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Preface

exhibit intriguing physic-chemical properties that render them
important as a class of molecular functional materials. In addition to their tradi-
tional industrial applications as dyes and pigments, more recently their use as the
organic semiconductors, photodynamic therapy medicines, non-linear optical mate-
rials, catalysts for the photo oxidation, optical recording materials, and gas sensors
attracts great research interests in these tetrapyrrole species. As manifested by the
rapidly increasing number of related scientific publications in recent years, great

Tremendous efforts have been paid toward the development of new phthalo-
cyanine molecular materials as well as toward their applications. Recent emphasis
in both academic researches and technical field has been put on the design and
synthesis of novel phthalocyanine species, the structure–property relationship, self-
assembly properties, molecular electronics and opto-electronics, and dye-sensitized
solar cells. Although excellent reviews and monographs about phthalocyanines were
published several years ago, it is time to provide a survey of a number of new impor-
tant developments in this fascinating area of phthalocyanine chemistry. The aim of
this book is to bring both the academic and industrial researchers an easy way to the
new progress of phthalocyanines made lately in related field.

Nine chapters are included in this volume. The fascinating development in the
synthesis of novel phthalocyanine derivatives with near-infrared absorbing and
photochromic property is presented at the beginning. Emphasis is on the relation-
ship between the electronic structure and the photochemical- or electrochemical-
properties. The following chapters deal with the exciting progress made in the
supramolecularly assembled nanostructures and applications of phthalocyanines in
photodynamic therapy, molecular magnets, dye-sensitized solar cells, and organic
field-effect transistors.

Phthalocyanines

progress has been made in the field of advanced phthalocyanine materials.

Jianzhuang Jiang, Beijing and Jinan, China
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Functional Phthalocyanines: Synthesis,
Nanostructuration, and Electro-Optical
Applications

Gema de la Torre, Giovanni Bottari, Uwe Hahn, and Tomas Torres

Abstract This overview focuses on the design and preparation of phthalocyanines
(Pcs) and covers both fundamental synthetic approaches and more applied research.
Thus, different topics including, e.g., the preparation of conjugated assemblies using
Pcs as synthetic building blocks, the supramolecular organization of appropriately
featured Pc-molecules, and the incorporation of Pcs into dendrimers and polymers,
are discussed in this chapter. The second part of the review has been devoted to
more technological aspects of these compounds covering Pc-based nanostructures
and Pcs as active components of functional devices.

Keywords Functional phthalocyanines � Macromolecular structures � Multicompo-
nent assemblies � Nanostructuration � Supramolecular organization
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1 Introduction

Phthalocyanines (Pcs) [1–4] were serendipitously discovered in 1928, and from then
on, these synthetic analogues of the naturally occurring porphyrins have been the
subject of extensive research in many different fields [5, 6]. Pcs are planar aro-
matic macrocycles consisting of four isoindole units presenting an 18  -electron
aromatic cloud delocalized over an arrangement of alternated carbon and nitrogen
atoms. For many years, Pcs have been an important article of trade, i.e., dyestuffs
for textiles and inks, as a consequence of their dark green-blue color: their absorp-
tion spectra show, in fact, an intense Q-band in the visible region, usually centered
at 620–700 nm [7].

More recently, Pcs have emerged as attractive molecular building blocks for their
arrangement into molecular materials and nanotechnological devices [8]. To date,
Pcs have been successfully incorporated as active components in semiconductor
and electrochromic devices, information storage systems, and liquid crystal color
displays, among others.

What makes these molecules that outstanding within the fields of materials
science and nanotechnology? Besides their electrical properties and their strong
absorption in the visible region, Pcs are thermally and chemically stable compounds,
and can support intense electromagnetical radiations. Another remarkable feature
is their versatility; the two hydrogen atoms of the central cavity can be replaced
by more than 70 metals and a variety of substituents can be incorporated, both at
the periphery of the macrocycle and/or at the axial positions, thus allowing fine-
tuning of the physical properties. Because of the versatile chemistry of Pcs, their
assembly into multicomponent photo- and electroactive systems [9] can be easily
performed through the linkage with appropriate units, which broadens the appli-
cability of this type of macrocycles, for example in the processing of light into
chemical or electrical energy.

The successful incorporation of Pcs into devices requires a fine control of the
spatial arrangement of these macrocycles with respect to each other, as an appro-
priate supramolecular organization of the chromophores allows the expression of
their optoelectronic properties to a maximum level. Within this context, in-depth
studies on the self-organization of Pcs taking advantage of their intrinsic  – 

stacking abilities are of superior importance. The incorporation of Pc molecules
into macromolecular structures, i.e., dendrimers or polymers, is also worthwhile.
Ultimately, the nanostructuration of Pcs, either at surfaces or in three-dimensional
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(3-D) objects, allows a fine control of the nanometer-scale morphology, which is a
relevant parameter in the fabrication of efficient Pc-based devices.

In this chapter, we intend to revise the most recent contributions to the aforemen-
tioned aspects of Pc research. We will describe how the versatile chemistry of Pcs
makes possible the preparation of monofunctionalized macrocycles, mainly aimed
at preparing multicomponent systems through reaction with other electroactive moi-
eties. The controlled organization of Pcs in solution and the incorporation of these
chromophores into macromolecular structures, as well as the preparation of mono-,
bi-, and three-dimensional nanostructures, will be the object of study. Finally, some
examples of Pc-based devices (solar cells, sensors, transistors, etc.) will also be
given as an example of the real applicability of these molecules.

2 Synthesis of Monofunctionalized Phthalocyanines
as Building Blocks for the Preparation of Conjugated
Systems/Assemblies

The synthesis of Pcs usually involves the reaction of either phthalonitrile or diimi-
noisoindoline precursors that assemble to form the macrocyclic structure [10, 11].
The ring arrangement is thus spanned by four isoindole units that are fused at their
1,3-positions by aza-bridges. Most often this reaction is conducted in the presence
of metal ions that perform the function of a template during the ring formation. As
a result of the four benzene rings at the periphery of the Pc, chemical alteration of
such scaffolds is basically accomplished through synthetic methods that are related
to aromatic hydrocarbons. Concerning the modification of Pcs, there is hardly any
restriction to the number of functional groups that can be introduced at the periphery
of the macrocyclic scaffold.

Among the various strategies for the synthesis of monofunctionalized A3B-type
Pcs, the approach relying on the statistical reaction of two different phthalonitrile
or diiminoisoindoline precursors A and B in ratios of 3:1 equivalents (or a slight
excess of A), appears to be the most commonly applied (Fig. 1) [10,12]. Compound
A holds thereby a chemically inert moiety such as, for instance, tert-butyl or mono-
or dioxyether groups, whereas B imparts the function to be introduced in the Pc scaf-
fold. However, incorporation of chemically inert bulky groups not only enhances the
solubility but can also avoid the often observed strong aggregation of Pcs. More-
over, these groups often help to adjust the targeted Pcs properties because of their
electron-donating or electron-withdrawing character. In many cases, the presence
of such units allows the facile preparation of the desired structure in reasonable
yields after separation of the symmetric A4 and other higher functionalized (A2B2,
AB3, etc.) Pc homologs via the usual purification techniques. A special case of
this methodology includes the use of phthalonitriles covalently bound to a polymer
support [13–17]. Statistical crossover condensation with an excess of the unbound
phthalonitrile forms the target structure that can be purified from the byproducts
and subsequently be regenerated while cleaving the anchor group from the polymer
backbone. Apart from this approach, there exist a few other attempts described in
the literature for the construction of such unsymmetrical functionalized macrocyclic
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Fig. 1 General schematic representation of the statistical condensation strategy to the preparation
of unsymmetrically substituted A3B-type phthalocyanines

structures. For instance, another methodology pursued is the ring opening of sub-
phthalocyanines (subPcs), i.e., the Kobayashi ring expansion reaction [18]. The
macrocyclic structure of three isoindoline units that bears a boron atom in its cav-
ity is opened in the presence of a functionalized diiminoisoindoline (Fig. 2a). Thus,
the implementation of this functionalized diiminoisoindoline moiety leads to the
formation of the desired A3B-type Pc. However, this strategy lacks of selectivity
and the yields obtained are generally poor. A few recent reports on the employment
of this approach toward multicomponent systems deal with structures comprising a
Pc and either one or two porphyrins moieties [19, 20]. Another possible method to
obtain monofunctionalized Pcs is constituted by the axial modification. Well-known
species are for instance Pcs with silicon or ruthenium atoms in the central cavity, in
which axial ligands can be introduced (Fig. 2b). Correspondingly, functionalization
through axial ligand coordination has been exploited for the fabrication of multi-
component systems as it has been demonstrated recently by various examples. Such
entities consist of Pcs that are modified axially among others with, e.g., subPcs
[21], porphyrins [22–27], perylenes [28,29], or fullerenes [30–38]. The employment
of the statistical strategy toward non-centrosymmetric, unsymmetrically substituted
A3B-type Pcs will be described in detail herein in connection with the construction
of photoactive and/or electroactive multicomponent assemblies. However, it shall
be pointed out that this section does not present an exhausting overview of all such
assemblies rather than highlighting the advances made during the recent years.

As already mentioned above, there is almost no restriction with regard to the
incorporation of functional groups into the Pc structure. The nature of the introduced
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Fig. 3 Approaches to the synthesis of monoiodo Pc 2

functionalities mirrors virtually almost all the possibilities available in organic
chemistry. Among all functional groups, the preparation of Pcs that carry an iodine
function is of high interest. This particular group allows, for example, the employ-
ment of metal-catalyzed reactions, thereby offering a tool or an anchor point where
organic chemistry can be employed for the fabrication of conjugated structures
[39, 40]. The high versatility of the functionalization via arylhalides in general is
underscored by the large number of organic synthetic materials to be found in the lit-
erature. This approach permits the preparation of acetylene or vinyl-based scaffolds
as well as the application of a wide range of functional group interconversions.

