new MOs
located primarily on the peripheral portions of the n-system of
the Pc ring have a major influence on the spectral properties.
For phthalocyanine-metal complexes with D,, symmetry, the 1a,,
and la,, orbitals become widely separated, the la,, lying well
above the la,,, resulting in the observation of a red-shifted Q-
band in the region of 670 nm, followed by a series of vibrational
components, in addition to a hypsochromically shifted B-band,
appearing around 300 nm (Fig. 5).

Furthermore, the mixing between the Q and B excited states is
reduced. Consequently, the forbidden and very weak Q-band of
the porphyrins acquires significant intensity in the case of Pc metal
complexes and is observed as an intense absorption (Fig. 5).

Because of the influence of configuration interactions, only the
la,,— le,* electronic transition that is responsible for the Q-band
closely follows the predictions of the four orbital model (Fig. 6)."
For closed-shell metals, the ground state has ' 4,, symmetry, while
the allowed m* states will be degenerate and have 'E, (x/y-
polarized transitions) symmetry. Besides, the vibronic coupling
in the excited state introduces z-polarized transitions with '4,,
symmetry. Spectral deconvolution and ZINDO calculations have
indicated that there are in fact two transitions in the B region
of the spectrum, corresponding to la,,—le,* and 1b,,—le,*
one-electron transitions. Therefore, Gouterman’s model has been
modified to include separate B, and B, transitions that are
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Fig.5 Typical UV-vis spectra for a phthalocyanine as (a) a free-base and
(b) a metal complex.

Fig. 6 The scheme of energy levels in metallated phthalocyanines with
the first two m— n* transitions, the Q- and B-bands, marked.

superimposed in the 300-350 nm region (Fig. 6)." In many cases,
especially with cyanide as the axial ligand, these two bands are
clearly resolved.

Parallel to that observed for porphyrins, the electronic spectrum
of free-base phthalocyanines is characterized by a split Q-band,
which occurs as a result of the reduction of symmetry from D,,
to D,, on going from the metal complexes to the demetallated
macrocycles (see Fig. 4 and 5). In this case all the states are non-
degenerate, and so the major transitions are polarized in either x
or y directions. z-Polarized transitions are also allowed by vibronic
coupling in the excited states, but these states do not give rise to
major intensity.'®

The above mentioned systems can host a variety of central
metals in their inner cavity—more than 70 in the case of
phthalocyanines—and support different types, either donor or
acceptor, of peripheral and axial substituents. All these changes
allow the tailoring of the electrophysical parameters over a broad
range, giving rise to the modulation of their electronic properties
and optical features. We will analyse the changes in the UV—

vis spectra of phthalocyanines as a function of four different
parameters:

1- The nature of the central metal.

2- The nature and position of the peripheral substituents.

3- The sequential addition of fused benzene rings.

4- The deviation from planarity.

3.1. The nature of the central metal

Unsubstituted phthalocyanine as a free base exhibits a split Q-
band appearing at A,,,(Q,) = 698 and 4,,.,(Q,) = 664 nm." Spectra
of the anion measured in DMSO and stabilized by NH,* appear
like those of a regular complex with D,, symmetry, with a ,,.,(Q)
at 669 nm.* While for some phthalocyanine-metal complexes the
Q-band is reasonably constant in energy on going from one metal
complex to another, some metals induce a considerable shift of
the same band. Conversely, the Q-bands are relatively insensitive
to a change in the axial ligand, unless charge transfer (CT) bands
are introduced. With respect to other absorptions, the envelope
below 450 nm comprises several overlapping bands, that do move
considerably in the last two cases.

Table 1 illustrates the values found for the Q-band in some
representative examples of phthalocyanine-metal complexes. For
a more comprehensive compilation see for example referencel8c.
From Table 1 it is possible to infer that the phthalocyanine Q-
band usually shifts within a range of ca. 100 nm (between 620
and 720 nm) as a function of the metal size, coordination and

Table 1 Values found for the Q-band for some representative examples
of phthalocyanine-metal complexes

Complex Solvent Amax(Q)/nm  Ref.
Li,Pc CH,Cl, 667 z
MgPc THF 670 223,24
(imid),MgPc CH,Cl, 672 23,25
CIAI(11)Pc THF 675 2
Ge(11)Pc DMSO 655 7
Sn(1)Pc DMSO 682 z
Pb(11)Pc DMSO 702 z
CL,SiPc Py 699 3
(OH),SiPc THF 667 »
R,SiPc THF 668 3
P(v)Pc Py 653 »
VOPc CH,Cl, 690 30
(N-Me-imid),Mn(11)Pc DMA 667 3132
Mn(i1)Pc Py 666 33,34
Mn(11)Pc DMA 674 3la
LPcMn(111)-O-Mn(1m)PcL. DMA 616 $1a.32
(OH)Mn(u1)Pc DMA 718 »
L,Fe(i1)Pc Py 650-670 3
[(c-alkyl)Fe(1)Pc]~ o-Cl naphthalene 707 36
[(CN),Fe(ur)Pc] CH,Cl, 685 7
[(CN),Fe(m)Pc] CH,Cl, 667 37
[Fe(ir)Pc,O Py 620 3.9
Co(1)Pc Py 704 “
Co(1)Pc DMSO 657 a
(CN-),Co(ur)Pc DMSO 673 “
Ni(m)Pc a-Cl naphthalene 670 z
Cu(m)Pc a-Cl naphthalene 678 2
Zn(i)Pc CH,Cl, 671 250
(Py),Ru(ir)Pc CH,Cl, 622 °
(CO)DMFRuPc CH,Cl, 638 4
Py,Rh(i)Pc DMF 661 “
(CO)PyOs(11)Pc CHCI, 632 4
LnPc, CH,CIl, 665 46
(acac), ThPc PhCN 684 4
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oxidation state. A remarkable exception is constituted by the
deep red titanium and manganese phthalocyanines that have been
reported with Q-band maxima at strongly shifted values of 808 nm,
and 808, 828 and 893 nm, respectively.?* Compared to the free-base
phthalocyanine, the species with closed-shell metals e.g. lithium(1),
magnesium(Ir), or zinc(r) show A, values around 670 nm. In
contrast, the specimens with open-shell metal ions that interact
strongly with the phthalocyanine ring, such as iron(11), cobalt(1r)
or ruthenium(1r) have Q-bands shifted to the blue with absorption
maxima at around 630 to 650 nm.

