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bstract

Hetero-arrays of porphyrins and phthalocyanines have received considerable attention due to their novel composition, intriguing spectroscopic,
hotophysical, and redox properties, and potential application in light-harvesting and optoelectronic devices. The tetrapyrrole components, which

an be held by covalent and various non-covalent linkages, may exhibit strong interactions through efficient photo-induced electron and/or
nergy transfer processes. The purpose of this article is to provide a comprehensive and up-to-date review of this novel class of macrocyclic
ompounds.

2007 Elsevier B.V. All rights reserved.

eywords: Porphyrins; Phthalocyanines; Supramolecular complexes; Electron transfer; Energy transfer
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Abbreviations: acac, acetylacetonate; AQ, substituted anthraquinone;
dba, dibenzylideneacetone; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DDQ,
2,3-dichloro-5,6-dicyano-p-benzoquinone; DIBAL-H, diisobutylaluminium
hydride; DMA, N,N-dimethylacetamide; DMAE, N,N-dimethylaminoethanol;
MF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; LB,
angmuir–Blodgett; OAc, acetate; Pc, dianion of phthalocyanine; Por, dianion
f a general porphyrin; TMPP, dianion of meso-tetrakis(4-methoxyphenyl)-
orphyrin; TPP, dianion of meso-tetraphenylporphyrin; XANES, X-ray
bsorption near edge structure
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. Introduction

Porphyrins and phthalocyanines (Plate 1) are structurally
elated macrocyclic compounds. Porphyrins are naturally
ccurring pigments, which play an important role in various
iological processes such as dioxygen transport and many
edox transformations with haem-proteins [1]. Phthalocyanines
re traditional industrial dyes [2], but their applications have

een extended to various technological avenues. To name a
ew, phthalocyanines are being used as molecular electronic
evices [3], optical recording materials [4], catalysts for
xidative degradation of pollutants [5,6], and photosensitizers

mailto:dkpn@cuhk.edu.hk
dx.doi.org/10.1016/j.ccr.2007.03.007
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The interaction becomes stronger as N,N-dimethylformamide
(DMF) is added. The dyads also exhibit intramolecular energy
Plate 1. General structures of porphyrins (1) and phthalocyanines (2).

or photodynamic therapy [7,8]. The intrinsic interest of
hese two classes of compounds together with their widespread
pplications have fascinated scientists over the last few decades,
eading to a substantial progress in their research.

Owing to their highly conjugated � systems, both por-
hyrins and phthalocyanines show intense absorptions in the
isible region. The former exhibit a strong Soret band at
a. 410–450 nm together with a number of weaker Q bands
t ca. 500–600 nm, while the latter show the correspond-
ng absorptions at ca. 320–360 and 670–700 nm, respectively.
he photophysical as well as the redox properties of these

wo classes of macrocycles are also very different despite
heir structural similarity, and these properties can be altered
eadily by the choice of the metal center and the peripheral
ubstituents.

Recently, there has been a considerable interest in hetero-
rrays of these tetrapyrrole derivatives. The resulting hybrids
an display the complementary absorptions of individual chro-
ophores, covering a large part of the solar spectrum. The

omponents may also interact through photo-induced elec-
ron and/or energy transfer pathways. These properties are
mportant in applications such as light harvesting, photo-
oltaics, and molecular photonics. A substantial number of
ixed porphyrin–phthalocyanine arrays have been reported.
ost of the hybrids are linked either in a covalent man-

er or through a large metal center forming double-decker
r triple-decker complexes. Other types of linkage include
ridging ligation, electrostatic interactions, axial coordination,
nd other supramolecular interactions. This review aims to
rovide an overview of the current status in the research
f these mixed tetrapyrrole systems. Since heteroleptic por-
hyrinato and phthalocyaninato sandwich-type complexes have
een comprehensively reviewed recently [9–11], this class of
etero-arrays will not be included. The chemistry of several
-nitrido and �-oxo bi- and tri-metallic complexes of formula

(TPP)M N M′(Pc)] (M = Fe, Mn; M′ = Fe, Ru; TPP = dianion
f meso-tetraphenylporphyrin; Pc = dianion of phthalocya-
ine), [(TMPP)(O)Ru O Fe(Pc)L] [TMPP = dianion of meso-
etrakis(4-methoxyphenyl)porphyrin; L = monodentate ligand],
nd [L(Pc)Fe O Ru(TMPP) O Fe(Pc)L] has also been sum-
arized [12,13], and is therefore also not covered in this article.
ran-Thi published a review article of similar topic in 1997,
ocusing on the self-assembled ionic systems [14]. Hence only

he recent works not mentioned in that article are included in
his review.

t
r
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. Covalently linked hetero-arrays

.1. Dyads

The first covalently linked hetero-arrays of porphyrins
nd phthalocyanines were reported by Maillard and co-
orkers in 1986 [15]. They treated hydroxyporphyrin 3 with
-nitrophthalonitrile (4) to obtain the porphyrin-substituted
hthalonitrile 5. This compound was then condensed with an
xcess of 4-tert-butylphthalonitrile (6) in the presence of zinc
owder as a reducing agent to afford the dyad 7, which was
urified by preparative HPLC. Upon treatment with dilute
richloroacetic acid, this compound underwent selective demet-
llation at the porphyrin site giving the mixed dyad 8 (Scheme 1).

The electronic absorption spectra of these dyads in toluene
re very similar to those of an equimolar mixture of zinc(II) or
etal-free meso-tetra(p-tolyl)porphyrin and zinc(II) tetra(tert-

utyl)phthalocyanine. This suggests that the ground-state
nteraction between the two chromophores is not significant.