In this nexus, the groups of van Lier and Torres independently reported in 1997
the preparation of a highly soluble A3B-type zinc(II) Pc, where A represents substi-
tuted tert-butyl isoindolines, whereas B stands for an iodine-containing unit (Fig. 3).
The former group started with the preparation of mononitro Pc 1 obtained through
statistical condensation of 4-nitrophthalonitrile and 4-tert-butylphthalonitrile in the
presence of zinc acetate [41]. Subsequent reduction of Pc 1 provided the amino
function which was then subjected to a Sandmeyer reaction to furnish the targeted
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monoiodo Pc 2. Instead of employing a sequence of various reaction steps, the latter
group applied the statistical crossover condensation of 4-tert-butylphthalonitrile and
4-iodophthalonitrile using zinc(II) chloride as templating metal source which led to
the formation of 2 in 20% yield after purification by column chromatography [42]
(Fig. 3). Optimization of the reaction conditions nowadays allows the rather facile
upscale preparation of this Pc precursor with yields reaching up to 45%.

Palladium-catalyzed reactions of this halide-containing building block with
appropriately chosen terminal alkynes permit the covalent linkage with other pho-
toactive or electroactive species, thus affording rigid systems with a linear geometry.
The conditions applied follow the classical Sonogashira cross-coupling, i.e., the
use of a palladium-phosphane ligand complex and excess of triethylamine in the
presence of a catalytic amount of copper(I) iodide. The addition of an excess of
potassium iodide was found to lead to increased product yields. However, when
modifying free-base Pcs or related macrocycles, the presence of copper has to
be avoided as the metal would else be implemented in the free-base macrocycle.
In these cases, the non-metallated species can be maintained by using a catalyst
system consisting of [Pd2.dba/3] (dba D dibenzylideneacetone) and triphenylar-
sine in freshly distilled and deaerated piperidine. The first specimens obtained
via the cross-coupling technique were introduced in 1997, i.e., the synthesis of
homo- and heterodimetallic ethynyl-bridged bis-metalloPc complexes in yields
higher than 70% [42]. The Pc–Pc homodimer 4 reported in the literature that has
been constructed under the use of palladium-mediated cross-coupling is depicted
in Fig. 4 [43]. Accordingly, homo- and heterodimetallic bis-Pcs have been syn-
thesized by direct coupling of the monoiodo- and the ethynyl-functionalized Pcs
[44]. The zinc derivative was then subjected to a cobalt-catalyzed cyclotrimer-
ization to provide the corresponding sterically crowded hexameric structure in
which the Pc behaved like non-conjugated chromophores presumably because of
the propeller-like conformational arrangement [45].

Similarly, Torres et al. also reported the preparation of perylene-Pc assemblies 5
(Fig. 5). The synthesis of these triads was thereby accomplished via palladium-
catalyzed cross-coupling pursuing two different routes [46]. First preparing the
perylenediimide with two bromine units in positions 1 and 7 and subsequent
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coupling with an ethynyl-functionalized Pc gave the target hybrid structure in 16%
yield, while the other methodology by endowing the same bay positions of the
perylenediimide scaffold with two terminal triple bonds followed by the conjugation
with 2 furnished the triad 5 in 33% yield.

Synthetic efforts have also been devoted to implement an ethynyl bridge in
between a Pc and a ruthenium(trisbpy) (bpy D bipyridine), thus giving rise to
the corresponding linear, highly conjugated, two-component heteroleptic metal
complex structure 6 (Fig. 5) [47]. Key to the preparation of this dyad was the
palladium(0)-promoted cross-coupling of 5-bromo-2,20-bipyridine and ethynyltri-
tert-butylphthalocyaninatozinc(II) 3 in freshly distilled and deaerated diisopropy-
lamine as a base. Refluxing of the functionalized Pc with ŒRu.bpy/2�Cl2 � 2H2O
then readily furnished the target dyad structure.

Similarly, the reaction of 2 with 4-ethynylbenzaldehyde furnished a benzalde-
hyde substituted Pc that was then subjected to a reaction with fullerene under
Prato conditions [48]. The formation of well organized supramolecular nanostruc-
tures on graphitic surfaces was observed. These structures were found to be highly
conductive as a result of the extremely high degree of molecular order of such
dyads. A slightly shorter Pc–C60 dyad, in which the Pc and C60 units are sepa-
rated by a triple bond has also been described [49]. Very recently, Torres et al. also
described the preparation of a rather sophisticated tetrad comprising three Pc units
and a fullerene sphere [50]. Tetrakis(4-iodophenyl)methane was thus monofunc-
tionalized by means of Sonogashira cross-coupling with 4-ethynylbenzaldehyde
over one of the iodophenyl moieties. The remaining three iodo-functions were
then also modified via threefold Pd-assisted conjugation with a large excess of 3
to provide a formyl-containing tripod. The excess was needed because of the for-
mation of the homo-coupling product obtained during the cross-coupling reaction.
Finally, 1,3-dipolar cycloaddition with pristine fullerene gave the four-component
entity 7 under formation of a fulleropyrrolidine moiety (Fig. 6). Sonogashira cross-
coupling reaction conditions also proved successful for the production of fur-
ther multi-component systems consisting of a Pc and subPc [51], porphyrin [52–
57], ferrocene [58], or very recently with endohedral fullerenes [59]. Such highly
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conjugated systems have then been investigated on possible energy or electron
transfer processes.

Compound 2 was furthermore employed in the preparation of NH-linked Pc-
porphyrin arrays [60]. The reaction between the amino-functionalized porphyrin 8
and 4-iodophthalonitrile using Buchwald-Hartwig amination conditions (Pd.OAc/2/
rac-BINAP (BINAP D 2; 20-bis(diphenylphosphino)-1,10-binaphthyl) as the cat-
alytic system) in the presence of potassium tert-butoxide, delivered the entities
connected either at the meso-phenyl group (9 in Fig. 7) or at the ˇ-pyrrolic posi-
tion [61].

Apart from this direct cross-coupling of functional Pcs, also elongated systems
have been described in the literature. Correspondingly, for instance conjugation
of 2 with 4-trimethylsilylethynyliodobenzene incorporated the extended bridge
into the system and deliberation of the terminal triple bond allowed for the final
cross-coupling with a ferrocene derivative [62]. A homo-dimetallic Pc assembly
spacered by (E)-1,2-diethynylethene has been obtained by two successive Pd(0)-
catalyzed cross-couplings, providing in first instance the mono-adduct which was
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then subjected to a second cross-coupling with the other metalloPc [63]. The various
entities of  -conjugated molecular dyads exhibited substantial electronic communi-
cation between the two metalloPcs. In connection with alkynyl-functionalized Pcs,
the direct coupling of two triple bonds in the presence of copper ions and piperidine
as base has also been accomplished. This oxidative homocoupling readily provided
the homo-dimetallic butadiynyl-bridged bisPc complexes [43]. Similarly, Pc-fused
dehydro[12]- and [18]annulenes 10 have been synthesized through copper-mediated
oxidative coupling from unsymmetrical bis-alkynyl substituted Pcs (Fig. 8) [64–66].
Likewise, a more sophisticated system 11 has been introduced consisting of two Pcs
and two fullerenes that are fully conjugated as the four moieties are linked by triple
bonds (Fig. 8) [67].

Aiming at a Pc–porphyrin dyad 12 with an extremely long rigid linear spacer,
Odobel et al. reported the ultra-fast, single step charge separation over a 3.4 nm
distance [68,69]. The first step of the applied methodology consisted of the prepara-
tion of a oligo(phenyleneethynylene) spacer endowed with two terminal alkyne units
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of which one was masked with a protecting group (Fig. 9). Monoiodo Pc 2 was then
coupled to the unprotected alkyne of this extended bridge under palladium-mediated
conditions. Subsequent deprotection allowed then for the second Sonogashira cross-
coupling with the porphyrin moiety. Also Lindsey et al. accomplished the synthesis
of a three-component system based on Pc and ferrocene, which are covalently
connected through a porphyrin linker (13 in Fig. 9) [58]. Again, cross-coupling
reactions proved to be key to the synthesis. Hence, to a solution containing stoi-
chiometric amounts of the zinc(II) porphyrin with two iodo functions as well as
the ferrocene and Pc building blocks modified with a terminal alkyne moiety the
palladium catalyst was added. Purification of the mixture by different techniques
afforded the desired triad 13 in 15% yield. Using a similar synthetic strategy, the
same authors reported as well a tetrad consisting of a linear array of a perylene, two
porphyrin units and a Pc [70]. The two outer photoactive functional groups, namely
the perylene and the Pc, were thereby coupled under the Pd-mediated conditions
to provide the target entity. This assembly exhibited efficient light-harvesting prop-
erties and rapid funneling of energy in a cascade from the perylene to the Pc unit
through the bis(porphyrin).

However, such halogenated Pcs can also be the starting point for carbon–carbon
bond formation by other metal-mediated reactions with terminal alkenyl-containing
building blocks [39]. In terms of incorporation of alkenyl linkers for the fabrication
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of Pc multicomponent systems, the Heck-type coupling proved successful for a
vinyl-bridged anthraquinone with two covalently linked Pcs [71,72] (14 in Fig. 10).
The reaction of monofunctionalized tri-tert-butylvinylphthalocyaninatozinc(II)with
differently substituted diiodoanthraquinones was performed using palladium-
catalyzed coupling conditions. The synthetic protocol was found to be working best
when employing .MeCN/2PdCl2 as catalyst, which was applicable regardless of the
substitution pattern at the anthraquinone scaffold. Similarly, another dyad has been
synthesized through Heck-type coupling of p-vinylbenzaldehyde to 2, thus furnish-
ing a terminal aldehyde function that allowed for the introduction of fullerene to
provide a Pc–C60 dyad with a phenylenevinylene bridge that comprised a linear
fully conjugated geometry [73,74]. Heck-type reaction played also an important role
in the construction of further multiPc-containing structures. In this regard, a push–
pull heterodimetallic Pc ensemble bridged by a [2.2]paracyclophane and two vinyl
moieties has been prepared, in which the photo-induced charge transfer between
donor and acceptor Pc units is produced through space and not through the  -
conjugated linker [75, 76]. Likewise, the reaction of 2 with 1,3,5-trivinylbenzene
furnished the corresponding multinuclearPc 15 [77].

Moreover, vinyl-bridged Pc adducts with ferrocene derivatives have been des-
cribed [78, 79]. Upon reaction of 3,4-dicyanobenzylphosphonate with formylfer-
rocene under Wittig–Horner conditions with the corresponding ferrocene-containing
mono- or bisphthalonitriles have been obtained, which were then subjected to sta-
tistical cyclotetramerization with 4-tert-butylphthalonitrile in the presence of the
appropriate metal salt. Furthermore, a double bond has also been employed as spacer
between the Pc and ruthenium(trisbipyridine) [47].