The UV-vis spectrum of Li,Pc corresponds to the spectrum of
the Pc dianion Pc*~. The spectrum of Mg(11)Pc shows the presence
of an unperturbed phthalocyanine n-system. Similar spectra are
displayed by Al(i)Pcs. With respect to the group 14, the Q-
bands for the M(11)Pc complexes red shift on going down from
Ge to Pb, to reach values of up to 700 nm. The spectrum of a
P(v)Pc phthalocyanine has been reported to be that of a regular
phthalocyanine complex, while vanadyl phthalocyanine exhibits
quite red-shifted Q-bands.

The optical properties of phthalocyanines metallated with Mn,
Fe and Co allow us to distinguish the oxidation state of the central
metal very well. In addition, higher energies for the Q-bands
are symptomatic of oligomerization through oxo-bridges. For
example, the spectroscopic data reported for monomeric Mn(11)Pc
in different solvents show that the solvents coordinate to the metal
ion and that the well-resolved Q-band is sensitive to the axial
ligand. Thus, the p-oxodimer is prevalent in the presence of oxygen,
water and mild acids and is uniquely characterized by a Q-band
near 616 nm in DMA. On the other hand, absorption in the 710—
720 nm region has been suggested as a diagnostic for monomeric
(OH)Mn(1)Pc. Iron phthalocyanines also exhibit complicated
axial ligand chemistry with consequences in their UV-vis features
which have been deeply studied.’® In the presence of strongly
coordinating solvents or ligands, the Q-band is observed in the
650-670 nm range. Besides, the Q-band region has been shown to
be very sensitive to metal oxidation. Hence, /,,.,(Q) appears at 667
for Fe(11), while for Fe(1m) it is bathochromically shifted to 685 nm.
p-Oxodimers such as [Fe(11)Pc],O absorbers exhibit the major
visible region maximum at 620 nm. Similarly to MnPc and FePc,
the spectroscopic properties of CoPc¢ are dominated by reactions
taking place at the metal center. The absorption spectrum of
Co(1)Pc is marked by a rather weak Q-band at 704 nm, which
shifts to the red in Co(11)Pc, appearing well resolved at 658 nm.
Besides, a typical Co(1m1)Pc spectrum gives a Q-band at 673 nm.
Because of its potential utility as a catalyst, Ru(ir)Pc, has been
extensively studied. L,Ru(1r)Pc typically shows a poorly resolved
Q-band at 640 nm, due to the presence of additional bands that
lie under the n—n* singlet (Fig. 7). Conversely to what could be
expected, oxidation to Ru(1ir) does not readily occur.®®

3.2. The nature and position of the peripheral substituents

Peripheral substituents play an important role in the tuning of the
absorption bands of both phthalocyanine free base and the metal
complexes. The Q-band can be shifted with the same additivity
when the same kind of substituents are introduced at the same
position of each benzene ring in a Pc macrocycle. The effect of
introducing a plurality of substituents of different nature on each
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Fig. 7 UV-vis spectra of Zn(Il)tetra-zert-butylphthalocyaninato (black
line) and Ru(1r)(pyridyl),(tetra-zert-butylphthalocyaninato) (grey line).

benzene unit has been recently examined.* Some representative
examples are given in Table 2 and Fig. 8.4

Phthalocyanines 3 and 4 are constituted of a mixture of C,, C,,,
D,;, and C,, isomers, although for compounds 4 only the C,; isomer
is represented in Fig. 8. For the free base macrocycles (Q,+ Q,)/2
indicates the Q-band’s position. Hence, the reference values for
the unsubstituted phthalocyanine free base (R = H, M = H,) and
zinc(11) complex (R = H, M = Zn) are found at 4,,,,(Q) = 681 and
670 nm, respectively. As can be deduced from Table 2, electron-
donating groups shift the Q-band to longer wavelengths. The effect
is stronger when the substituents are located at the a-positions
of the benzene ring. Thus, for example Zn(11)phthalocyaninato

Table 2 Electronic absorptions found for the Q-bands of phthalocyanines
bearing either electron donor or acceptor groups at the ortho or meta
positions of the benzene rings

Phthalocyanine M  Substituent Number Position  A,,(Q)/nm
3a Zn NO, 4 m 671
4a Zn NO, 4 0 669
3b Zn SO,Ph 4 m 677
4b Zn SO,Ph 4 0 664
3c Zn OBu 4 m 674
4c Zn OBu 4 0 696
5¢ Zn OBu 8 m 674
6¢c Zn OBu 8 0 758
3d Zn SBu 4 m 687
4d Zn SBu 4 0 708
5d Zn SBu 8 m 707
6d Zn SBu 8 0 780
Se Zn CN 8 m 692
3f Zn t-Bu 4 m 675
7g Zn F 16 o,m 670
3h Zn COOH 4 m 685
5i H, C;H, 8 m 689
3a H, NO, 4 m 693
4a H, NO, 4 0 676
3¢ H, OBu 4 m 684
4c H, OBu 4 0 706
5¢ H, OBu 8 m 679
6¢ H, OBu 8 0 753
3d H, SBu 4 m 697
4d H, SBu 4 0 721
5d H, SBu 8 m 714
6d H, SBu 8 0 804

This journal is © The Royal Society of Chemistry 2008
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Fig. 8 Structures of the phthalocyanines that are the objects of compar-
ison in Table 2.

4c, bearing four butoxy groups at the ortho positions exhibits
a Q-band 22 nm bathochromically shifted with respect to its
corresponding meta-substituted isomer 3c. The effects are either
similar or somewhat more pronounced for the corresponding free
bases.

Octasubstitution produces additional red shift of the Q-bands,
the results being markedly more evident for ortho substitution,
which can shift the Q-band more than 100 nm towards lower
energies (for example, 123 nm on going from Pc free base to
6d). The influence of electron-donating groups on the phthalo-
cyanine’s electronic properties has been rationalized by carrying
out molecular orbital calculations.* Thus, it has been postulated
that substitution by electron-donating groups at the meta positions
raises the energy of all frontier orbitals, this effect being slightly
more pronounced for the HOMO than for the LUMO. Besides,
substitution at ortho positions results in even larger destabilization
of the HOMO and only slight destabilization of the LUMO. Since
the Q-band can basically be described as a single transition from
the HOMO to the LUMO frontier orbitals, these calculations cor-
respond very well with experimental observations. The reason why
the effect is stronger for ortho substitution can be found by taking
into account the size of the carbon atomic orbital coefficients
derived from the molecular orbital calculations. Specifically, the
coefficients of the ortho carbon atoms are larger than those of the
meta carbon atoms in the HOMO, so the extent of destabilization
of this orbital by the introduction of electron-donating groups is
larger when they are linked to the ortho positions, because this
makes the HOMO-LUMO gap smaller.