Upon selective excitation of the porphyrin chromophore at
24 nm in toluene, the dyad 7 shows a greatly reduced fluores-
ence due to the porphyrin unit (at 600 and 644 nm) concomitant
ith a strong emission due to the phthalocyanine moiety (at
90 nm) [16]. This indicates the occurrence of a very efficient
ntramolecular energy transfer process, from the excited por-
hyrin to the phthalocyanine core. The excitation spectrum
nd the ground-state absorption spectrum are virtually iden-
ical, showing that the energy transfer is nearly quantitative.
rom the fluorescence quantum yield and lifetime values, the
uantum yield of the singlet–singlet energy transfer process
ΦSS

ET) was determined to be 0.87 ± 0.03. In addition to the
inglet–singlet energy transfer, the triplet–triplet energy transfer
rocess was also revealed using nanosecond absorption spec-
roscopy. The corresponding quantum yield (ΦTT

ET) was found
o be 0.88 ± 0.26. These comparable and high values suggest
hat both singlet–singlet and triplet–triplet energy transfer pro-
esses are the main routes of depopulation of the porphyrin
xcited state in the dyad. Once the energy is transferred, the
nergy dissipative pathways of the singlet and triplet states of the
hthalocyanine moiety of 7 remain the same as those of zinc(II)
etra(tert-butyl)phthalocyanine as indicated by their same singlet
nd triplet lifetimes.

In dimethyl sulfoxide (DMSO), the energy transfer path-
ays of 7 become less efficient (ΦSS

ET = 0.12 ± 0.06, ΦTT
ET =

.59 ± 0.12), while an electron transfer process occurs predom-
nantly with a quantum yield (ΦeT) of 0.84 ± 0.30. The different
ehavior was explained in terms of conformational change of the
yad due to the nature of solvent interactions [16].

A series of porphyrin and phthalocyanine dyads linked by a
exible alkyl chain (compounds 9, n = 2–5, Plate 2) were also
repared by standard O-alkylation [17]. As shown by absorption
pectroscopy, there is a weak exciton interaction between the two
hromophores of these dyads in the ground state in benzene.
ransfer from the excited porphyrin unit to the phthalocyanine
ing. The efficiency is slightly higher for 9 (n = 5) on the basis of
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Scheme 1. Preparation of mixed po

ts stronger phthalocyanine emission (ΦSS
ET = 0.38 in benzene).

nergy transfer in this complex, however, is less favorable than
hat in the oxo-bridged analogue 10 (ΦSS

ET = 0.73 in benzene)
s a result of the greater conformational flexibility and larger
eparation between the two chromophores [18].

In addition to the energy transfer process, an intramolecular
lectron transfer also takes place for these dyads, when either
he phthalocyanine or the porphyrin subunit is excited. For 9
n = 5), the singlet–singlet energy transfer quantum yield (ΦSS

ET)
ecreases from 0.38 to 0.08 as the solvent changes from benzene
o benzene/DMF (v/v, 1:1), while the electron transfer efficiency

ΦeT) increases from 0.51 to 0.86 [19]. It is likely that as the sol-
ent polarity increases, the charge-separated state is stabilized,
hich promotes the electron transfer process. Concomitantly,

he competitive energy transfer pathway is somewhat inhibited.

p
b
a

Plate 2. Structures of hete
rin–phthalocyanine dyads 7 and 8.

The nonlinear optical properties of 9 (n = 2–5) were also stud-
ed [20]. Their third-order susceptibilities χ3 were measured
y degenerate four-wave mixing method in toluene. The val-
es [(2.1–5.3) × 10−11 esu] are slightly higher than those of
he metal-free porphyrin (1.9 × 10−11 esu) and phthalocyanine
0.9 × 10−11 esu) components, and the highest value is attained
or 9 (n = 3).

Xu and co-workers also reported another porphyrin–
hthalocyanine dyad 11, which contains a relatively more rigid
iperazine spacer [21]. The synthetic route to this compound
s shown in Scheme 2. Reaction of phthalonitrile 12, pre-
ared by treating 4-nitrophthalonitrile (4) with piperazine, with

orphyrin 13, generated in situ from the corresponding car-
oxylic acid, in the presence of 4-N,N-dimethylaminopyridine
s catalyst affords the condensation product 14. The com-

ro-dyads 9 and 10.
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Scheme 2. Preparation of piperazine-b

ound then undergoes mixed cyclization with an excess of
nsubstituted phthalonitrile (15) in the presence of ammonia in
,N-dimethylaminoethanol (DMAE) to give the dyad 11. This
ompound exhibits similar photophysical behavior to that of 9,
ut its electron transfer efficiency in DMF is significantly higher
han that of the hetero-dyads linked by oxygen or the flexible
lkoxy chains. This facile process is in accord with the nega-
ive free energy change (ΔG0

eT) estimated by the Rehm–Weller
quation, assuming that the piperazine adopts a boat instead of a
hair conformation. This conformation can bring the two chro-
ophores in close proximity facilitating the electron transfer

rocess.
As a photosynthetic model compound, the anthraquinone-

ubstituted porphyrin–phthalocyanine dyad 16 (Plate 3)

as prepared by mixed cyclization of porphyrin-substituted
hthalonitrile 5 with 4-(4-hydroxyphenoxy)phthalonitrile in the
resence of anhydrous Zn(OAc)2 followed by the reaction with
-bromomethyl anthraquinone [22]. As shown by absorption

late 3. Structure of anthraquinone-substituted porphyrin–phthalocyanine
yad 16.
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d porphyrin–phthalocyanine dyad 11.

pectroscopy, the three chromophores do not act entirely as inde-
endent units and weak interactions among them were revealed.
pon laser excitation at 355 nm, the dyad 16 in DMF shows
photo-induced intramolecular electron transfer from the por-
hyrin unit via the phthalocyanine core to anthraquinone, giving
ise to the radical pair Zn(Por)•+–Zn(Pc)–AQ•− (Por = dianion
f a general porphyrin; AQ = substituted anthraquinone).