In comparison with the fabrication of alkynyl- or alkenyl-linked multicompo-
nent assemblies, there are few examples dedicated to aryl-Pcs. Such attempts are
mainly based on Suzuki or Stille couplings. Hence, Odobel et al. [80] reported
the construction of a Pc macrocycle carrying a trimethyltin function, thus allowing
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for the palladium-mediated Stille coupling with a bromine-functionalized ruthe-
nium complex. The best strategy appeared to be the employment of a preformed
ruthenium complex with a bromine function at the terpyridine unit that permit-
ted the Stille cross-coupling with the stannane-modified Pc in 50% yield. The
Suzuki coupling was also exploited for the preparation of covalently linked Pc–
Pc heterodyads, Pc–.Pc/2-homotriad 16 as well as for Pc–porphyrin hetero-dyads
conjugated directly through C–C bonds [81, 82]. These compounds were prepared
through the efficient one-step method that relied on a palladium-mediated Suzuki
cross-coupling reaction of a Pc–boronate precursor that was coupled to the aryl-
halide function(s) of either the Pc (Fig. 11) or the porphyrin moiety.

The alkenyl group can also be transformed to the aldehyde function, which
can hence be used in the reaction with, e.g., fullerenes (Fig. 12) [83–89]. Corre-
spondingly, two strategies have been pursued for the synthesis of such fullerene-
containing Pcs. One of them involves the oxidative cleavage reaction of the alkenyl
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Pc with osmium tetroxide and sodium periodate, and subsequent 1,3-dipolar
cycloaddition of the azomethine ylide, formed in the presence of an excess of sarco-
sine, and C60 to give the fulleropyrrolidine–Pc conjugate 17. The second protocol
relies on the fulleropyrrolidine formation prior to the statistical cyclotetrameriza-
tion with 4-tert-butylphthalonitrile. The low yields obtained via the latter strategy
are presumably a result of the steric congestion of the benzodinitrile-functionalized
fullerene precursor in the statistical crossover condensation.

The amine function in Pcs was also found to be versatile as it allows for the facile
incorporation of other photoactive or electroactive species. In particular such amino-
functionalized Pcs can be easily reacted with perylene dianhydride to undergo
formation of the corresponding diimides such as 18 (Fig. 13) [90–92]. The Pc build-
ing blocks, carrying either a spacered amino or an anilino group, respectively, were
thus implemented into the perylene structure by melting of the two components
in imidazole to result in the construction of the corresponding multicomponent
assemblies. The pathway toward such structures can also be performed by first
introduction of the phthalonitrile to the perylene followed by the formation of the
macrocycle [93].

The amine function served also as the starting point for the first covalent linkage
of Pcs to single-walled carbon nanotubes (SWNTs) [94]. The pipes with open-end
and surface-bound acyl chloride moieties were used to prepare the Pc–SWNTs
system by amide-bond formation (Fig. 14). Accordingly, statistical reaction of 4-
aminophthalonitrile with 4-tert-butylphthalonitrile in the presence of zinc ions
delivered the monoamino Pc that was then employed in the conjugation with the
acid chloride modified carbon nanotubes (CNTs). Here, it should also be mentioned
that other functions have been applied to the covalent modification of CNTs, i.e.,
amide [95], ester [96, 97], or click chemistry [98].

Far more attempts have been undertaken to covalently assemble multicomponent
structures with at least one Pc moiety, which will be briefly described thereafter.
In particular the C60 fullerene has been connected to the Pc by using different
methodologies. Besides the Pc–C60 dyads presented above, the Pc scaffold has also
been covalently connected through employment of Diels–Alder reaction onto the
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C60 (19 in Fig. 15) [99, 100], or via double Bingel reaction [101–104]. An ele-
gant approach toward fullerene–Pc structures represents the modification of C60

with a secondary ammonium function capable of being entrapped in a crown ether-
functionalized Pc [105, 106]. Supramolecular-assisted ensembles between C60 and
Pc can also be obtained upon complementarily functionalizing the two units with
a cytidine and a guanosine thus giving rise to the hydrogen-bonded structure 20
(Fig. 15) [107, 108]. Similarly, a system with anthraquinone has been described
[109]. Very recently, photophysical characterization of a fullerene–Pc dyad in which
the macrocycle was perfunctionalized with trifluoroethoxy moieties revealed no
electronic communication between the two photophysically active units [110].

3 Supramolecular Organization of Phthalocyanines

The self-organization abilities of functional chromophores have been widely explo-
ited to generate supramolecular architectures with improved photophysical and
(opto)electronic properties as a result of excitonic interactions between the dyes.
To achieve this goal, it is necessary to design programed molecules capable of
spontaneously self-organizing into highly ordered supramolecular structures with
controlled dimensions and size. Commonly, noncovalent interactions such as hydro-
gen bonding,  –  stacking, and metal-ligand coordination have been used to induce
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self-organization in solution, crystals, and liquid-crystals. Self-assembly capabilities
can be also transferred from solution onto solid surfaces.

The inherent  –  stacking abilities of Pcs make these macrocycles easily orga-
nizable into supramolecular structures, but some structural modifications at the
periphery of the Pc ring may improve their intrinsic self-organization properties.
For example, by attaching long, aliphatic hydrocarbon chains a liquid crystalline
behavior can be induced [111–116], owing to the formation of one-dimensional
(1-D) columnar stacks of the disc-like cores surrounded by the quasi-liquid periph-
eral substituents. The introduction of crown ether moieties at the periphery of the Pc
macrocycle [117–120] has also been classically used as a tool to obtain long cofacial
aggregates in solution. Crowned Pcs exhibit two driving forces for self-assembly:
typical  –  interactions between aromatic cores and the cooperative complexation
of alkali metal ions between peripheral crown ether moieties. Several authors have
explored this approach [121–128].

A particularly interesting work by Nolte and co-workers [117–127] reports on
the formation of helical, micrometer-long fibers in a chloroform solution of a Pc
molecule peripherally substituted with four crown ether moieties and eight chiral,
long alkyl chains (Fig. 16a). In this case, the molecules within a fiber are orga-
nized into a right-handed helix, which further self-assemble into left-handed twisted
bundle as revealed by transmission electron microscopy (TEM) studies (Fig. 16b).
However, the addition of alkali-metal ions, which bind in the crown ether moieties,
induces the transformation of the helices into straight fibers as a consequence of
the required cofacial arrangement of the crown ether moieties for cooperative bind-
ing to the metals. A modification of this derivative is a crowned Pc bearing four
tetrathiafulvalene (TTF) moieties [129], which also forms a gel in solution. TEM
studies showed the formation of fibers up to several micrometers in length. How-
ever, the expected columnar-type Pc fibers were not observed, thus suggesting that,
in this particular case, the stacking of the molecules occurs through a combination
of TTF–TTF and TTF–Pc interactions, more than through the typical Pc–Pc ones.

Pc-based helical fibers (ca. 70-nm long) have been also found in chloroform
solutions of homochiral nickel(II) Pc complexes bearing four enantiopure
(p-tolyl)ethylaminocarbonyl groups (22-(R) or 22-(S)) (Fig. 17a) [130]. The inter-
molecular interactions responsible for the formation of the observed nanoscopic
structures are hydrogen bonding,  –  stacking, and homochiral interactions of the
enanatiopure bulky entities. These Pc supramolecules were successfully deposited
on hydrophilic and hydrophobic surfaces, where higher-order, helical fibers (ca.
1 �m) were observed. Interestingly, optically active, both left- and right-handed,
supramolecular arrangements can be obtained from achiral Si(IV) octa(octyloxi)Pc
dihydroxide derivatives at the air–water interface [131]. Once deposited onto solid
substrates, the supramolecular chirality could be further fixed through the formation
of Si–O–Si covalent bonds between adjacent molecules, thus giving rise to a helical,
supramolecular polymer.

Long Pc fibers (ca. 1 �m) are formed as well by a covalent Zn(II) tetra(peryle-
nediimide)Pc derivative 23 (Fig. 17b) [132], where each moiety stacks in register
with the same component in an adjacent molecule. Face-to-face aggregation is
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evidenced by the analysis of the absorption spectrum of this compound. In this sys-
tem, ultrafast energy transfer takes place from the perylenediimide moieties to the
Pc one, followed by electron migration along the Pc-column.

Ionic self-assembly may be also a powerful tool for the creation of nanos-
tructures. Faul and co-workers have prepared a supramolecular array by using
tetrasulphonate Pc (bearing four negative charges) and an ammonium-substituted
perylenediimide (bearing two positive charges) as building blocks [133]. The
combination of charge–transfer interactions and discotic stacking leads to the for-
mation of irreversible, 1-D polymeric stacks, which are further stabilized through
electrostatic Coulomb couplings. These 1-D stacks are formed in solution and also
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Fig. 17 Phthalocyanine derivatives forming fibers in solution. (a) Homochiral nickel(II) phthalo-
cyanine 22. (b) Tetra(perylenediimide)phthalocyanine 23

on solid substrates. A helically twisted triple stack model is proposed on the basis
of the microscopic data and spectroscopic observations.

Long, extremely well-organized nanorods are formed in aqueous solution of
the amphiphilic ZnPc–C60 salt 24 (Fig. 18a) [84]. TEM images showed that the
nanotubules are composed of many other nanorod-like substructures (Fig. 18b).
These 1-D, Pc-based micelle-like structures display remarkable photophysical prop-
erties as a result of their nanometric organization, namely, an impressive stabiliza-
tion of the charge separated state (ZnPcC–C60

�) lifetime.
The formation of nanofibers has been induced through asymmetric functional-

ization of the Pc core with one polymer chain. Kobayashi and co-workers have
described the synthesis of a Pc-terminated amphiphilic polymer with a narrow
molecular-weight distribution, through atom-transfer radical polymerization (ATRP)
of acrylate and a Pc-based initiator [134]. The resulting polymer forms a gel in
methanol solution, where the Pc cores are stacked into 1-D columnar aggregates
that are stabilized through  –  interactions between macrocycles and van der Waals
interactions between the long, polymeric alkyl chains. On the contrary, the poly-
merization reactions of "-caprolactone at the two axial positions of a Si(IV)Pc
dihydroxide yield a Pc-containing polymer which can not give rise to columnar
stacking of the Pcs but form nanoparticles through aggregation of the polymer
chains [135].