With respect to electron-withdrawing groups, it has been calcu-
lated that there is a stabilization of the HOMO upon peripheral
substitution with these kind of functions,* although in this case
it is more difficult to establish a general behaviour. The tendency
seems to be a variable red shift for meta substitution, while ortho
substituents usually move the Q-band to shorter wavelengths (see
Table 2).

3.3. The sequential addition of fused benzene rings

The sequential addition of fused benzene rings to the phthalo-
cyanine structure implies an enlargement of the m-system and,

as a consequence, the Q-bands shift to longer wavelengths and
intensify, although the extent of the shift becomes smaller the
larger the size of the macrocyclic ligand. With respect to the Soret
bands, they also move to lower energy, but in this case they weaken
and there is no regularity in the extent of the shift."* The extent
of the shift as a function of the n-system is represented in Fig. 9.

9 = 10
Q)= 683 MQ,)= 681
Q)= 681 XQ,)= 655
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Fig. 9 Electronic absorptions found for the Q-bands of phthalocyanines
upon the sequential addition of benzene rings.

The addition of one, two, three and four benzene rings results
in bathochromic shifts of 22, 44, 67 and 91 nm, respectively,
with respect to the phthalocyanine reference 8. Theoretical
calculations have shown that on ring annulation, the separation
between the 1a,, and the 1a,, levels increases, so the HOMO desta-
bilizes significantly, while the LUMO remains almost constant. In
addition, the reduction of symmetry on going from the D,;, system
8 to the D,, and C,, species breaks the degeneracy of the le,*
orbitals to a degree which relates to the ratio of long to short axes
in the molecule. The perturbation to the structure of Zn(i)Pc 8
results in different ring substitution patterns along the x- and y-
axes for the D,, isomer 11, while the constitution is identical along
the x- and y-axes in the case of the C,, isomer 12. In other words,
the ratio of long to short axes for the isomer 12 is 1. Consequently,
while the oppositely substituted species 11 usually display split
Q-bands, for the adjacently substituted series 12, a single Q-band,
very similar in its shape to that exhibited by 8, is observed. The
extent of the splitting of the Q-band of the oppositely substituted
species 11 has a parallel relationship with the lifting of the orbital
degeneracy of the LUMO of these species. Thus, the larger the
ratio, the larger the splitting. On the other hand, oblique ring
fusion like that represented by compounds 10 and 15% produces a
relatively minor impact on the position of the Q-band.

1882 | Org. Biomol. Chem., 2008, 6, 1877-1894

This journal is © The Royal Society of Chemistry 2008



3.4. The deviation from planarity

As aresult of their smaller core size and fused benzene rings, metal-
lophthalocyanines have extremely high planarity when compared
to porphyrins.* For example, in contrast to the corresponding
porphyrin, non-substituted Ni(i1)Pc is perfectly planar.®® However,
larger metal ions such as Pb(11) and Sn(11) alter the Pc geometry to
some extent.*® Steric congestion of substituents causes distortion
of the macrocycle as well. In this context, Cook and co-workers®’
have shown that the presence of alkyl chains close to the
phthalocyanine core (ortho positions) provokes a deviation from
planarity with concomitant modification of the Q-band position.

Further insight into the understanding of the relationship
between the deformation of the phthalocyanine and its electronic
properties was recently gained by Kobayashi and co-workers
through a complete study of phthalocyanines bearing a different
number of phenyl substituents at the ortho positions (Fig. 10).%®
In this series, the Q-band red shifts as the number of phenyl sub-
stituents increases. In the case of compound 16, the bathochromic
shift is very weak since in this macrocycle the two substituents
do not provoke deformation. The influence of deformation on
the electronic properties is evident when comparing 17 and 18.
Thus, although they both contain four phenyl substituents, the Q-
band of 18 appears at a longer wavelength, by about 13 nm, since
17 is less distorted owing to the substitution at opposite rather
than adjacent isoindole units. Stronger deformations induced by a
larger number of substituents lead to stronger red shifting: 28 nm
on going from 18 to 19 and 54 nm on going from 19 to 20.
The Q-band of the latter is located at 786 nm. Molecular orbital
calculations show that the HOMO-LUMO gap is reduced as the
number of phenyl substituents increases, but the destabilization of
the HOMO orbital does not originate from the phenyl substitution
but from the ring deformation.
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Fig. 10 Electronic absorptions found for the Q-bands of phthalocyanines
upon sequential substitution with benzene rings.
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Peripheral substitution combined with ring deformation affords
phthalocyanines with a Q-band beyond 800 nm.* Thus, intro-
duction of methoxy groups at the para position of the phenyl
substituents in compound 20, shifts the Q-band to 816 nm. In this
case, further destabilization of the HOMO occurs due to increased
electrostatic repulsion between the carbons at the ortho positions
of the fused benzene rings and the electron-rich substituents. This
compound, together with that reported in reference 21, is one of

the few phthalocyanine derivatives that exhibits a Q-band above
800 nm.

4. Porphyrazines, the orange absorbers

As stated before, the replacement of the meso carbons in porphyrin
molecules with aza linkages significantly breaks the accidental
degeneracy of the la,, and 1a,, HOMO orbitals of the resulting
azaporphyrins, with a concomitant influence on the UV-vis
spectra of the resulting macrocycles.

Monoazaporphyrins 21 are porphyrin-like molecules with one
nitrogen replacing one methine moiety at one of the meso positions
(Fig. 11). Their synthesis was first reported by Fischer and
Friedrich.® These derivatives can be prepared in good yields either
from dipyrromethene® or from the corresponding porphyrin
precursors.®

C( Q 21 X=Xp=Xz=C Mono-Azaporphyrin
Xi=N, Xz=X3=C or Xz=N, X;=X3=C Di-azaporphyrin
Q Q

Xy=Xz=Xz=N Porphyrazine
Fig. 11 Structures resulting from the sequential replacement of the
porphyrin meso carbons by aza bridges.