Lindsey and co-workers also prepared a series of seven
orphyrin–phthalocyanine dyads with a phenylethynyl linker
23]. Scheme 3 shows the synthetic route used to prepare
hese compounds. Treatment of 4,5-di-n-heptylphthalonitrile
17) with 4-(3-hydroxy-3-methylbut-l-ynyl)phthalonitrile (18)
1:6 ratio) in the presence of a catalytic amount of
,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (and MgCl2 or
n(OAc)2·2H2O for the preparation of the metallated analogues)

n 1-pentanol affords the phthalocyanines 19 (M = 2H, Mg,
n) in 3–28% yield. Upon treatment with NaOH in toluene,
eprotection of these compounds occurs giving the ethynyl
hthalocyanines 20 in ca. 85% yield. The metal-free analogue
0 (M = 2H) can also be prepared in almost quantitative yield
y treating the magnesium counterpart 20 (M = Mg) with tri-
uoroacetic acid. Compounds 20 can then be coupled with

odoporphyrin 21 using Pd(OAc)2 and tri-o-tolylphosphine as
atalysts. The tetrapyrrole centers of the resulting dyads 22 can
e changed (to 2H, Mg, or Zn) by selective metallation and
emetallation.

Transient absorption and steady-state emission studies of
hese dyads show that intramolecular singlet–singlet energy
ransfer from the porphyrin to the phthalocyanine moiety is

ery fast (≤10 ps) and efficient (≥90%), particularly for those
n which competing electron transfer is inhibited on energetic
rounds [23]. Electron transfer involving the excited phthalocya-
ine and the porphyrin units is not a favorable process (typically
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Scheme 3. Preparation of phenylethyny

10% depending on the redox properties of the chromophores).
ence for most of these dyads, strong fluorescence due to the
hthalocyanine ring is observed (Φf = 0.37–0.75), making them
ell suited as bright emitters in porphyrin-based molecular pho-

onic devices.
As a model compound for fundamental studies of optoelec-

ronic gating, compound 23 (Plate 4) was prepared from ethynyl
hthalocyanine 20 (M = 2H), zinc(II) 5,15-bis(4-iodophenyl)-
0,20-dimesitylporphyrin, and 4-ferrocenylphenylethyne using
he aforementioned palladium-catalyzed reaction conditions
24]. The compound contains a zinc(II) porphyrin input unit,
phthalocyanine bright far-red emitting output unit, and fer-

ocene as a redox-switching unit. Oxidation of the latter leads
o an almost complete quenching of the phthalocyanine fluores-
ence despite their far separation. This observation indicates that

he ferrocene radical cation is a very efficient trap for the excited-
tate energy, and the quenching should occur via superexchange
nvolving the intervening porphyrin unit.

late 4. Structure of ferrocene-containing porphyrin–phthalocyanine dyad 23.
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d porphyrin–phthalocyanine dyads 22.

Sutton and Boyle also prepared two related porphyrin–
hthalocyanine dyads 24 and 25, in which the two macrocy-
les are directly linked by a triple bond [25]. The synthesis
nvolves a palladium-catalyzed coupling reaction of meso-
thynyl porphyrin 26 and iodophthalocyanine 27 (Scheme 4).
he absorption spectrum of 24 in toluene shows a red-shifted
oret band (at 352 nm) compared with that of an equimolar mix-

ure of 26 and 27 (at 342 nm). This is a strong indication of
ffective electronic communication between the two � systems.
he phthalocyanine Q band of these dyads is also split as a result
f the electronic and symmetry effects induced by the ethynyl
orphyrin substituent.

Compounds 28 and 29 are related dyads connected directly
t the meso- and �-positions of porphyrin and phthalocyanine,
espectively [26]. Scheme 5 shows the synthetic route for these
ompounds. Mixed cyclization of the diiminoisoindolines 30
nd 31 in the absence or presence of Zn(OAc)2 in DMAE
ives the cyano phthalocyanines 32, which undergo reduction
o give the formyl counterparts 33. These compounds then
ondense with methoxycarbonylethyldipyrromethane (34) and
-methylimidazole-2-carboxaldehyde (35) followed by oxida-
ion with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) to
fford the dyads 28 in 13–15% yield. Treatment of these com-
ounds with Zn(OAc)2 leads to metallation at the porphyrin site
iving 29.

These dyads have the shortest edge-to-edge distance between
he macrocycles (ca. 1.5 Å) in hetero porphyrin and phthalo-

yanine dyads, leading to strong excitonic coupling and very
fficient energy transfer from the porphyrin to phthalocya-
ine moieties. Compound 28 (M = M′ = 2H), for example, gives
trong fluorescence from the phthalocyanine moiety when the
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orphyrin moiety is excited (at 516 nm). The fluorescence
uantum yield (Φf = 0.71) is close to that of tetra(tert-
utyl)phthalocyanine (Φf = 0.77). In non-coordinating solvents
uch as toluene, stable complementary dimeric dyads of 29 are
ormed through the axial coordination of the zinc center in the
orphyrin ring and the imidazolyl nitrogen atom of another

olecule (Plate 5). The dimer formation is supported by the

plit Soret bands at ca. 410 and 440 nm, and the upfield shift of
he 1H NMR signals of the coordinating imidazolyl groups.

t
e
d

Scheme 5. Preparation of directly linked porp
hyrin–phthalocyanine dyads 24 and 25.

Very recently, Torres and co-workers have prepared three
imilar hetero-dyads 36, in which the two chromophores are
inked at the �-positions [27]. The preparation of these com-
ounds involves a classical mixed cyclization method using the
orphyrin-containing phthalonitrile 37 and the corresponding
hthalonitriles (Scheme 6). Again, the close proximity of the

wo chromophores in these dyads results in strong through-space
xcitonic coupling and ultrafast energy transfer (ca. 1012 s−1) as
etermined by femtosecond transient absorption studies.

hyrin–phthalocyanine dyads 28 and 29.
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the porphyrin-containing phthalonitriles 53 and 54 (Plate 7) [30].
Plate 5. Proposed structure of the dimeric dyads of 29.