Another supramolecular recognition motif for the construction of Pc wires is
that based on donor–acceptor interactions. The groups of Torres and Nolte have
reported the covalent Pc dimer 25 consisting of a donor ZnPc and an acceptor
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NiPc subunits that are covalently linked to a central p-cyclophane (Fig. 19) [75].
In butanol solution, this molecule forms 1-D aggregates of nanometer-sized dimen-
sions through donor–acceptor interactions between complementary Pc units. Taking
advantage of this tool, Torres and Guldi have also reported a new supramolecu-
lar Pc–fullerene/Pc ensemble showing a long-lived photoinduced charge separated
state. Donor–acceptor interactions between the donor ZnPc component of a cova-
lently linked ZnPc–C60 dyad and an acceptor Pd(II) phthalocyaninate account for
the formation of the ensemble [73].

Metal–ligand interactions can be used to construct structurally well-defined
assemblies of Pcs. In this context, a well-established method in the field of porphyrin
chemistry, developed by Kobuke and coworkers, is the preparation of imidazolyl-
substituted porphyrins which can coordinate through the imidazolyl group to the
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Fig. 20 Supramolecular assembly of 26 formed via heteroassociation of an imidazolyl-substituted
porphyrin-phthalocyanine covalent dimer

central zinc(II) atom of a different porphyrin unit, giving rise to linear and macro-
cyclic porphyrin arrays [136–138]. This approach can be applied to other
macrocycles and, in fact, Kobuke has established that Pc molecules bearing one
imidazolyl unit form dimers with large association constants by means of a com-
plementary coordination between the ligand and central zinc(II) or magnesium(II)
ions [139]. Covalent imidazolylporphyrin-ZnPc dimers can also form discrete het-
erogeneous stacks through imidazolyl-to-zinc coordination, forming highly stable,
slipped cofacial tetrads 26 (Fig. 20) [140].

In this regard, Ru(II) phthalocyaninate complexes have been recently brought
to light as building blocks for the preparation of supramolecular arrays [22–28].
Ruthenium Pcs have the merit of either single or double ligation, the latter allowing
to attach non-identical ligands. Particularly, the coordination of the Ru(II) centers
with pyridyl-type ligands has been proved to yield very stable coordination com-
plexes. An example of the heteroleptic assembly of Pc and porphyrin molecules by
means of Ru-pyridyl coordination is represented by the ensemble 27 reported by
Cook and co-workers (Fig. 21) [22]. Their approach consists in the substitution at
the meso positions of the porphyrin core with pyridyl ligands, which strongly coor-
dinate to the Ru(II) center of the Pc macrocycles. In this regard, a supramolecular
electron donor-acceptor hybrid has been assembled through axial coordination of a
perylenediimide moiety, bearing two 4-pyridyl substituents at the imido positions,
to the Ru(II) metal centers of two Pcs [28].

Discrete supramolecular Pc–porphyrin–Pc assemblies have also been prepared
using saddle distorted components, namely a protonated dodecaphenylporphyrin
and octaphenyl Zn(II) phthalocyaninate complex, using 4-pyridinecarboxylate as a
supramolecular linking unit. Both metal–ligand and hydrogen bonding interactions
allow the assembly of the components [27].
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4 Phthalocyanine-Based Polymers and Dendrimers

Pc-containing polymers [141–143] and dendrimers can be considered as robust
and processable materials in which the relative orientation of the constituent Pc
units can be controlled by strong covalent bonding. For that reason, the integra-
tion of Pcs into macromolecules is a powerful tool to obtain new materials with
outstanding properties [144, 145]. Pc-containing polymers can be defined by the
way in which the macrocycle is incorporated within the macromolecular struc-
tures, namely, as a side group, in the main chain, or forming a polymeric network
[142]. The two latter approaches involve either polycyclotetramerization reactions
of “bifunctional monomers” (namely, tetracarbonitriles) or the reaction of octa-,
tetra-, or disubstituted mononuclear Pc derivatives with other bifunctional com-
pounds [142, 146–150]. In general, these polymers are quite insoluble in organic
solvents: a feature that makes difficult their processing and reduces their applica-
bility. A particular type of Pc-based network polymer is that reported by McKeown
and co-workers [151–153] who have prepared microporous materials based on Pcs
linked to each other through highly rigid and nonlinear linking groups (Fig. 22).
These materials are commonly prepared by reaction of octasubstituted Pcs with
reactive bifunctional linking groups. The rigidity of the linkers avoids the aggre-
gation of the macrocycles. This type of microporous polymers holds applicability in
chemoselective adsorptions, separations, and heterogeneous catalysis [153].

Especially attractive is the route developed by Hanack and co-workers to obtain
main-chain-type polymers based on Pcs, which relies on the connection of the
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metal ions inside the core through appropriate bivalent bridges [154, 155]. This
approach sets the Pc molecules in a cofacial arrangement within the so-called
“shish-kebab” polymer. The macromolecules obtained by this route can contain up
to 200 macrocyclic units, and can show quite high solubility if appropriate groups
are introduced at the periphery of the Pc macrocycles. A notable example of this
type of rod-like polymers is the phthalocyaninato-polysiloxane 28 whose Pc units
contain crown ethers linked to chiral alkyl side chains that induce helicity to the
columnar architecture (Fig. 23) [156]. The polysiloxane backbone passes through
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the center of the Pc rings, forcing the Pc molecules to tightly stack: the distance
between the Pc rings is 0.34 nm. This feature provides the macromolecules with
electrical conductivity owing to orbitals overlapping. At the solid-liquid interface
and in dry films, this phthalocyaninato-polysiloxane packs head-to-tail forming long
multimolecular columnar structures, which makes this polymer applicable in molec-
ular scale electronics. Another organized phthalocyaninato-polysiloxane system has
been described by Kobayashi and co-workers, who have reported the preparation
of organic-inorganic composites by a sol-gel methodology, where the rod-like Pc
polymers are inserted within ordered hexagonal channels [157].

Another example of a Pc-based 1-D polymer is that reported by Armstrong
and co-workers [158]. They prepared a Pc with eight styrene-type polymerizable
sites at the end of the peripheral substituents. This molecule forms highly ordered,
rod-like aggregates at the air–water interface that can be transferred onto solid
supports. Irradiation of the thin films affords polymerization between the olefin moi-
eties of adjacent molecules by photostimulated [2 C 2] cycloaddition. The rod-like
Pc macromolecules were conveniently studied by matrix-assisted laser desorp-
tion/ionization (MALDI-TOF) spectrometry and atomic force microscopy (AFM),
the latter showing rods with lengths up to 290 nm.

As mentioned above, Pcs can be incorporated as side groups of a main poly-
meric chain. Two routes can be followed to achieve this goal. One of them involves
the polymerization (or copolymerization) of unsymmetrically substituted Pcs, i.e.,
holding reactive sites at one of the isoindole subunits. The second one requires the
preparation of a polymer with side functional groups that can react in a further step
with an appropriately functionalized Pc.

Recent examples of the first route have been described by Kobayashi and co-
workers, who reported the synthesis and characterization of polymeric Pcs obtained
through the olefin metathesis polymerization of terminal olefin groups in the side
chains of unsymmetrical Pc monomers [159]. X-ray analysis of the solid material
indicates that the Pcs are ordered in stacks.

Metathesis polymerization has been also utilized as a tool for obtaining Pc-
containing copolymers as pendant groups, namely with Pcs containing one nor-
bornene polymerizable subunit and a different norbornene-based monomer [160,
161]. Particularly, C60- and Pc-containing copolymers [161] are attractive as mate-
rials for photovoltaic applications, as they permit an intimate contact between the
electron-donor Pc rings and the electron-acceptor fullerene molecules for photoin-
duced charge separation (Fig. 24). Statistical copolymerization of fullerene- and
Pc–norbornene monomers using different monomer ratios afforded a polymer 29
that shows photoinduced electron transfer from the chromophore to the fullerene
units in solution. A photophysical characterization of the copolymer 29 in the
solid state reveals also the occurrence of photoinduced charge transfer. However,
the device showed very poor energy conversion efficiencies. On the way to find
active materials for solar cell applications and to overcome the problem of phase
segregation a modified poly-3-alkylthiophene bearing pendant nickel(II) phthalo-
cyaninates has been prepared [162]. Polythiophenes are donor conjugated polymers,
and the electronic character of the Pc core has been modulated (attaching electron-
withdrawing groups) to achieve an electron-acceptor aromatic core, and therefore
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to obtain a material with charge-transfer capabilities: when the Pc moieties of the
material are photoexcited, a charge transfer occurs from the electron-donor polymer
to the Pc units.

The incorporation of pendant Pcs to a polymeric backbone via the grafting
of a suitable Pc molecule to a preformed polymer containing appropriate func-
tional groups has been accomplished by Chen and co-workers [163]. These authors
exploited the axial reactivity of some metalloPcs (namely, In(III)Pcs) to prepare
an In(III)Pc-polystyrene copolymer. The most remarkable feature of this material
is that cofacial association between the macrocycles is fully prevented. For some
applications of the Pcs, such as optical limiting or photodynamic therapy (PDT),
aggregation should be avoided because it produces the quenching of the excited-
states.

Similarly, isolation of the Pc cores can be achieved by using dendrimers as sub-
stituents of the macrocycles. The steric isolation that the dendritic units afford to the
macrocycle can prevent unwanted interference of the Pc functionality. Some exam-
ples of dendritic substitution have been reported, either at the periphery [164–167]
or at the axial sites [36, 164, 166, 168]. An interesting example of dendritic-type
architectures using Pc as central core is that reported by Majoral and co-workers,
who have constructed a phosphorous dendrimer, up to generation five, from an octa-
substituted metal-free Pc [169] and its copper(II) and other metal complexes [170].
UV-vis experiments show both a hyperchromic and bathochromic effects on the
Q band with increasing generation, indicating that the chromophore is progressively
more isolated and that the dendritic shell mimics a highly polar solvent.