Available experimental data show a smooth red shift of the
azaporphyrin Q-band with respect to the porphyrin, and a
consequent increase in its intensity. Moreover, in the metal-
free monoazaporphyrin, the Q-band splitting is larger than that
corresponding to the metal free porphyrin, owing to the reduction
of symmetry from D,, to C,, (see section 3.3). Thus, the free base
5-aza-mesoporphyrin absorption spectrum in chloroform exhibits
a Q-band at A(Q,) = 534 nm (¢ = 1880 M~ cm™') and A(Q,) =
610 nm (¢ = 2000 M~ cm™).® Among the monoazaporphyrin
derivatives, two classes of compounds exhibit a particularly
marked bathochromically shifted Q-band. One of them is the N-
methyl monoazaporphyrin,* where N-methylation is performed
at the meso nitrogen ring, and the second class is constituted
by azachlorin derivatives (Fig. 12), obtained by the reduction
of one pyrrole ring. In this respect, Montforts and Gerlach
have described a shift in the Q-band from 615 nm to 674 nm,
for a monoazaporphyrin system and its azachlorin derivative
respectively.®

H3CO.C

CO,CH,

Fig. 12 Structure of azachlorin.

The second replacement of a methine bridge by nitrogen
provides diazaporphyrin derivatives (22, Fig. 11). The introduction
of two nitrogen atoms in the porphyrin structure produces an ad-
ditional red shift of the Q-band with respect to the corresponding
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monoaza-congener. Hence, free base 5,15-diaza-mesoporphyrin
exhibits in chloroform a Q-band at A(Q,) = 545 nm (¢ =
2960 M~' cm™') and A(Q,) = 620 nm (¢ = 4950 M~' cm™").%
Moreover, most of the spectra displayed by the diazaporphyrin—
metal complexes reported up until now exhibit the 4(Q,) band
between 570 and 595 nm.

Porphyrazines (tetraazaporphyrins, Pzs) 23 (Fig. 11) constitute
a class of macrocycles in which the four porphyrin meso carbons
have been replaced by aza linkages.®'* These compounds can also
be viewed as phthalocyanines lacking their fused benzene units.
Contrasting with phthalocyanines, among the synthetic proce-
dures available for the preparation of porphyrazines, the method
reported by Linstead and co-workers still constitutes the most
widely used.*

In porphyrazines, only the B-positions of the pyrrole moiety
are available for chemical modification. However, despite this
apparent limitation, tetraazaporphyrin structures offer the pos-
sibility of preparing a large number of derivatives with very dif-
ferent properties to those exhibited by phthalocyanines, including
phthalocyanine-like macrocycles in which the benzene unit has
been replaced by heterocyclic rings. The reason for most of the
differences between Pzs and Pcs arises from the fact that in Pzs
the peripheral functions are directly attached to the B-position of
the pyrroles, so they can couple strongly to the macrocyclic core
giving rise to systems with interesting physicochemical properties.

Similarly to phthalocyanines and other azaporphyrins, por-
phyrazine’s electronic properties can be explained by modifying
the Gouterman four orbital model and lifting the degeneracy of
la,, and la,, HOMO orbitals. Thus, the Q-absorption arises from
the almost pure HOMO— LUMO electronic transitions (a,— b,,,
b, for metal free macrocycles with D,, symmetry or a,,—e, for
metal complexes with D,, symmetry).®® As a result, on going
from porphyrins to porphyrazines the Q-band shifts to longer
wavelengths and intensifies. For example, the Q-band of free base
porphyrazine in chlorobenzene is located at A(Q,) = 545 (¢ =
39800 M~' cm™') and A(Q,) = 617 nm (g = 56200 M~' cm™).®
As for phthalocyanines, the electronic spectrum of a metallated
trans-porphyrazine, with D,, symmetry, generally shows a large
splitting of the Q-band, as a consequence of its lower symmetry
with respect to an identically substituted macrocycle (Dy,), while
C,, cis-porphyrazines show only a single Q-band.”

Commonly, porphyrazines possessing a heteroatom with a lone
pair directly bound to the B-carbon atom of the pyrrole rings, like
24, 26 and 27 (Fig. 13), constitute extended-conjugated systems
and exhibit bathochromically shifted Q-bands, accompanied by
relatively strong n—n* charge transfer bands in the window
between the Soret and Q-bands.” The latter absorptions disappear
when no n-donation is possible, for example upon peripheral metal
complexation, as in compound 25 (Fig. 13). This peculiarity has
been used for the design of multidentate porphyrazines with the
ability of acting as metal ion probes.™

In the recent literature, ladder structures containing por-
phyrazine moieties have appeared. Thus, compound 28 (Fig. 13)
constitutes a ladder dimer, which is rigidly constrained in a
coplanar arrangement, and possesses an extended m-conjugated
system.” Its electronic features are strongly influenced by the
twelve peripheral auxochromic dimethylamino groups, as well as
by its extended conjugation. Therefore, binuclear porphyrazine
28 exhibits a significantly red-shifted Q-band at 839 nm, that
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Fig. 13 Porphyrazines bearing heteroatoms directly attached to the
pyrrole rings.

is, 134 nm red-shifted when compared with the corresponding
octakis(dimethylamino) porphyrazine 24.

An alternative type of peripheral modification of the por-
phyrazine is B-f annulation. From the point of view of the
number of n-electrons involved in the formation of the aromatic
macrocyclic n-system, these porphyrazines can be considered as
analogues of phthalocyanines. As for phthalocyanines, the sequen-
tial addition of fused benzene rings shifts the Q-band to longer
wavelengths. In this respect, the possibility of fine-tuning the
electronic properties of regular porphyrazines through successive
ring-fusion has been studied.™ Accordingly, Fig. 14 represents a
porphyrazine series (29-35) in which the Q-bands shift slightly
according to the nature (benzene, anthracene, naphthalene) and
the number (mono-aromatic or di-aromatic) of the ring-fused
peripheral substituents.

Furthermore, special attention has been dedicated to por-
phyrazine systems carrying externally annulated six-membered
pyridine and pyrazine rings.”>”® The Q-band position of these
aza-analogues of phthalocyanines can be moved as a function
of the number and position of the heterocyclic N-atom. For ex-
ample, the Q-band of tetra-2,3-pyridinoporphyrazine (36, Fig. 15)
appears blue-shifted by 20-50 nm with respect to the tetra-3,4-
pyridinoporphyrazine (37, Fig. 15), the latter exhibiting a Q-band
close to that observed for unsubstituted phthalocyanines.