.2. Triads

A linear array of chromophores consisting of a perylene
nput unit, a bis(metal-free porphyrin) transmission unit, and

metal-free phthalocyanine output unit was synthesized by
indsey and co-workers for studies in artificial photosynthe-
is and molecular photonics [28]. The preparation of this
orphyrin–phthalocyanine triad 38 involves a quite lengthy pro-
edure. First of all, two trans-AB2C porphyrins (39 and 40)
ach bearing one unsubstituted meso-position are prepared,
hich undergo oxidative meso–meso coupling to give the bis-
orphyrin 41. After demetallation, compound 42 is formed.
aving one phthalonitrile moiety and one iodophenylene group,

his compound undergoes sequential mixed cyclization with
-tert-butylphthalonitrile (6) and palladium-mediated coupling
ith ethynyl perylene 44 to afford 38 (Scheme 7).
The linear array 38 absorbs strongly across much of the vis-

ble region. Upon excitation of the perylene and bis(porphyrin)
omponents at 490 or 529 nm (with ca. 6:4 relative absorption),
mission occurs almost exclusively from the phthalocyanine
nit. The time constants as determined by time-resolved exper-
ments were found to be 2 ps (90%) and 13 ps (10%), which are

uch shorter than the excited state lifetimes of some perylene

nd bis(porphyrin) model compounds (ca. 10 ns). The results
ndicate the presence of an extremely fast and efficient funnelling
f energy from perylene through bis(porphyrin) to phthalocya-
ine in 38.

T
t
c

Scheme 6. Preparation of �-linked porp
Reviews 251 (2007) 2334–2353

Compared with other light-harvesting and energy-funnelling
ystems such as 45 and 46 (Plate 6), this linear array has several
dvantages. First of all, it has good spectral coverage across the
lue and red region. It exhibits ultrafast and essentially quantita-
ive energy transfer from the perylene end to the phthalocyanine
nd of the array, the emission of which is as bright (Φf = 0.78)
nd long-lived (τf = 6 ns) as in an isolated phthalocyanine model
ompound.

Compound 47 is another porphyrin–phthalocyanine triad
inked simply by the oxo groups [29]. As shown in Scheme 8, the
reparation of this compound involves three steps. First of all,
eaction of hydroxyporphyrin 48 with 4,5-dichlorophthalonitrile
49) in the presence of K2CO3 leads to aromatic nucle-
philic substitution giving the bis-porphyrinated phthalonitrile
0, which can then be metallated with Zn(OAc)2·2H2O to give
1. The dyad 47 can be obtained in 6% yield by ring-expansion
eaction of subphthalocyanine (52) with 51 in the presence of
BU in DMSO.
Upon excitation at 403 nm (at a vibronic band near the Soret

and of porphyrin), the triad 47 shows fluorescence emissions
ue to the porphyrin moieties as well as the phthalocyanine unit.
he appearance of the phthalocyanine emission clearly shows
n energy transfer process from the excited porphyrin units to
he phthalocyanine moiety. The energy transfer quantum yield
as calculated to be 0.77. As a result, the fluorescence quantum
ield upon excitation at 603 nm (at the porphyrin Q band) is
reatly reduced (Φf = 0.009 versus Φf = 0.039 for ZnTPP). The
uorescence quantum yield calculated for the phthalocyanine
oiety (excitation at 640 nm) is also reduced (Φf = 0.14 versus
f = 0.23 for ZnPc), which is attributed to a photo-induced elec-

ron transfer process involving the porphyrin substituents. The
riplet properties of this triad were also studied by laser flash pho-
olysis. The triplet lifetime (τT) and quantum yield (ΦT) were
etermined to be 260 ± 30 �s and 0.10 ± 0.02, respectively,
hich are significantly lower than those of ZnPc (τT = 330 �s;
T = 0.65) [29].
Recently, a similar approach has been employed to prepare
hese compounds undergo a mixed cyclization with unsubsti-
uted phthalonitrile (15) in the presence of the half-sandwich
omplex [EuIII(Pc)(acac)] (acac = acetylacetonate) and DBU

hyrin–phthalocyanine dyads 36.
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Scheme 7. Preparation of perylene-substituted porphyrin–phthalocyanine triad 38.

Plate 6. Structures of porphyrin arrays 45 and 46.
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Scheme 8. Preparation of hetero porphyrin–phthalocyanine triad 47.

Plate 7. Structures of porphyrin-substituted phthalonitriles 53 and 54.
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o afford several novel porphyrin-appended europium(III)
is(phthalocyaninato) complexes.

Recently, we have also prepared the triad 55 (Plate 8) by
reating the hydroxyporphyrin 48 with silicon(IV) phthalocya-
ine dichloride in toluene in the presence of pyridine [31].
ts photophysical properties in DMF have been studied in
etail by steady-state absorption and fluorescence spectroscopy,
emtosecond fluorescence up-conversion measurements, and
icosecond transient absorption spectroscopy. The fluorescence
uantum yields of both the porphyrin and phthalocyanine parts
n the triad are greatly reduced compared with those of the
eference compounds as a result of photo-induced electron trans-
er (eT) and excitation energy transfer (ET) between the two
omponents. When the porphyrin moieties are initially excited,
uorescence due to the phthalocyanine core is observed, which

s a major depopulation pathway of the first excited singlet state
f the porphyrin. Electron transfer is a competitive process, but
ts probability is about six times lower. When the first excited
inglet state of the phthalocyanine core is populated, either by
irect excitation or via excitation energy transfer, it undergoes
ast depopulation via electron transfer to the charge-separated
tate. Fig. 1 summarizes the different transitions including the
ate constants of these processes.