On the other hand, Si(IV)Pcs with hydrophilic poly(arylether) dendrimers att-
ached to the central silicon atom can form spherical micelles by self-assembly [171].
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The spherical self-assembly in aqueous solution originates from the “mushroom”
shape of the molecule. Moreover, when hydrophobic molecules are present, the
micelle includes them as guest molecules, acting as a molecular capsule. As selec-
tive adsorption of Pcs to cancer cells has been used as a tool for PDT, these micelles
hold potential as drug delivery systems.

In this regard, some attention has been paid to Pc-containing dendrimers as
biomedical nano-devices. A dendrimer composed of a focal photosensitizing Pc
unit surrounded by poly(benzylether) dendritic wedges has been examined for PDT
applications [172, 173]. This dendrimer forms supramolecular micelles through the
electrostatic interaction with oppositely charged block copolymers that do not show
self-quenching effect of the focal photosensitizing unit because of the presence of
the large dendritic wedges.

Electronic applications have been also envisaged for CuPc-based dendrimers.
The electron mobility of these materials has been studied in depth [174], as well
as their capability as hole injector for organic light-emitting diodes [175]. The
synthesis and photophysical studies of Si(IV)Pc-cored fullerodendrimers is a rep-
resentative example of the validity of Pc-containing dendrimers for applications
based on electron-transfer between donor and acceptor components [36]. Den-
drimers bearing up to eight axial fullerene subunits have been synthesized, showing
a marked stabilization of the formed radical ion pairs through the electron migra-
tion between the C60 subunits, this stabilization increasing with the dendrimer
generation.

5 Phthalocyanine-Based Nanostructures

The construction of well-ordered supramolecular architectures in which Pcs or Pc-
analogs are organized across multiple length scales is highly desirable, as it opens
up the possibility of using these macrocycles for relevant technological applications
such as field-effect-transistors (FETs), gas sensors, or photovoltaic cells, to mention
a few.

As stated above, several supramolecular motifs such as hydrogen-bonding,
donor–acceptor, or metal–ligand interactions have been used to promote the orga-
nization of Pcs in solution. Somehow different, and probably to some extent more
complex, is the case when such organization is sought on solid supports, as in this
latter case the interactions between the macrocycles and the surface itself should
also be taken into account.

To date a great variety of highly ordered, shape-persistent Pc-based architec-
tures have been reported and diverse spectro- and microscopic techniques have been
employed in order to obtain structural and physical information from the assembled
architectures [176, 177].
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5.1 Phthalocyanine Adlayers

Since the first report on a copper(II) Pc adlayer on Cu(100) [178], several studies
describing the formation of Pc adlayers in air, in ultra-high vacuum (UHV), or at
the solid–liquid interface have been reported [179–183], most of them involving the
use of scanning tunneling microscopy (STM), a widely used technique for studying
the organization of Pc derivatives on surfaces.

Symmetrically substituted chloro-[184, 185] and phenoxy-substituted [186] Pcs
have been organized on Ag(111) and Au(111) by sublimation techniques. It has been
demonstrated that in the case of the alkoxy-substituted Pc, the rotational degrees of
the bulky phenoxy substituents imposes a bowl-like structure to the adsorbed Pc
units, which in turn enables the interaction of the macrocycle core with the metal
surface.

Similarly, Au-supported adlayers of either Co(II) or Cu(II) Pcs have been pre-
pared and the electronic and morphological features of these ensembles investigated
by cyclic voltammetry and in situ STM respectively [187]. Three distinct packing
arrangements could be observed for the CoPc and CuPc macrocycles depending on
the surface coverage, all of them presenting the Pc units lying flat on the Au surface.
In addition, it was found that the CoPc-modified Au electrode was able to enhance
the electrochemical reduction of O2 to H2O2.

Two-dimensional (2-D), two-component systems composed of Pcs and por-
phyrins self-organized by UHV techniques on Au(111) have also been reported
[188–192]. It is interesting to note that, in some cases, depending on the substituent
groups on the Pc and the porphyrin systems, the intermolecular interactions between
these macrocycles give rise to a 2-D crystalline architecture that presents a higher
stability than that of the films resulting from either parent compound [188].

The metastable, 2-D packing motif presented by some Pcs adsorbed on Ag(111)
has also prompted the utilization of such ensembles as templates for the organization
of complementary guest molecules such as fullerenes [193] or corannulenes [194],
giving rise to the formation of two-component, 2-D architectures. More recently,
a similar approach has been used to prepare a surface-supported, three-component
system. In fact, the immersion of an Au substrate into a solution containing both
a ZnPc and a Zn porphyrin led to the formation of a highly ordered, 2-D arrange-
ment of both Pc and porphyrin which can act as a bimolecular “chessboard” toward
the supramolecular assembly of a third component (i.e., C60 fullerene) which is
selectively trapped in the open spaces (Fig. 25) [195].

Complexation of metal ions by Pcs adsorbed on metal surfaces has also been
reported. In fact, a CoPc adsorbed on Au(111) is able to complex two Ca(II) ions
by two of its four peripherally substituted crown ether macrocycles as demonstrated
by high-resolution STM studies [196]. Furthermore, it was demonstrated by using a
Au(100)-(1�1) lattice surface that the relationship between the crown ether moieties
of the CoPc and the underlying Au lattice is important in the trapping of the Ca(II)
ions within the crown macrocycles [197].

During the last few years, adlayers of sandwich compounds such as bisPc
double-decker complexes of Y, Ce, Pr, La, and Er have also been investigated at
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Fig. 25 (a) STM image of a C60 array in the bimolecular “chessboard” consisting of ZnPc and
Zn porphyrin on Au(111). (b) Proposed models for top and side views of C60 array in bimolecular
chessboard. The STM image in (a) is reprinted with permission from [195]. Copyright 2008, The
American Chemical Society

the liquid–solid interface [198–200]. In some cases, molecular rotation has been
observed for these double-decker systems [201–204].

A triple-decker system consisting of two crown-ether-substituted Pc units and
a tetraphenyl porphyrin macrocycle held together through the coordination of two
Eu(III) ions has also been organized on surfaces [205]. The system forms adlay-
ers on Au(111) as demonstrated by STM. High-resolution STM studies allowed
to obtain some structural information of these adlayers, which revealed that the
triple-decker is adsorbed onto the Au surface through the porphyrin macrocycle.
Interestingly, electrochemical characterization of the triple-decker adlayer suggests
the occurrence of a dynamic process in which the molecular orientation of the
macrocycles in the superstructure is reversed in response to electrochemical bias.

Similarly, the precise control at the liquid–solid interface of the molecular orien-
tation and ordering of a Pc-based triple decker, which presents dissimilar adsorption
and assembling characteristics for the top and bottom moieties of the triple-decker
complex, has been achieved by varying the external electric field [206]. In such a
system, the interaction between the intrinsic molecular dipole of the adsorbed triple-
decker molecule and the external electric field is responsible for the field-induced
phase transition.

Recently, Pcs organized on surface have been used as molecular probes for the
determination of quantum confined effects [207]. CoPc molecules form ordered
self-assembled monolayers (SAM) on the top of Pb(111) thin films grown on a
Si(111) substrate with the Pc units lying flat on the surface, as revealed by atomi-
cally resolved STM. A close analysis of the STM data revealed that the Pc molecules
adsorb and self-assemble on the surface following a thickness-dependent adsorption
pattern, which is ultimately related to the quantum size effects of the metal surface.
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5.2 Self-Organization of Phthalocyanines on Surfaces
by Solution-Processable Techniques

The utilization of solution-processable techniques for the fabrication of Pc-based
nanoscale systems represents a relatively cheap and technologically appealing
methodology, when compared to vacuum techniques, for the preparation of nano-
structured architectures.

In this context, solutions of octaalkoxy substituted CuPcs drop-casted on silica
surfaces give rise to the formation of highly homogeneous, 1-D (in the case of the
octa(n-butoxy) CuPc) or 2-D (in the case of the octa(n-octyloxy) CuPc) aggregates
[208]. Density functional computations have revealed that a combination of in-plane
interactions and displaced parallel stacking for Pcs are responsible for the different
self-assembled structures.

The possibility to couple the excellent self-organization ability of the Pcs with a
magnetic property has also been sought through the preparation of a single-molecule
magnet (SMM) alkoxy-substituted bis(phthalocyaninato)terbium(III) 30 (Fig. 26a).

The drop-casting of a solution of this complex on highly oriented pyrolytic
graphite (HOPG) gives rise to the formation of 2-D domains of monodispersed
molecules as observed by STM (Fig. 26b) [209]. These studies revealed that the
complex 30 forms large regions of molecular arrays with domains that range from
10 up to a 100 nm in which the Pc molecules are adsorbed with their molecular
plane parallel to the graphite surface. The magnetic properties of the Pc film were
also investigated by magnetic force microscopy (MFM), a useful technique which
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Fig. 26 (a) Molecular structure of the bis(phthalocyaninato)terbium(III) 30. (b) High-resolution
scanning tunnel microscopy (HR-STM) image of the Pc 30 drop-casted on highly oriented
pyrolytic graphite (HOPG). The Pc molecules can be clearly differentiated as bright spots. The
STM image in (b) is reprinted with permission from [209]. Copyright 2006, The Royal Society of
Chemistry
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Fig. 27 (a) Molecular structure of the Pc–C60 fullerene conjugate 31. (b) Atomic force
microscopy (AFM) topographic image of the Pc–C60 dyad 31 drop-casted on highly oriented
pyrolytic graphite (HOPG). The AFM image in (b) is reprinted with permission from [48].
Copyright 2008, Wiley-VCH

allows probing the local magnetic field gradient of molecular aggregates on diamag-
netic surfaces. In this case MFM experiments failed to reveal any magnetic contrast
for the 2-D organized complex with respect to the underneath surface. This result
can be probably due to the thermal instability of the self-assembled monolayer of
complex 30, which disturbs the observation of the magnetic signal, and/or most
likely to the low magnetic response of the monolayer.

More recently, another example of a Pc-based system (31) (Fig. 27a) able to
self-organize on HOPG and graphite-like surfaces by drop-casting technique was
reported. AFM studies revealed that the covalently linked Pc–C60 fullerene conju-
gate 31 is able to form nanostructured fibers and films (Fig. 27b) [48].