More recently, Ercolani and co-workers have prepared and
studied two novel families of porphyrazine macrocycles, namely
the tetrakis(thia/selenodiazole)porphyrazines (38, Fig. 16), which
are structurally similar to phthalocyanine.”>”” The spectra of the
S- and Se- complexes show intense absorptions in the Soret
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Fig. 14 The sequential addition of benzene rings to the porphyrazine
molecule.
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Fig. 15 Tetrapyridinoporphyrazines 36 and 37.
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Fig. 16 Tetrakis(thia/selenodiazole)porphyrazine.

(300-400 nm) and Q-band (600-700 nm) regions, attributable to
the allowed HOMO-LUMO intraligand t— 7* transitions.

When these four thia/selenodiazole rings are fused to the central
porphyrazine core, the 22 t-electron chromophore is extended to a
32 n-electron chromophoric system. This extension causes a strong
bathochromic shift with respect to the unsubstituted porphyrazine
analogue, the selenium-containing species exhibiting the Q-band
at longer wavelengths than the corresponding thiadiazole deriva-
tives. In fact, the absorption spectra of the former compounds
closely approaches the pattern observed for the phthalocyanine
macrocycles, and constitutes a sign of an overall similar electronic
distribution, as well as an extensive m-electron delocalization
throughout the porphyrazine skeleton.

5. The green and yellow regions: SubPcs, SubPzs,
TPcs and TPzs

5.1. Subphthalocyanines and subporphyrazines

Discovered in 1972 by Meller and Ossko™ subphthalocyanines
(SubPc, 39) are the lowest homologues of phthalocyanines, as
they consist of three isoindole units arranged around a central
boron(1in) ion (Fig. 17).° These cone-shaped macrocycles comprise
an aromatic 14 m-electron structure. The reduction of the conju-
gated system from Pcs to SubPcs produces a drastic modification
of the electronic properties, so that both Soret and Q-bands
appear at shorter wavelengths (300 nm and 560 nm, respectively,
see Fig. 20) with respect to the tetramers. Subphthalocyanines
are synthesized in good yields by cyclotrimerization reactions of
phthalonitrile precursors, in the presence of a boron derivative
(typically a boron trihalide of BX; type). Synthetic modifications
of SubPcs can be achieved at both the axial and the peripheral

positions.
N~ N

o .éfo.

Fig. 17 Subphthalocyanine (39) and subnaphthalocyanine (40).

X

Molecular orbital calculations have been carried out to obtain
a deeper understanding of the subphthalocyanine electronic
absorption. Under C;, symmetry, LUMO orbitals are doubly
degenerate.” Besides, both HOMO and LUMO orbitals exhibit
nodes at the boron atoms, this fact supporting the argument for the
lack of electronic communication between the macrocycle and its
axial substituents, and hence the small to negligible effect of these
substituents on the electronic spectra of the subphthalocyanines.®
In contrast, peripheral donor and acceptor functions do have an
influence on the UV-vis features, tending to shift the Q-band
of SubPcs towards longer wavelengths.® In particular, thioalkyl
chains produce a strong red shift of 38 nm. Furthermore, by
enlarging the n-system from that of a subphthalocyanine to that
of a subnaphthalocyanine (Fig. 17, 40), a 86 nm bathochromic
effect (from 565 nm to 651 nm) occurs.”®' A larger extension
to the m-conjugation of the SubPc aromatic core was achieved
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through the synthesis of fused dimers and trimers like 41 and 42 in
Fig. 18.%2 The assembly of the subphthalocyanine dimer 41 moves
the macrocycle’s Q-band with respect to its monomeric analogue
from 570 to 691 nm, this constituting a diagnostic for extension of
the conjugation.

42

Fig. 18 Subphthalocyanine dimer (41) and trimer (42).

The new conjugated m-system involves the central benzene
ring, as observed in electron density calculations. Of interest as
well is the shape of the dimer’s Q-band, four well-defined bands
arising from the lower symmetry of 41, compared to that of the
monomer, which results in less orbital degeneration. This trend
is also observed for the SubPc trimer 42, the Q-band of which is
located at 755 nm, that is, 180 nm red-shifted with respect to the
corresponding monomer.

With respect to subporphyrazines (SubPzs, 43, Fig. 19), they
were recently unambiguously described.* To the best of our
knowledge only two examples of subporphyrazines had been
reported at that time. However, the electronic properties de-
scribed for these compounds do not match the data obtained
in the paper above.!*™# Subporphyrazines were prepared by
treating disubstituted maleonitriles with boron trichloride. The
easier axial substitution by nucleophiles in subporphyrazines, in
comparison with subphthalocyanines, is thought to reflect the
stronger interaction of the peripheral substituents with the macro-
cyclic core. Concerning the orange SubPzs, the formal removal
of the three fused benzene rings from the subphthalocyanine

R R

X
N N/lN
R /N'B\N R
N/
N
R R
43

Fig. 19 Subporphyrazine (SubPz).

skeleton causes a hypsochromic shift of the Q-band (Fig. 20),
which appears at ca. 500 nm (as compared to the ca. 560 and
600 nm absorption bands seen in the cases of the corresponding
pink subphthalocyanines and violet porphyrazines, respectively).
Again, the stronger coupling of the peripheral substituents with
the macrocycle is evidenced by dramatic changes in the electronic
features that cannot be compared directly with the benzo-fused
series. Thus, the efficient modulation of subporphyrazine’s prop-
erties is possible, through peripheral substitution with selected
specific functions, since the substituents are attached directly at the
pyrrolic B-positions. As an example, peripheral functionalization
with thioalkyl chains produces a 60 nm red shift (20 nm more
than in the case of phthalocyanines) of the Q-band. But even
more remarkable is the huge intensity of the charge transfer band
appearing at 440 nm, which is responsible for the red colour
displayed by these compounds (Fig. 20).

ex 10 (M".cm™)

I i I ' I ' I i I
300 400 500 600 700
Wavelength (nm)

Fig. 20 UV-vis spectra of SubPc (dashed line) and SubPzs (R = propyl,
thick line and R = thiopentyl, thin line).