.3. Tetrads

To the best of our knowledge, covalently linked porphyrin–
hthalocyanine tetrads remain unknown. Only a series of struc-
urally related porphyrin–porphyrazine analogues have recently
een reported [32]. The formation of these tetrads involves a
tepwise “2 + 2” complexation of the exocyclic pyridyl por-
hyrins 56 and the geminal diamino porphyrazines 57 with two
latinum(II) centers (Scheme 9). Porphyrins 56 are firstly treated
ith PtCl2(PhCN)2 in toluene to give the dimeric complexes 58

n high yields as a result of their favorable binding topology
o form the closed supramolecular system. The removal of the
hloro ligands of these complexes by Ag(ClO4) facilitates the
oordination of the vacant sites by the exocyclic geminal amino
roups of 57. The tessellated arrays 59 are then obtained in ca.
0% spectroscopic yields. Palladium(II) ions can also induce

imilar self-assembly, but the resulting arrays are less robust
han the platinum counterparts.

The electronic absorption bands of 59 in toluene are red-
hifted and broadened compared with those of the individual

Fig. 1. Energy levels and transfer schemes of the triad 55 in DMF.
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Plate 8. Structure of hetero porphyrin–phthalocyanine triad 55.

omponents as a result of the edge-to-edge electronic inter-
ctions between the chromophores through the platinum(II)
inkers. The fluorescence emissions of these tetrads are also
ed-shifted and there is substantial energy migration from the
orphyrin moieties to the porphyrazines.

Deposition of these supramolecular complexes as drop-cast
lms on mica has been examined by AFM. These cationic
rrays form stable and uniform ultrathin films on the anionic
urface of mica, as shown by their absorption and fluorescence
pectra.

.4. Pentads

The first porphyrin–phthalocyanine pentads were reported
y Kobayashi and co-workers in 1987 [33,34]. They
mployed the tetra-anhydride of 2,3,9,10,16,17,23,24-
ctacarboxyphthalocyanine (60) as the starting material
nd condensed it with 5-(4-aminophenyl)-10,15,20-
riphenylporphyrin (61) to give the tetra-porphyrin-substituted
hthalocyanine 62 (Plate 9) in 73% yield. Treatment of this
ompound with FeCl2 in refluxing DMF affords the iron
nalogue 63. The absorption spectrum of the pentad 62 in DMF
hows a broader and weaker Soret band compared with the
um of the spectra of 60 and 4 equiv. of 61, suggesting that the
etrapyrrole components have ground-state interactions.

Lindsey and co-workers prepared a related series of pentads
n which four porphyrin moieties are linked to a phthalocya-
ine core in a star-shaped architecture through ethynyl linkers
35]. The synthesis involves a straightforward and classical
ased–promoted tetramerization of the porphyrin-containing
hthalonitrile 64 in the presence of a metal salt (Scheme 10).
rrays with different centers (2H, Zn, or Mg) in the macrocy-

les can be prepared by selective metallation and demetallation.
s expected, these compounds show intense absorptions in

he blue and red region, and exhibit rapid (in ps) and effi-
ient singlet–singlet energy transfer from the porphyrin moieties
o the phthalocyanine core as shown by steady-state and
ime-resolved spectroscopic methods. For the mono-oxidized
ll-metal pentads, ground-state hole/electron hopping is rapid
n the EPR time scale, showing that electronic communication
mong the components is very effective in these arrays.
By using a similar self-cyclization method, Nyokong
nd co-workers also prepared the tetra-porphyrin-substituted
hthalocyanines 66 [36]. As shown in Scheme 11, porphyrin
7, which can be prepared by treating 5-(4-hydroxyphenyl)-
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Scheme 9. Preparation of tessellated porphyrin–porphyrazine tetrads 59.

Scheme 10. Preparation of mixed porphyrin–phthalocyanine pentads 65.
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late 9. Structures of phthalocyanine 60, porphyrin 61, and mixed pentads 62
nd 63.

0,15,20-triphenylporphyrin (48) with 4-nitrophthalonitrile (4)
ollowed by metallation with Zn(OAc)2·2H2O, can be converted
o pentad 66 (M = 2H) in 10% yield upon treatment with lithium
n 1-octanol. Compound 67 can also be converted to the zinc
hthalocyanine analogue 66 (M = Zn) in 16% via the diimi-
oisoindoline 68.

The spectroscopic and photophysical properties of these
entads were also studied. The presence of four porphyrin sub-
tituents on the zinc(II) phthalocyanine core in 66 (M = Zn)
lightly shifts the Q band from 670 nm (for ZnPc) to 678 nm in
oluene. There is a mutual quenching of the singlet-excited states
f both chromophores when they are selectively excited. For the
hthalocyanine core, the quenching is due to electron transfer.
owever, for the porphyrin moieties, the quenching arises from
combination of both electron transfer and energy transfer. The
fficiencies of these processes are significantly higher compared
ith those for a 1:4 molar mixture of ZnPc and ZnTPP. This can
e attributed to the proximity of the donor and acceptor in the

entads.

By using the cobalt analogue of 68 and Co(OAc)2·4H2O
nstead of Zn(OAc)2·2H2O in the self-cyclization reaction, the
ll-cobalt analogue of 66 can be prepared [37]. This compound

o
s
a
s

Reviews 251 (2007) 2334–2353 2345

xhibits nine redox processes as shown by cyclic voltammetry
nd square wave voltammetry. Spectroelectrochemical studies
eveal that the first oxidation occurs on the cobalt phthalocya-
ine core and the first reduction occurs on the cobalt porphyrin
oieties. The subsequent reduction occurs on the phthalocya-

ine and porphyrin units in an alternating manner. This all-cobalt
entad can also be immobilized onto a glassy carbon electrode
o form an efficient amperometric sensor for hydrogen perox-
de in neutral and basic media [38]. The system shows a fast
mperometric response (approximately 1 s) with linearities up
o ≥1.50 mM. It also has a low detection limits (micromolar
ange) and high stability (8 weeks).