The electrical properties of these Pc-containing nanostructures were probed by
conductive-AFM, a powerful technique used for measuring electrical properties in
nanostructured architectures with nanometric resolution. High electrical conductiv-
ity values (i.e., 30 �A for bias voltages ranging from 0.30 to 0.55 V) were measured
for both the supramolecular fibers and films. Further studies pointed out that the
high electrical conductivity values observed are strongly related to the molecular
order of the Pc–C60 conjugate within the nanostructures.

5.3 Phthalocyanine-Based Nanowires and Nanoparticles

Although Pcs are macrocycles that have a strong tendency to aggregate into colum-
nar stacks by  –  stacking interaction, the formation of long-range, ordered aggre-
gates based on these systems has been seldom reported [84, 117].

In this context, a novel and interesting method for the preparation of such sys-
tems has recently been reported. The pyrolysis of a nickel naphthalocyanine (Nc), a
homolog of Pc with a larger   system, previously organized in the nanoscale chan-
nels of a porous alumina membrane that acts as a template, leads to the formation of



Functional Phthalocyanines: Synthesis, Nanostructuration 29

Fig. 28 SEM image illustrating the vertical growth of CuPc wire-like nanostructures on top of
the gold nanoparticles with width of 20–25 nm. The SEM image is reprinted with permission from
[212]. Copyright 2006, The American Chemical Society

nanotubes which walls are constituted of intact, well-aligned Nc discs [210]. TEM
and high-resolution TEM demonstrated that the tubes are hollow, with a wall thick-
ness of about 20 nm, whereas electron diffraction shows an interplanar distance of
0.34 nm along the tube axis, which is the layer-to-layer separation of the  -stacked
Nc units.

1-D nanoribbons and nanowires of different metal-containing Pcs have also been
prepared by organic vapor-phase deposition (OVPD), a technique used to fabri-
cate organic millimeter-sized crystals, thin films, or nanostructures [211]. Scanning
electron microscopy (SEM), TEM, x-ray diffraction (XRD), and absorption mea-
surement studies have revealed that the morphology of the nanostructures was
strongly dependent on the chemical nature of the deposited macrocycle, the nature
and the temperature of the substrate, and the source-to-substrate distance.

The growth of Pc-based, 1-D nanostructures on gold nanoparticles has also been
achieved via vapor-phase transport, in a process in which the gold nanoparticles
act as nucleation sites for the perfluorinated CuPc molecules and promote their
anisotropic growth leading to very uniform, 1-D structures with high aspect ratio
(Fig. 28) [212].

Pc-based nanoparticles have also been prepared employing a solution-casted
method from an optically active metal-free Pc substituted with two binaphthyl units.
Surprisingly, when the same process was carried out in the presence of a surfactant,
the formation of hollow-sphere nanostructures was observed as revealed by TEM
and SEM. Low angle XRD and electronic absorption spectroscopy revealed that
these nanoscale hollow spheres are formed by stacked Pc molecules in a face-to-face
configuration [213].
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5.4 Phthalocyanines as Precursors for the Preparation
of Carbon Nanotubes

Pcs have also been used as metal-organic precursors for the preparation of nanos-
tructured objects such as aligned 2-D [214] and (3-D) [215] CNTs. The pillar-shaped
structures and patterns of 3-D CNT arrays were obtained by pyrolysis of iron(II)Pc
previously deposited on a quartz glass plate in a furnace at 950ı C under an Ar=H2

flow. SEM and TEM analysis revealed the presence of a 2-D alignment of densely
packed CNTs, in which well-distributed, pillar-shaped structures of CNTs were
emerging, this resulting in the elongation of the CNT array in a third dimension.
Although the growth mechanism for these CNTs patterns has not been yet com-
pletely understood, it seems plausible that the iron atoms generated by pyrolysis of
the Pc together with the carbon atoms from an acetone source lead to the formation
of a metal carbide, a more activating catalyst for the growth of CNTs than the metal
itself.

More recently, a method for the production of bulk nitrogen-doped (2–4 atom%
of pyridine-like nitrogen atoms) CNTs by hydrogen-free, solid-state pyrolysis of
metal Pcs (Co or Fe) was reported, in which the morphology of the tubes could be
controlled by the nature of the precursors and the pyrolysis conditions [216]. Highly
curved, micrometer-long, multi-walled CNTs (MWCNTs) with a diameter of 20 to
60 nm could be obtained in the case of the CoPc, whereas straight and long CNTs
were obtained in the case of the pyrolysis of FePc. In the latter case ca. 70% of the
tubes were partially filled with metal as revealed by TEM analysis, thus affording
unique metal core/carbon sheath nanocables (Fig. 29).

Fig. 29 TEM image of metal core/carbon sheath nanocables with a long, iron-containing core
and a spindle-like tip. The TEM image is reprinted with permission from [216]. Copyright 2005,
Wiley-VCH
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Fig. 30 The cubic packing arrangement of the Pc bearing eight 2,6-diisopropylphenoxy sub-
stituents (the phenoxy substituents have been removed from the image for clarity). The image
is reprinted with permission from [217]. Copyright 2005, Wiley-VCH

5.5 Nanostructuration of Phthalocyanines into Clathrates

The possibility of using Pc [217] or octaazaPc [218] macrocycles as building blocks
for the assembly of crystalline, nanoporous materials has also been demonstrated.
The preparation of open nanoporous structures based on these macrocycles is not
a trivial task as it has to overcome the strong tendency that (aza)Pcs have to form
densely packed cofacial aggregates. The strategy adopted to avoid such aggregation
was to incorporate eight bulky 2,6-diisopropylphenoxy substituents at the periphery
of the (aza)Pc macrocycle. Single-crystal XRD analysis of the crystals obtained
by slow diffusion of acetone into a solution of the Pc in CHCl3 revealed a cubic
morphology for the molecular packing arrangement. In such a structure, each of the
six faces of the cube is composed of a Pc unit, with a cube edge of 2.33 nm and a
cavity volume of at least 8 nm3 (Fig. 30).

XRD studies showed also that further stabilization of the cubic structure was
obtained by the presence of water molecules within the cube, which appear to be
associated through hydrogen-bonding interactions to the meso nitrogen atoms of the
Pc ring. NMR solvent-exchange experiments were carried out on clathrate crystals
previously submerged in deuterated acetone. These studies revealed that nearly all of
the included deuterated acetone is exchanged within hours by solvents such as chlo-
roform, methanol, or water, while the clathrate maintains its crystalline order [217].

5.6 Supramolecular Interactions of Phthalocyanines
with Carbon Nanotubes

Supramolecular interactions between Pcs and MWCNTs have also been employed
for the construction of nanostructured architectures in which the 1-D CNT scaffold
acts as a platform for the assembly of the Pc macrocycles.
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An erbium Pc (ErPc2)–MWCNT ensemble has been obtained through supramole-
cular functionalization of the double-decker ErPc2 to the walls of the MWCNTs
[219]. An increase in photoconductivity was observed for the (ErPc2)–MWCNT
composite with respect to the pristine ErPc2 molecular system which was attributed
to the generation of photoinduced charge transfer from the ErPc2 donor unit to the
CNT acceptor.

Using a similar approach, a water-soluble 3,4,4,4-tetrasulfonic acid tetrasodium
salt Cu(II) Pc (TSCuPc) has been organized on surface-oxidized MWCNTs (o-
MWCNTs). Upon spin coating of a solution of o-MWCNTs and TSCuPcs a film was
formed having o-MWCNTs decorated with Pc units. In such ensemble the molecular
plane of the macrocycle is oriented parallel to the nanotube surface as revealed by x-
ray photoelectron spectroscopy (XPS), UV-vis, SEM, and AFM studies [220]. The
potential application of this hybrid Pc/MWCNT system into a bulk heterojunction
organic solar cell was also tested with the aim of increasing the light-harvesting
capability of the device and facilitating efficient hole extraction. An enhancement in
the power conversion efficiency was observed in the case of the cell fabricated with
the Pc/MWCNT composite layer with respect to the one without the composite,
which is rationalized in terms of the improved electronic, optical, and morphological
properties provided by the Pc/MWCNT ensemble.

6 Phthalocyanines as Active Components
of Functional Devices

6.1 Organic Field Effect Transistors

In the past decade, the research on organic field-effect transistors (OFETs) has expe-
rienced remarkable progress mainly because of the development of novel OFET
materials, which have allowed to reach carrier mobility values good enough to
compete with amorphous silicon.

Pcs are promising active materials for OFET applications, the most investigated
members in this family being the CuPc and CoPc [221–223]. Thin films of vac-
uum deposited Pcs have shown mobilities in the range of 10�5–10�3 cm2 V�1s�1,
a value that increase to 0:11 cm2 V�1s�1 for vacuum deposited thin films of a
sandwich-type device constructed by using two phthalocyaninato metal complexes
[224]. Mobility values as high as 1:0 cm2V�1s�1 have been recently reported for a
single crystal CuPc-based OFET, which represent the highest value reported so far
for Pc-based devices [225].

Langmuir–Blodgett (LB) technique has been also used for the preparation of Pc-
based OFET, as it allows the fine control of both the structure and the thickness
of the film at the molecular level [226, 227]. OFET devices based on amphiphilic
tris(phthalocyaninato) rare earth, triple-decker complexes have been prepared by
LB technique, showing good OFET performances [228]. More recently, ambipolar
transport has also been realized in OFET devices through a combination of hole-
conducting CuPc and n-conducting C60 fullerene, in which the asymmetry of the
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electron and hole mobilities could be adjusted by varying the concentration of both
materials within the mixture [229, 230].

6.2 Sensors, Light-Emitting Devices and Optical Information
Recording Media

The possibility to integrate Pc-based devices into commercially viable sensors is
highly desirable, in particular for the development of Pc-based electronic noses
[231].

Thin films of Pcs, both metalated and metal-free, have been used as chemire-
sistive gas sensors, reaching gas sensitivity of the order of hundreds of ppb and
satisfactory reversibility [232].

In these systems the conductivity increases in the presence of oxidant gases that
generate charge carriers (holes) and decreases by electron-donating gases which trap
charge carriers [233], in a process in which the formation of five-or six-coordinate
species seems to occur.

Several reports on the gas sensing ability of Pc films toward nitric oxides [234–
242] or H2O2 [243] have appeared. Similarly, Pc-based, multimodal gas sensor
systems able to respond to the presence of two gases of distinct nature such as
NH3=O3 [244] or NH3=NO2 [245] have also been reported. On such systems, it
has been proved that the film thickness and the crystal morphology exert a profound
impact on the gas sensing characteristics of the device.