5.2. Triazolephthalocyanines and triazoleporphyrazines

The search for non-centrosymmetrical phthalocyanines with
different substituents at the periphery of the aromatic system,
and with second-order non-linear optical properties,* led to the
development of phthalocyanine-type macrocycles with an A;B
pattern in which A is an isoindole unit and B a heterocyclic moiety
(benzene, pyridine, pyrrole, thiadiazole, triazole, etc.). Among
the A;B phthalocyanine analogues, those in which one isoindole
subunit has been replaced by a 1,2,4-triazole have received the
name of triazolephthalocyanines (TPc 44, Fig. 21).%435

The introduction of this heterocycle into the phthalocyanine
framework leads to a lower degree of electronic delocalization,
which results in the hypsochromic shift of its Q-band in re-
lation to the corresponding phthalocyanine absorption. Thus,
for example, while the UV-vis spectrum of nickel(11) tetra-zert-
butylphthalocyaninato is dominated by an intense absorption
centred at 670 nm, tri-fert-butyl-substituted nickel(i1) triazole-
phthalocyaninato displays its Q-band at the shorter wavelength
of 623 nm.* In addition, a strong reduction of the symmetry
on going from Pc to TPc accounts for a considerable splitting
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44 45

Fig. 21 Triazolephthalocyanine (44) and triazoloporphyrazine (45).

of the optical absorptions (see Fig. 25). Modulation of the
electronic properties of these aromatic macrocycles can be carried
out by choosing appropriate peripheral functions,® by fusing
additional benzene rings* or by preparing the corresponding
triazoleporphyrazines (TPz 45 Fig. 21).¥ However, the most
drastic modification of the UV-vis spectrum has been induced
when the triazoleazaporphyrins are non-metallated, this difference
being diagnostic of the non-aromatic character of the free base
macrocycles.?”%

Thus for example, the UV-vis spectrum of the non-metallated
compound 45 (Fig. 22), which does not match the characteristic
porphyrazinic pattern, is constituted of four sharp absorptions
at 323, 417, 486 and 530 nm. This means that the lowest energy
band displayed by 45 as a free base is blue-shifted by 100 nm
relative to the corresponding Ni(il) compound and by 136 nm
when compared with the equivalent absorption of its parallel
porphyrazine.*’

M
1.4~“

Absorbance (a. u.)

T ! T Y T T T ! T
300 400 500 600 700

Wavelength (nm)

Fig. 22 Absorption spectra of triazoleporphyrazine 45 as a free-base
(black line) and as the nickel(11) derivative (grey line).

6. Azaporphyrins absorbing in the violet—blue
regions: the hemiporphyrazines

The absorption bands of the azaporphyrin derivatives can be
further shifted to the blue, by replacing a second pyrrolic
moiety in an A;B system by another heterocyclic ring, to afford
hemiporphyrazines (Fig. 23). Hence, these pigments may be
defined as ABAB macrocycles that bear two oppositely facing
pyrrole units and two other (hetero-)aromatic moieties.”*** The
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Fig. 23 Hemiporphyrazines.

first example of these non-aromatic, cross-conjugated compounds
is the 28 m-electron macrocycle 46 (Hp, Fig. 23), which was
reported by Elvidge and Linstead.”® Compound 46, together with
that containing two triazole rings (THp, 47) have received the
greatest attention. A common feature of all hemiporphyrazines
is their thermal stability and their lability in aqueous acidic
media, owing to their Schiff base character. On the other hand,
while phthalocyanines are aromatic systems of 18 m-electrons,
hemiporphyrazines are 20 m-electron-systems that reveal a low-
degree of electronic delocalization and a noticeable asymmetry
of the ligand, facts that have decisive consequences on their
electronic properties. Thus, their absorption spectrum (Fig. 295)
has a non-porphyrazinic pattern, exhibiting all their absorptions
in the ultraviolet-blue regions.

As for the other types of macrocycle, the exact position of
these bands can be fine-tuned by choosing appropriate metals
and peripheral functionalization. But a more striking alteration
can be achieved by modifying the macrocyclic structure itself.
Thus, more recently, the first examples of expanded azaporphyrins
48 and 49 (Fig. 24) with hemiporphyrazinic character have been
described.” Compounds 48 ([4+2] macrocycles) consist of 28 -
electron triazolehemiporphyrazine derivatives that coordinate two
metal ions within their central cavity. The UV-vis spectra of
these compounds show their bands bathochromically shifted with
respect to the hemiporphyrazine tetramers, as a consequence of
their extended conjugation. Hence, the lowest energy bands of
compounds 48 appear at ca. 570 nm (up to 134-148 nm shifted
towards longer wavelengths with respect to the corresponding
hemiporphyrazine).
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Fig. 24 Expanded triazolehemiporphyrazines.

Macrocycles 49 ([3+3] macrocycles) are 30 n-electron expanded
heteroaza-porphyrinoids having a large cavity capable of accom-
modating three metal ions. Again, the absorption bands of these
non-aromatic compounds are red-shifted when compared with
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regular hemiporphyrazines (Fig. 25), although to a lesser extent
than the [4+2] macrocycles.
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Fig. 25 UV-vis spectra of 48 (black thick line), 49 (grey thick line), 47
(dashed line) and TPc 44 (black thin line).

7. Beyond the red

The absorption bands corresponding to phthalocyanine analogues
containing extended m-systems appear at the other end of the
visible spectrum. Two main strategies have been used to obtain
these infrared absorbers:

1- Increasing the number of isoindole derivatives that the
macrocycles are composed of, giving rise to the expanded super-
phthalocyanines and

2- Appending additional fused benzene rings at the naphthalo-
cyanine periphery, affording the corresponding anthracyanines.

7.1.  Superphthalocyanines

Constituted of five isoindole subunits, superphthalocyanines
(Fig. 26, 50) represent higher homologues of phthalocyanines.
These pentapyrrolic macrocycles are obtained by UO,** template
condensation of phthalonitrile derivatives.”* Uranyl superphthalo-
cyanines are the only derivatives achieved until now, since on
demetallation, immediate ring contraction to the corresponding
four-membered macrocycle occurs.

Fig. 26 Superphthalocyanine.