.5. Higher-order arrays

As another light-harvesting system, the star-shaped arrays
9 were also prepared by Li and Lindsey [39]. The synthe-
is involves a classical self-cyclization of bis-porphyrinated
hthalonitrile 70, which can be prepared by palladium-mediated
oupling of the ethynylporphyrin 71 and the iodoporphyrin 72
Scheme 12). Addition of MgCl2 or Zn(OAc)2·2H2O during
he cyclization gives the all-magnesium or all-zinc nonamer,
espectively, while the use of lithium pentoxide affords the
ll-metal-free analogue, which can also undergo magnesium
nsertion to give the all-magnesium counterpart. Similar to the
forementioned porphyrin–phthalocyanine arrays prepared by
he same group, these nonamers absorb strongly across the solar
pectrum and exhibit efficient intramolecular singlet-excited
tate energy transfer from the porphyrin moieties to the phthalo-
yanine core.

Another hetero-nonamer of porphyrin and phthalocya-
ine has been reported recently [29]. This array contains a
inc(II) phthalocyanine core substituted with eight zinc(II)
orphyrin units at the 2,3,9,10,16,17,23,24-positions. The syn-
hesis involves the conversion of 4,5-bis-porphyrin-substituted
hthalonitrile 51 to its diiminoisoindoline derivative followed by
yclization in the presence of Zn(OAc)2·2H2O and DBU in 1-
entanol. The overall photophysical properties of this nonamer
esemble those of the triad 47 with a somewhat lower triplet
uantum yield (ΦT = 0.04 versus ΦT = 0.10), shorter triplet life-
ime (τT = 170 �s versus τT = 260 �s), but higher energy transfer
fficiency (ΦSS

ET = 0.95 versus ΦSS
ET = 0.77).

. Face-to-face aggregates held by electrostatic
nteractions

In addition to covalent bonding, electrostatic interaction is
nother common linkage to hold these macrocycles in a face-
o-face manner. The early works of this class of hetero-arrays
p to 1996 have been reviewed [14]. Therefore, in this sec-
ion, only the recent works not mentioned in that review will be
escribed.

Xu and co-workers studied the self-assembly of several pairs

f porphyrin and phthalocyanine bearing oppositely charged
ubstituents. The tetra-cationic porphyrins 73 bind to the tetra-
nionic phthalocyanine 74 (Plate 10) in water and other polar
olvents in 1:1 stoichiometry as shown by UV–vis spectroscopy
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Scheme 11. Preparation of tetra-po

nd fluorescence spectroscopic titration [40]. The resulting

V–vis spectra show greatly depleted and red-shifted por-
hyrin Soret band and phthalocyanine Q band compared with
he sum of the spectra of individual components. This obser-
ation clearly indicates that the two chromophores interact in

t
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Plate 10. Structures of cationic porphyrin
in-substituted phthalocyanines 66.

he ground state through the electrostatic interactions between

he oppositely charged substituents and the �–� interactions of
he macrocycles. These hetero dimeric aggregates exhibit high
tability with equilibrium formation constants in the range of
1.2–8.9) × 108 M−1.

s 73 and anionic phthalocyanine 74.



P.-C. Lo et al. / Coordination Chemistry Reviews 251 (2007) 2334–2353 2347

orphy

s
c
d
f
m
fl
a

a
n
f
1

Scheme 12. Preparation of mixed p

Similarly, the anionic sulfonated porphyrins 75 also form
elf-assembled face-to-face structures with the cationic phthalo-
yanines 76 (Plate 11) [41]. The stoichiometry (1:1 or 1:2)
epends on the affinity of the metal center of these macrocycles

or axially bound coordinating solvent molecules. The two chro-
ophores in the mixed arrays exhibit a mutual quenching of the
uorescence through electron transfer as shown by the transient
bsorptions of the porphyrin radical cation (around 600–650 nm)

c
t
n

Plate 11. Structures of anionic porphyrins 75 a
rin–phthalocyanine nonamers 69.

nd phthalocyanine radical anion (around 550–600 nm) upon
anosecond laser photolysis. The formation of a related dyad
rom 75 (M = 2H) and the dicationic phthalocyanine 77 (Plate
1) has also been briefly reported [42].
The self-assembly of these oppositely charged macrocycles
an be extended to form multilayer films. By alternating deposi-
ion of the cobalt analogues of 73 and 74 onto an ionic substrate, a
ew type of functional multilayer film can be prepared [43]. The

nd cationic phthalocyanines 76 and 77.
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bsorption spectrum of the film shows the porphyrin Soret band
nd phthalocyanine Q band at 440 and 676 nm, respectively.
hese absorptions are red-shifted by ca. 500 and 200 cm−1,

espectively, compared to those in the solution spectra as a
esult of aggregation of chromophores within the layer. The
bsorbances of these two bands also increase linearly with the
umber of layers, showing that the consecutive absorption is
niform and regular.

Self-assembled amphiphilic dyads can also be used to form
angmuir–Blodgett (LB) films. By alternating deposition of

atty acids and the hetero-dyad of zinc(II) meso-tetrakis(4-N-
oeicosylpyridinium)porphyrin and copper(II) tetrasulfonated
hthalocyanine, LB multilayers are formed [44]. Upon excita-
ion of the porphyrin ring, long-lived radical ions are formed
n the layers, while energy transfer is observed in solution. The
ifference in behavior can be attributed to the local high polarity
xperienced by the dyad in the former medium.

Similarly, LB films can also be fabricated using the
mphiphilic zinc(II) �-tetrakis[(4-N,N-dimethyl-N-octadecy-
ammonium)phenoxy]phthalocyanine and meso-tetra(p-
olyl)porphyrin [45]. A monolayer of these two compounds can
e spread on water from chloroform solution and transferred
nto CaF2 slides. According to the surface pressure–area
sotherms and UV–vis spectroscopic studies, it can be con-
luded that the porphyrin ring is situated in the cavity between
he long alkyl chains of phthalocyanine in one layer of the
B film, and the latter macrocycle lies nearly parallel to the
ubstrate surface.