The increasing interest in the development of colorimetric molecular probes for
sensing metal ions has attracted considerable attention in recent years as a con-
sequence of their potential applications in the development of analytical devices
[246–248].

In this context, Pcs have also been used for sensing applications because of their
unique physical properties such as high photo- and thermal stability, strong absorp-
tion in the far visible region of the light spectrum, and reversible redox processes,
the last one being the most interesting feature for sensing applications, as changes in
the oxidation state of the Pcs are often accompanied by changes in their color [249].

Thin films of Pcs have shown to undergo reversible electrochromic changes
depending upon their oxidation state [169, 250, 251]. An example of ions detection
by a Pc in aqueous solution has also been recently reported. In such a system, the
RuPc 32 (Fig. 31a) experiences a dramatic color change due to the Cu(II)-promoted,
one-electron oxidation of the macrocycle, thus providing a useful tool for the selec-
tive and highly sensitive colorimetric detection of copper(II) ions in neat aqueous
solutions (Fig. 31b) [252].

The outstanding optical properties of Pcs are also finding application in areas of
technological and industrial interest such as the preparation of organic light emitting
devices (OLEDs) in which Pcs have been used as active components [253–255].

On the other hand, Pcs are important components in CD and CVD technologies.
Most of the information in this regard is published in the form of patents [256,257].
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Fig. 31 (a) Schematic molecular structure of RuPc 32. (b) The digital picture illustrates several
metal ions in a solution of 32. From the left to the right: no ion, Hg(II), Cd(II), Cu(II), Zn(II), Pb(II),
Fe(III), Ni(II), Mg(II), Ca(II), Li(I), K(I). All metal ions have been added from water solutions
(total concentration 30 mM). The image in (b) is reprinted with permission from [252]. Copyright
2008, The Royal Society of Chemistry

6.3 Solar Cells Applications

The increasing concern related to the utilization of fossil fuels for the production
of electricity in terms of both availability and environmental issues have prompted
the search of new technologies for the production of “clean” energy sources. In this
context, solar energy conversion represents one of the most promising and viable
technologies to achieve this goal.

Within the vast field of solar cell devices, organic solar cells [258–261] are
experiencing important progresses in their conversion efficiencies that will possi-
bly make them, in the near future, a competitive alternative to silicon solar cells.
Moreover, this class of solar cells presents several advantages with respect to their
inorganic counterpart such as their low-cost production, easy fabrication, and light-
weight, all features that could allow for the fabrication of large-area, foldable, and
flexible photovoltaic devices.

Nowadays the best performing organic photovoltaic cell is represented by a
bulk heterojunction (BHJ) solar cell based on the polymer poly(3-hexylthiophene)
(P3HT) and the fullerene derivative [6, 6]-phenyl-C61-butyric acid methyl ester
(PCBM), with reproducible efficiencies approaching 5% [262, 263]. However, a
serious drawback for the preparation of efficient organic photovoltaic cells is rep-
resented by the low optical absorbance in the red/near-infrared region of the light-
harvesting component(s), as well as their low extinction coefficient(s).

In this context, Pcs appear as perfect candidates for incorporation in such photo-
voltaic systems, as they present intense absorption in the UV/blue and the red/near
IR region of the solar spectrum while still maintaining a rich redox chemistry and
p-type semiconducting properties.
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During the last decade, a large number of reports on the utilization of Pcs as
active components in photovoltaic devices have appeared. In such devices the Pc,
which acts as light-harvesting and donor unit, has been utilized in conjunction
with semiconductor polymers and/or acceptor molecules such as fullerenes, either
in intermolecularly mixed donor/acceptor layers [264–269] or in discrete, separate
donor and acceptor layers [35,270]. In such systems, several are the parameters that
need to be adjusted in order to obtain high photoperformances, the most impor-
tant ones being the electronic levels of the donor and acceptor units and their
morphological arrangement within the active organic layer.

Solar cells devices based on CuPc and C60 fullerene have reached power conver-
sion efficiencies of up to 5% [266, 271], the highest efficiency for a Pc-containing
solar cell being represented by a “tandem” cell in which two cells, each of them
composed of a mixed donor/acceptor CuPc/C60 layer sandwiched between homo-
geneous donor and acceptor layers, are coupled (efficiency D 5.7%) [272].

More recently, the use of supramolecular interactions for the preparation of
organic solar cells has also been explored through the preparation of a C60 fullerene
bearing three chelating pyridyl groups capable of coordinating axially to a ZnPc
macrocycle, leading to a cell which performance were slightly better than the one of
a similar cell using a fullerene without specific coordination interaction with ZnPc
[273, 274].

The morphological problems associated with the BHJ solar cells, such as low
concentration of percolating pathways which are needed in order to bring the
separated charge carriers to their corresponding electrodes, have prompted the
utilization of molecules in with the donor and the acceptor moieties were cova-
lently linked. In this connection several examples of Pc-based polymers [161, 162],
Pc–C60 dyads [85, 87, 88] and triads [275] have been prepared and tested for pho-
tovoltaic applications, but the efficiencies of these systems have been proved to be
still low.

During the last decade, dye-sensitized solar cells (DSSCs) have gained increasing
interest within the field of photovoltaics, as they allow to obtain robust, efficient, and
cheap devices reaching power efficiencies close to the ones needed for commercial
utilization. In such systems, the photons are collected by a dye molecule which is
“anchored” through a chemical group (usually a carboxylic acid) to a wide band
gap semiconducting material, the photoperformances of the cell being based upon
the photoinduced electron injection from a molecular excited-state of the dye into
the conduction band of the nanocrystalline metal oxide film (generally TiO2/.

Similarly in the case of organic solar cells, the low optical absorbance in the
red/near-infrared region of the dyes commonly used in DSSCs such as ruthenium
bipyridyl [276] has prompted the incorporation of Pcs in these devices [277, 278].

Since the first report on the incorporation of a Pc in a DSSC by Grätzel and
co-workers [279] several other examples of the kind have appeared.

A TiPc bearing a carboxylic acid moiety in its axial position has been used as
the dye component in hybrid organic–inorganic DSSCs [280]. In such a system, the
carboxylic acid-containing axial ligand is needed, as it allows to anchor the dye to
the crystalline nanoparticles and to prevent the aggregation of the Pc macrocycles
once anchored on the TiO2 nanoparticle. Strong quenching of the Pc emission was
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observed for the TiPc/TiO2 films, which was assigned to electron injection from the
excited state of the Pc into the conduction band of the TiO2. The occurrence of effi-
cient electron injection was further confirmed by transient absorption studies, which
revealed the spectral features of the TiPcC=TiO�2 species. Low energy conversion
efficiency (ca. 0.2%) has been found for such systems probably because of an effi-
cient kinetic competition between electron injection from the S2 excited state of the
photoexcited TiPc to the TiO2 conduction band and internal conversion/vibrational
relaxation of this state to the lower lying S1 state of the dye.

More recently, a RuPc bearing a carboxylic moiety in its axial position was also
tested for DSSC applications [281]. Transient absorption and steady-state (absorp-
tion and emission) measurements revealed that for such a system the electron
injection occurs from the RuPc triplet state into the TiO2 conduction band.
A detailed study on the variation of the recombination rate constants for a series
of metal complexes and organic dyes, including some RuPcs, has been carried out
in order to identify some important parameters that should be taken into account for
the implementation of DSSCs [282].

Pcs bearing the anchoring group at their peripheral position have also been
reported with the aim of studying the influence of the position of the anchoring
group on the DSSCs photoperformance. A power conversion efficiency of 0.54%
has been obtained under standard illumination conditions by using a ZnPc bear-
ing four tyrosine substituents at its peripheral position [283], whereas this value
considerably increases when ZnPc macrocycles bearing one [284] or two [285] car-
boxylic acid moieties (3.05% for the monoacid and 3.52% for the diacid) have
been used. In the case of the ZnPc monoacid a further increase in the power
conversion efficiency up to 7.74% could be obtained by using as coadsorbant an
acid-containing dye called JK2, which presents an absorption spectrum comple-
mentary to the one of the ZnPc monoacid. A study on the photoperformance of
the monoacid ZnPc sensitized cell in the presence of chenodeoxycholic acid, a
coadsorbent used to prevent the sensitizer aggregation by reducing its adsorption
on the TiO2 surface, was also carried out. These studies revealed that the open
circuit voltage of the solar cell increases with increasing the concentration of the
coadsorbent [286].

7 Conclusion

The synthesis of Pcs has been a matter of continuing scientific interest for many
years. However, the preparation of adequately functionalized derivatives designed
for particular purposes remains an expanding topic. The current availability of sol-
uble Pcs has promoted a huge growth in the application of already well-established
synthetic methodologies, such as transition metal-mediated carbon–carbon bond
formation, thus allowing the construction of complex Pc-based structures. Non-
covalent interactions play critical roles in a variety of Pc-based systems and may
find applications ranging from medicine to molecular electronics. On the other
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hand, the control of aggregation/organization by introduction of appropriate periph-
eral and axial substituents on the Pcs allows the use of these compounds in many
applied fields. More recently, Pcs have emerged as attractive molecular building
blocks for their arrangement into molecular materials and for fabricating materi-
als at the nanometer scale. Thus Pcs have been successfully incorporated as active
components of organic field effect transistors and solar cells, among others.
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Electronic Spectral and Electrochemical
Behavior of Near Infrared Absorbing
Metallophthalocyanines

Tebello Nyokong

Abstract This chapter discusses the electronic absorption spectra and electro-
chemistry of phthalocyanine complexes which are redshifted to �730 nm and
beyond. These are mainly manganese phthalocyanine derivatives and phthalocya-
nines containing sulfur substituents. The chapter concentrates mainly on the work
done during the last 10 years. There are 96 references quoted and three detailed
tables on the electronic absorption spectra, redox potentials, and analytes that are
electrocatalyzed using manganese and titanium phthalocyanine complexes.