The electronic spectra of the superphthalocyanines consist of
an intense band at 910-940 nm (66 700 M~! cm') with a shoulder

at 810 nm, which are analogous to the phthalocyanine Q-bands,
but with a 200 nm red shift. The optical spectrum exhibited by
50 is understandable in terms of what it is known about the
phthalocyanine UV-vis spectra: superphthalocyanine possesses
a degenerate HOMO and a split LUMO, the latter arising from
the severe buckling of the macrocycle. The observation of the two
intense Q-bands can be explained by this lifting of the degeneracy
of the LUMO with respect to the MPc, due to a lowering of the
D, molecular symmetry, in a way comparable to the reduction of
symmetry produced on going from the MPc to the Pc free base.”*

7.2. Anthracyanines

The structure of these extended conjugated macrocycles is rep-
resented by 51 in Fig. 27. Tetra-tert-butyl-anthracyanine’s Q-
band lies at 858 nm.** This corresponds to a 75 nm red shift
with respect to the corresponding naphthalocyanine derivative.
Nevertheless, this change is less important than that observed on
going from tetra-terz-butylphthalocyanine to naphthalocyanine
(85 nm). In other words, the Q-band shifts to longer wavelengths
with annulation of additional benzene rings, but to a lesser extent
with increasing molecular size. Accordingly, molecular orbital
energy level calculations predict that the HOMOs destabilize with
increasing molecular size, but to a minor degree, while the LUMOs
of the metal-free derivatives remain almost constant. Upon metal-
lation (M = Co, VO, Cu), anthracyanine Q-bands are blue-shifted
for reasons still unclear. Thus, for example, the Q-band of the
cobalt complex of tetra-terz-butylanthracyanine lies at 831 nm.**
Besides, few examples of substituted anthracyanines have been
reported. Octaphenylanthracyanine’s Q,-band lies at 901 nm.*
But a still lower-lying energy band among the anthracyanine
derivatives was obtained for a-octa(isopentoxy)anthracyanine,
the Q,- and Q,-bands of which appear at 980 and 954 nm,
respectively.”>%

51

Fig. 27 Anthracyanine.

8. Miscellaneous

The aim of this article is to offer a perspective on the prepara-
tion of tailor-made azaporphyrins and azaporphyrin analogues
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exhibiting their Q-band in a particular and predetermined region
of the electromagnetic spectrum. However, three types of novel
porphyrinic structures displaying absorptions at the two ends of
the visible spectrum are very well worth a mention, especially
because these structures with their optical features are virtually
inaccessible for the azaporphyrin family. At the higher-energy
end are the subporphyrins (Fig. 28). Described very recently,
triarylsubporphyrins 527 together with their subpyriporphyrin
analogue 53 represent the smallest known porphyrinic analogues
and therefore, their absorption bands appear at the lowest known
wavelength values among porphyrinic analogues, around 370 nm
for the Soret band, and 450-500 nm for the weaker Q-like bands.

Et Et
Et Et
Et Et
Et Et
Et Et
m
Et Et
m=1 Cyclo[6]pyrrole
52 53 54 m=2 Cyclo[7]pyrrole

m=3 Cyclo[8]pyrrole

Fig. 28 Structures of subporphyrin (52) subpyridoporphyrin (53) and
cyclo[m]pyrroles (54).

At the lower-energy end are the cyclo[m]pyrroles (m = 6,7,8) de-
scribed by Sessler and co-workers (Fig. 28, 54).°® Such macrocycles
contain no meso bridges but only 6,7 or 8 pyrrole units, respectively.
Cyclo[m]pyrrole bis HCI salts are characterized by a very strong
Q-band that dramatically red shifts on going from cyclo[6]pyrrole
(792 nm) to cyclo[7]pyrrole (936 nm) to cyclo[8]pyrrole (1112
nm), thus reflecting the increased size of the respective framework
involved (the 4n+2 m-systems increase from 22 to 26 to 30 =#-
electrons). Indeed this cyclo[8]pyrrole turns out to be one of the
expanded porphyrins with the longest wavelength Q-band. Only
the doubly cationic hexathiarubyrin of Vogel and co-workers,”
and the octaphyrin and nonaphyrin by Osuka and co-workers'®
display comparable low-energy band absorptions.

Finally, an extended-conjugated porphyrin sheet (Fig. 29, 55)
has been reported very recently, consisting of a combination of
a central, strongly antiaromatic cyclooctatetraene, surrounded
by four fused aromatic porphyrin rings.'® The results of this
unusual assemblage in terms of optical properties are three broad

55

Fig. 29 Porphyrin sheet.

absorption bands, that of the lowest energy appearing at 1000—
1500 nm, even though this band is considerably weaker than the
other two.

9. Areas of technological interest based on the
porphyrinoids’ colour

The optical properties of phthalocyanines have found application
in new areas of technological interest. In this section a brief non-
exhaustive survey of a few relevant applications is given.

Organic solar cells based on phthalocyanines with extended ab-
sorption in the near IR region of the sunlight spectra are currently
an important topic in the photovoltaic area. Phthalocyanines are
perfectly suited for efficient photon harvesting and, therefore,
for their integration in photovoltaic systems. They exhibit very
high extinction coefficients, around 650-700 nm as mentioned
before, where the maximum of the solar photon flux occurs. This
is the reason why phthalocyanines have been incorporated as
photosensitizers in both low band gap molecular solar cells and
dye sensitized solar cells (DSSCs).'*

Pcs are incorporated into low band gap molecular solar cells
as antennas, usually in blends together with semiconducting
polymers and/or acceptor counter-partners such as fullerenes.'”
In this context, a double-heterostructured copper phthalocyanine—
fullerene thin-film has been described. Efficiencies exceeding 5.5%
have been obtained by stacking two of these cells in series.'®
Doping-induced efficiency enhancement by doping rubrene into
a copper phthalocyanine-C,, organic photovoltaic cell has been
recently described, with an exceptionally high power conversion
efficiency of 5.58%.'" Tandem solar cells based on the combi-
nation of a poly(3-hexylthiophene-2,5-diyl)-PCBM and a copper
phthalocyanine—fullerene subcell have been reported with power
conversion efficiencies as high as 4.6%. The efficiency of the
stacked devices is close to the sum of the efficiencies of the
individual subcells.'%

In dye sensitized solar cells (DSSCs) photons can be collected
using phthalocyanine molecules that are placed over a layer of a
wide band gap semiconducting material like a mesoporous metal
oxide such as TiO,.'” Appropriately axially substituted titanium'*®
and ruthenium phthalocyanines'® represent an attractive new
route to the development of efficient, red absorbing sensitizer
dyes for DSSCs. It has also been reported that the use of tri-zerz-
butyl substituted zinc phthalocyanines in TiO, dye sensitized solar
cells"® not only avoided the formation of molecular aggregates
but also arranged the excited states to permit directionality of the
charge transfer from the phthalocyanines to the semiconductor’s
surface, thus allowing very high efficiencies of ca. 3.5%"! Finally,
a zinc phthalocyanine has been combined in a co-sensitized DSSC
with another dye with a complementary absorption spectrum, thus
obtaining a high overall device efficiency of 7.74%, which could
not be achieved separately by each of them.!"! The photoresponse
of the “molecular cocktail” extends up to 700 nm with photon-to-
current conversion efficiencies of 72%.