Tran-Thi and co-workers also studied the bimolecular aggre-
ate generated from the tetrachloride salt of the cobalt(II)
eso-tetrakis(4-N-methylpyridinium)porphyrin and the alu-
inium analogue of 74 in DMSO [46]. Its formation constant,

s determined by UV–vis spectroscopic measurements, is in the
ange of 106–107 M−1. The complex exhibits a charge trans-
er character in the ground state in which the phthalocyanine
ing acts as an electron acceptor. It also reversibly binds to
olecular oxygen, probably through the cobalt center, to form a

table zwitterionic species. Upon excitation, the molecular oxy-
en is ejected and the complex relaxes to the ground state via

he triplet excited state. The latter species then triggers the for-

ation of singlet oxygen, which can be revealed by steady-state
nd time-resolved spectroscopic methods. Preliminary in vitro
tudies show that the zwitterionic species is less effective than

[
w
2
o

Plate 13. Structures of anionic porphyrin 80 and m
late 12. Structures of anionic porphyrins 75 and 78, and tetrakis(18-crown-6)
used phthalocyanines 79.

he phthalocyanine component in photo-inactivation of EMT-6
ouse mammary tumor cells.
Rodgers et al. also examined the complexation of a

eries of meso-tetraarylporphyrins with four 4-sulfophenyl
r 4-carboxyphenyl substituents at the meso positions with
hthalocyanines fused with four 18-crown-6 moieties (Plate 12)
47,48]. In the presence of a potassium salt in DMSO or ethanol,
he potassium ions are trapped inside the crown ethers, which are
hen bound to the anionic groups of porphyrin by electrostatic
nteractions to form 1:1 or 1:2 face-to-face mixed tetrapyrrole
omplexes. The UV–vis spectra are significantly changed upon
omplexation. Typically, the porphyrin Soret band is slightly
lue-shifted and the phthalocyanine Q band vanishes with con-
omitant appearance of a new band in the red spectral region
ca. 700 nm). These spectral changes indicate strong electronic
oupling between the chromophores. Results from spectro-
lectrochemical studies suggest that the complexes possess a
ignificant charge transfer character in the ground state in which
he phthalocyanine serves as an electron donor. The energy of
he charge transfer state of the both-metal-free complex was esti-

ated to be 1.70 eV which has a lifetime of 3.65 ns. Femtosec-
nd transient absorption spectroscopy was also used to study the
eactivation pathways after photoexcitation of these complexes
48]. Excitation at 400 nm populates the charge transfer state,

hich deactivates to form the metal-centered (d, d) state within
ps. The latter state repopulates the ground state with a lifetime
f 7–200 ps depending on the metal center of the macrocycles.

ono(18-crown-6) fused phthalocyanine 81.
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s 82 and 83, and zinc(II) phthalocyanine 84.
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Plate 14. Structures of pyridyl porphyrin

Similarly, a mixed supramolecular dyad is formed from the
ono-carboxylated porphyrin 80 and the mono crown ether sub-

tituted phthalocyanine 81 (Plate 13) in chloroform [49]. This
yad can be fabricated into highly ordered LB films as shown
y polarized absorption spectroscopy and low angle X-ray
iffraction method. As expected, the fluorescence of porphyrin
s quenched completely by the phthalocyanine in the mixed
lm.

. Hetero-arrays held by axial coordination

Although axial coordination of metallo-porphyrins and
hthalocyanines has been well documented, the use of this
ethodology to construct hetero-arrays of these chromophores

emains little studied. Ng and co-workers first reported the self-
ssembly of meso-pyridylporphyrins 82 and 83 and zinc(II)
,8,15,22-tetrakis(3-pentyloxy)phthalocyanine (84) (Plate 14)
50]. As shown by 1H NMR spectroscopy and fluorescence
uenching experiments, these tetrapyrrole derivatives are held
y axial ligation to form edge-to-face arrays as shown in Fig. 2(a)
nd (b). Upon addition of 84, the UV–vis spectrum of 82
n chloroform remains essentially unchanged, indicating that
he ground-state �–� interactions between the perpendicularly

isposed macrocycles are insignificant. The formation of a
ace-to-face hetero-dyad by the axial coordination of 84 and
inc(II) meso-tetra(p-tolyl)porphyrin (85) with 4,4′-bipyridine
Fig. 2(c)) is also inferred by comparing the rate of fluorescence

T
t
m
d

Plate 15. Structures of pyridyl phthalocyanine 86
ig. 2. Schematic diagrams showing the structures of hetero porphyrin–
hthalocyanine arrays held by axial coordination.

uenching of porphyrin 85 by phthalocyanine 84 in the presence
nd absence of 4,4′-bipyridine.

This approach has also been extended using bis(4-
yridinolato) silicon(IV) phthalocyanine (86) as the core, which
an axially bind to a series of zinc(II) tetrapyrrole derivatives
Plate 15) [51]. The complexation of 86 with zinc(II) meso-
etraphenylporphyrin (87) is shown by the upfield shift of all the
hthalocyanine and porphyrin ring 1H NMR signals as a result
f the ring current generated by the coordinated partner. The sig-
als for the pyridyl protons are also broadened due to extensive
xchange between the coordinated and the free pyridyl groups.

he corresponding Job’s plot clearly shows a 1:2 stoichiome-

ry, suggesting the formation of the hetero-triad (86)·(87)2. The
olecular structure of this novel complex (Fig. 3) has also been

etermined by X-ray diffraction analysis.

and zinc(II) tetrapyrrole derivatives 87–89.
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Fig. 3. Molecular structure of (86)·(87)2.
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flash chromatography and reprecipitation. Spectroscopic stud-
ies show that there is little ground-state interaction between the
chromophores in these arrays.
Scheme 13. Preparation of ruthe

The complexation of 86 with zinc(II) octathiophenoxy or
ctathiobutoxyphthalocyanine (88 or 89) has also been studied
y 1H NMR spectroscopy. In contrast to the complexation with
orphyrin 87, the binding is in 1:1 manner, presumably with an
lternating polymeric structure in which each zinc center binds
o two pyridyl groups from two molecules of 86. The binding
onstants [270 M−1 (for 88) and 390 M−1 (for 89)] are about
ne order of magnitude smaller than the typical values for axial
oordination of zinc(II) porphyrins with pyridine.