Despite their lower absorption wavelengths (570 nm) with
respect to Pcs, subphthalocyanines,” have been recently reported
as active components in low band gap molecular solar cells.
Thus, it has been described that a double-heterostructure boron-
subphthalocyanine (SubPc)-Cy, thin-film solar cell has more than
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doubled the open-circuit voltage (Voc) compared to a conventional
CuPc-Cg, cell.’ The lower oxidation potential of the SubPc
is responsible for this. Moreover, subphthalocyanine films in
combination with fullerene (Cg) have been studied in a planar
bilayer donor/acceptor heterojunction which shows a power
efficiency of 3%.'3

It is also remarkable that intrinsically bipolar materials in which
the donor and acceptor photoactive units are covalently linked,
like Pc—Cy, dyads'*!** have been described and PV devices have
been prepared with a few of them. The goal was in this case
the minimization of the morphological problems related to bulk
heterojunctions. Also with this goal, Pc-based conjugated and
non-conjugated polymers have been reported.'¢

In summary, the shifting of the Q-band to the red in par-
ticularly designed phthalocyanines and naphthalocyanines, with
appropriate values of the HOMO and LUMO Ilevels, and the
development of effective p-type and n-type phthalocyanine and
subphthalocyanine based materials, are challenges to be pursued
in the photovoltaic area relating to porphyrinoids.

On the other hand, the potential application of phthalocya-
nines in organic light emitting devices (OLEDs) has also been
suggested."” Thus, a conductive polymer comprising a linear main
chain and a multitude of carrier transport structures based on Pcs
has been claimed for applications in light emitting devices.'** More
recently' a series of new light emitting subphthalocyanines were
synthesized having colour points covering the red—orange region
of the visible spectrum. They were found to be of potential use as
narrow band emitters for red-light emitting diodes. In spite of the
narrow emission, the photostability of these subphthalocyanines
does not meet the requirements of OLEDs operating duration,
but it is believed that the synthesis of new representatives of this
family and different approaches to the devices’ construction will
allow much higher future efficiencies.

Phthalocyanine derivatives and analogues with absorptions
shifted to the blue, such as subphthalocyanines (570 nm), are
required as active components in optical recording media like CDs,
DVDs and even Blu-ray discs. Subporphyrazines, subporphyrins
and even hemiporphyrazines could be targets for this goal. Most
of the information in this regard is published in the form of
patents.'® Recently, an optical information recording medium has
been described with two different read/write wavelengths based on
phthalocyanine related systems. The invention consists in selecting
a particular dye as a photoabsorptive material.'!

On the other hand, phthalocyanines and related systems have
also found applications in non-linear optics®*'** in both second and
third harmonic generation.'”'** However, since comprehensive
reviews and papers have been published this issue will not be
treated in the current paper. Recent advances have also been
made in the particular fields of optical limiting and two-photon
absorption.'®

Photodynamic therapy (PDT) is an emerging protocol for the
non-invasive treatment of cancer or tumour-related diseases.' It
is based on the photoactivation of selectively localized organic
photosensitizers in neoplastic tissues, that can be activated with
certain wavelengths of light so as to generate free radicals and
singlet oxygen ('O,) that are toxic to cells and tissues. Molecular
delivery systems with a high affinity for the target tissues can be
used for increasing the selectivity by binding the photosensitizers
to them. Typically water soluble compounds are needed. The

most widely used PDT drug Photofrin®) is a water-soluble, red
powder consisting of a mixture of metal-free porphyrins. The
active constituent consists of covalent dimers or small oligomers
of porphyrin units joined by ether and ester linkages. The first
generation PDT drug Photofrin®) was approved in the U. S. for the
treatment of obstructing cancer of the oesophagus and early stage
cancer of the bronchus.””” Synthetic modifications of porphyrins
have been made in order to prepare compounds with better PDT
efficiency. meso-Tetraphenylporphines, chlorins, bacteriochlorins,
and benzoporphyrins,'® among others, have been employed for
this goal. Texaphyrins show a strong absorbance at 732 nm so
treatment can be carried out effectively on a larger tumour or at a
greater depth.'”

Phthalocyanines represent promising second generation photo-
dynamic agents since their Q-bands are more intense and red-
shifted as compared with porphyrins. Pcs can produce long-
lived triplet states with reasonable quantum yields and lifetimes,
able to sensitize singlet oxygen formation."® They have been
investigated for PDT applications for a long time."*' The first
described in vivo biomedical application of Pcs was the observation
that uranium and copper complexes of a tetrasulfonated phthalo-
cyanine were retained in experimental murine brain tumours.'*
Different metals were introduced to the central cavity of this
particular Pc, aluminium and zinc being the most studied ones.
A silicon phthalocyanine has been approved as a sensitizer for
photodynamic treatment of oesophageal and early lung cancer.'*
Phthalocyanines currently represent a very active field of research
for PDT applications.’*

On the other hand, Pc analogues like naphthalocyanines have
also been used in PDT. They exhibit a very strong absorption at
higher wavelengths of ca. 800 nm, thus allowing the treatment
of more profoundly localized neoplastic tissues'** Subphthalocya-
nines (SubPcs) were shown to possess a very long-lived triplet state
that is accessible with a nearly quantitative quantum yield,**'**
but their application for PDT is not so important since their Q-
band is located at ca. 570 nm, too close to the tissues’ absorption
and below the so-called “therapeutic window”. However, their
lower homologues, the subnaphthalocyanines possess the same
photophysical characteristics as those of the SubPcs but with a Q-
band shifted to the red at approximately 650 nm, making them
potential candidates for PDT applications. The application of
Pc-based PDT to other types of diseases like the treatment of
restenosis after angioplasty and coronary artery disease (CAD)"’
would be a future expanding topic. In this respect the use of
quantum dots and other nanoparticles linked to appropriate
porphyrinoids'® for making particular wavelengths accessible
would be of great interest.

10. Conclusions

In conclusion, the accomplishments achieved so far in the
porphyrinoid area related to the absorption wavelengths of its
different members have been really remarkable in the last few years,
but much more remains to be done. New synthetic developments,
in conjunction with supporting theoretical studies, will provide
a deeper understanding of the electronic nature of these por-
phyrinoids, thus allowing the design of new ones with improved
performances and new applications in “colourful” technological
areas.
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