Cook and co-workers prepared the ruthenium(II) phthalocya-
ines 90 and 91 by metallation of the corresponding metal-free
nalogue with Ru3(CO)12 in refluxing benzonitrile [52,53]. The
ormation of these two complexes can be controlled by chang-
ng the experimental conditions as shown in Scheme 13. These
uthenium(II) phthalocyanines bind to various pyridyl ligands
nd can serve as useful building blocks for the construction

f mixed porphyrin–phthalocyanine supramolecular arrays. For
xample, compound 90 binds with 2 equiv. of monopyridyl por-
hyrin 83 to form the triad 92 in 70% yield, while the reaction of
1 with half equiv. of dipyridyl porphyrin 93 affords the triad 94

P
c

(II) phthalocyanines 90 and 91.

n 65% yield (Scheme 14). Both hetero-arrays can be isolated by
late 16. Structures of tin(IV) porphyrin dichloride 95 and nickel(II) phthalo-
yanine 96.
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of the �-cyclodextrin of 97 is also supported by 2D ROESY
experiments.

Upon excitation at 510 nm, where only the porphyrin has
a weak absorption, the 1:1 host–guest complex in water gives
Scheme 14. Preparation of axially bound

A related alternating porphyrin–phthalocyanine array has
lso been generated by mixing tin(IV) porphyrin dichloride 95
nd nickel(II) phthalocyanine 96 in dichloromethane (Plate 16)
54]. It is believed that the macrocycles are linked through a
ridging chloro ligand. In the UV–vis spectrum of the mixed
rray in dichloromethane, the phthalocyanine Q band at 744 nm
ecreases in intensity and a new band at 844 nm emerges, which
ay be associated with charge transfer interaction through
n Cl Ni bonding rather than �–� facial interaction. The Ni
-edge X-ray absorption near edge structure (XANES) study
as shown that the nickel center changes from a square pla-
ar environment to an octahedral structure upon addition of 95,
hich supports the axial ligation of nickel to the chloro ligand.
here is also a higher-energy shift (0.2 eV) of the preedge peak

ndicating that nickel is partially oxidized by charge transfer in
he array.

. Hetero-arrays held by host–guest interactions

Apart from electrostatic interactions and axial coordination,
ost–guest interactions have also been employed recently to
ssemble a mixed porphyrin–phthalocyanine array [55]. The

ystem involves the silicon(IV) phthalocyanine 97, which has
wo permethylated �-cyclodextrin units as the axial ligands
Plate 17), and the tetrasulfonated porphyrin 75 (M = 2H). The
ormer can be prepared in 42% yield by treating silicon(IV)
hyrin–phthalocyanine triads 92 and 94.

hthalocyanine dichloride with mono-6-hydroxy permethylated
-cyclodextrin and NaH in toluene. The host molecule binds
trongly with the porphyrin guest in water. Both absorption
nd fluorescence spectroscopic studies show that the binding
s in 1:1 manner, presumably forming a head-to-tail polymeric
tructure (Fig. 4). The complex stability constant is in the order
f 108 M−1. The encapsulation of 75 (M = 2H) into the cavity
Plate 17. Structure of cyclodextrin-conjugated phthalocyanine 97.
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ig. 4. Schematic diagram showing the head-to-tail polymeric structure of the
ost–guest complex of 97 and 95 (M = 2H), and its energy transfer property.

strong phthalocyanine emission at 683 nm together with a
eak residual porphyrin emission at 639 nm. This indicates the
resence of an efficient singlet–singlet energy transfer process
Fig. 4), which is confirmed by excitation spectroscopy. The
nergy transfer quantum yield has been estimated to be 47% by
omparing the normalized absorption and excitation spectra at
he porphyrin’s Soret band region.

In addition to the light-harvesting property, this host–guest
omplex has also found application in photodynamic therapy.
he photocytotoxicity of this complex in water against HT29
uman colon adenocarcinoma cells is virtually the same as that
f phthalocyanine 97 itself formulated with Cremophor EL. The
espective 50% growth-inhibitory ratio (IC50) values are 0.09
nd 0.15 �M, showing that both systems are highly photocyto-
oxic. The use of this supramolecular approach can prevent the
se of Cremophor EL, which may cause serious hypersensitivity
eactions.

. Concluding remarks

A substantial number of hetero-arrays of porphyrins and
hthalocyanines have been constructed over the last two
ecades. Due to the complementary absorptions of these chro-
ophores and their distinct electrochemical and photophysical

haracteristics, these mixed tetrapyrrole hybrids not only serve
s excellent models for the study of various photo-induced
rocesses, but also find potential applications in artificial pho-
osynthesis, optoelectronics, and photodynamic therapy, etc.
part from the traditional linkages such as covalent bond-

ng, metal complexation to form sandwich-type complexes,
nd electrostatic interactions to generate face-to-face aggre-
ates, supramolecular chemistry is another strategy to link up
hese tetrapyrrole derivatives. This approach is in fact of par-
icular interest and importance due to its versatility and facile
reparation procedure. Supramolecular assemblies of these
acrocycles, however, remain little studied. To date, only a

ew mixed porphyrin and phthalocyanine arrays held either by
xial coordination or host–guest interactions have been reported.
o our knowledge, hetero-arrays linked by hydrogen bonds or

ther supramolecular interactions remain unknown so far. It is
nvisaged that this kind of supramolecular arrays will be one of
he future research focuses. We hope this article will stimulate
urther research on this novel class of functional dyes.
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