Keywords Electrocatalysis � Electrochemistry � Electronic absorption spectra �
Phthalocyanine
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Abbreviations

Ac Anthtracenocyanine
BHc Benzohelicenocyanine
t-butyl tert-butyl
Cat Catechol
CHM Cyclohexylmethoxy
DCB Dichlorobenzene
DCM Dichloromethane
DMF Dimethylformamide
DMSO Dimethylsulfoxide
Hc Helicenocyanine
Nc Naphthalocyanine
OmePh Methoxyphenyl
Pa Phenanthracyanine
THF Tetrahydrofuran
TBAP Tetrabutyl ammonium perchlorate
TBABF4 Tetrabutylammonium tetrafluoroborate

1 Introduction

Phthalocyanines (Pcs) are remarkable macrocyclic compounds that possess inter-
esting physical and chemical properties. Their bright colors, conductivity, and
chemical and thermal stability have made them very desirable for many applications.
Phthalocyanines continually find their usefulness in contemporary and emerging
technologies such as catalysis, photodynamic therapy (PDT) nonlinear optics, gas
sensors, thermal writing displays, and solar cells [1–4]. Specificity in the applica-
tions of phthalocyanines can be introduced by modification of the phthalocyanine
ring or by changes in the central metal or axial ligands.

Organic materials (such as phthalocyanines) with intense absorption in the near-
infrared (NIR) region (�750–1;300 nm) are important for many applications, includ-
ing thermal imaging, optical data storage, liquid crystal display devices, infrared
(IR) radiation filters, and in the security industry [1–4]. Near IR absorbing materials
should have excellent light, weather, and thermal resistances, and should possess
high molar extinction coefficients. Naphthalocyanines (Ncs, Fig. 1) are currently in
use as near IR absorbers in the 760–820 nm region. Ncs and the related benzoheli-
cenocyanine (BHc), helicenocyanine (Hc), and phenathralocyanine (Pa) complexes
(Fig. 1), as well as anthracenocyanine (Ac) are usually difficult to prepare and are
highly insoluble and prone to decomposition. Phthalocyanine (Pc) complexes rep-
resent an attractive alternative as NIR absorbers, as the Pc ligand is generally more
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stable than the Nc ligand. Thus, long wavelength absorbing phthalocyanines are
interesting as materials with new electronic properties.

Phthalocyanines with sulfur or nitrogen substitutents generally absorb in the
NIR region [1]. Optical data storage uses sulfur-substituted Pcs which absorb near
780 nm [1]. Pcs absorbing in the NIR region to match the 780 and 830 nm semicon-
ductor lasers are used for optical data storage (ODS), while for security applications,
Pcs employed cover the 700–1,000nm region [1–4]. NIR-absorbing Pcs have also
been investigated for their nonlinear optical (NLO) applications needed for eye pro-
tection against pulsed lasers, and in photonics and photoelectronics. The use of
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NIR fluorescence for bioanalytical applications is of importance in diagnosing dis-
ease and NIR-absorbing phthalocyanines may be used as fluorescence probes [5].
Thus, this chapter concentrates on phthalocyanine complexes absorbing from about
730 nm upwards. Even though solid state electronic absorption spectra of Pc thin
films are known to be red-shifted [6–9], this work focuses on solution studies with
only a few examples of the solid state studies.

Spectral properties of phthalocyanines are central to their chemical and elec-
tronic properties. The spectra of Pcs are governed by 18  system of the inner
16-membered ring. As a result of their intense blue/green color, Pc complexes have
been used extensively in dyes and pigments. The color of the phthalocyanines is
mainly due to the Q band, but for highly redshifted MPc complexes which are a
subject of this chapter, the Q band no longer determines the color of the complexes.
Often the complexes gain intensity in the 400–500 nm region, which may contribute
to the observed brown, red, or purple colors. MPc or H2Pc complexes which are
purple, red, or violet are becoming common.

Most MPc complexes have a remarkably planar ligand structure. However, the
presence of a large central metal such as lead and tin is known to distort the
geometry, forming a domed conformation [10]. The essentially planar conformation
of Pcs can also be significantly distorted by substituents through conformational
stress [11].

A number of functions of MPc derivatives are based on electron transfer occur-
ring in these molecules. Understanding of electrochemical behavior is required for
the development of functional materials. Therefore, it is necessary to examine the
electron transfer behavior of the long wavelength absorbing complexes discussed
in this chapter. For main group phthalocyanine complexes, the first ring oxidation
is separated from the first ring reduction by energy that is approximately equal to
the HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied
molecular orbital) gap. Hence the study of the electrochemistry of main group Pc
molecules may be linked to their spectra. The NIR-absorbing MPc complexes con-
taining sulfur substituents often show complicated electrochemistry, which involves
the Pc ring and the substituents on the Pc ring.

Redox activity of MPc (Pc�2, phthalocyanine dianion) complexes containing
central metals which are not electroactive occurs at the ring. Two successive one-
electron oxidations may occur by removal of electrons from a1u (HOMO) giving
Pc�1 and Pc0 species. Reductions occur by adding electrons to eg (LUMO) to give
Pc�3, Pc�4, Pc�5, and Pc�6 species. The spectra of main group MPc complexes
provide characteristic bands for the ring reduced and ring oxidized phthalocyanine
complexes. Thus, a diverse number of species can be formed following oxidation
or reduction of the phthalocyanine ring. Each oxidation or reduction product has a
distinct spectrum which may be used for its characterization. The presence of the
electroactive central metal results in additional redox processes occurring at the cen-
tral metal, with unique electronic spectral behavior. This chapter will focus on the
electrochemical behavior of NIR-absorbing complexes, especially those containing
sulfur substituents.
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The synthesis of Pcs containing sulfur groups follow the same route as other
ring substituted Pcs [12]. For example, nonperipherally octaalkylthio (or arylthio)
substituted metallophthalocyanine complexes are prepared by the template reaction
of alkylthio (or arylthio)-substituted phthalonitrile precursors (III, Scheme 1) in the
presence of a metal salt and a base 1,8-diazabicyclof5:4:0g-undec-7-ene (DBU).
The alkylthio (or arylthio) substituted phthalonitriles were prepared from a readily
available starting material, 2,3-dicyanohydroquinone (I). Complex III is formed via
a base-catalyzed .K2CO3/ nucleophilic aromatic displacement reaction of the tosyl
group of II with an alkylthio group in Scheme 1. Alternatively, an unmetallated
derivative may be synthesized, followed by metal insertion using a high boiling
point solvent, Scheme 1.

Periphepherally octaalkylthiosubstituted derivatives may be synthesized from
thio substituted phthalonitrile (V in Scheme 2 [13]). The latter is obtained from the
commercially available 4,5-dichlorophthalonitrile (IV, Scheme 2). Peripherally or
nonperipherally tetra substituted MPc complexes may be synthesized from mono-
substituted thio phthalonitrile (VII, Scheme 3) which in turn is obtained from com-
mercially available 4-nitrophthalonitrile (VI, Scheme 3) or 3-nitrophthalonitrile [14].
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2 Absorption Spectral Properties

The spectra of MPc complexes consist of an intense absorption band in the visible
region traditionally near 670 nm called the Q band and a generally weaker band
near 340 nm called the Soret or B band, Fig. 2, both being   !  � transitions.
The B band consists of two transitions, B1 and B2. At higher energies, additional
  !  � transitions (N, L, and C, in increasing energy) may be observed [15] in UV
transparent solvents. Unmetallated Pcs are of D2h symmetry. Metallation which
maintains the planarity of the molecule increases the symmetry to D4h [16]. The
introduction of a metal ion inside the cavity will generate a slight blueshift in the
Q band. This occurs because the introduction of a metal ion reduces the electron
density. It has been demonstrated that the more electronegative the metal ion is, the
more the blueshift is.

The Q band is due to the transition from the ground state of A1g symmetry to
the first excited state which is of Eu symmetry, Fig. 3. The metal d orbitals for
transition metals may lie between the HOMO and the LUMO of the Pc ligand.
This may result in metal to ligand (MLCT) or ligand to metal (LMCT) charge
transfer transitions, Fig. 3. The charge transfer absorption bands occur in general
between the B and Q bands and in the near IR region. The positions of the absorp-
tion bands in phthalocyanines, (particularly the Q band) are affected to a varying
degree by the central metal, axial ligation, solvents, peripheral and nonperipheral
substitution, aggregation, and by extension of the conjugation. Axial ligation in
general results only in a small shift in the Q band [15, 17]. Lowering of the sym-
metry of the phthalocyanine and other porphyrazine molecules results in splitting
(or broadening) of the Q band [18]. The splitting of spectra is due to the lifting of
degeneracy of the LUMO to a varying extent. Axial ligation, which results in inter-
action between the Pc and the axial ligands, resulted in the splitting of the Q band
[19] in TiPc.

250

A
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ba

nc
e

Wavelength/nm

H2Pc
MPc

Q band

B band

350 450 550 650 750

Fig. 2 Typical spectra of metal-free and metallated phthalocynines
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2.1 Ring Expansion

It is well established that expansion of   conjugation in phthalocyanines shifts the
Q band to the red [18, 20–26]. Extension of the conjugation system is accompa-
nied by change in color from blue/green to colors including brown, red, or purple.
The phthalocyanine derivatives, Nc,BHc, and Hc, Fig. 1, show Q bands that are
shifted to the red (see for example H2BHcˇ .OC12H25/8 [25], H2Nc˛.OC4H9/8

[25], CuNc [25], NiNc [25], and PbBHcˇ .OC12H25/8 [24] in Table 1) compared to
MPc in general because of their extended macrocycle. Hc complexes show smaller
shifts compared to corresponding Nc derivatives, because of an interrupted conju-
gation which results from the twisted naphthyl moieties. However, the stabilities of
Nc, Hc, and BHc molecules are low, compared to Pcs in general. Kobayashi and
coworkers have performed extensive calculations on the molecular orbitals of the
Pcs and related molecules and have shown that redshifting on ring expansion is due
to destabilization of the HOMO instead of stabilization of the LUMO [27].

Symmetrical expansion of the  -system (e.g., Pc to Nc) shifts the Q-band to
the red without splitting (compare CuPc˛.OC5H11/8 and CuNc˛.OC5H11/8, and
also NiPc˛.OC5H11/8 and NiNc˛.OC5H11/8 in Table 1), whereas unsymmetrical
expansion generally results in a splitting of the Q-band [18, 20–22, 28]. Annu-
lated dinuclear and trinuclear phthalocyanines (complexes 1–3, Fig. 4) have been
described by Makarov et al. [18, 20–22]. The Q band of the dimer (complex 1)
is more red shifted than the corresponding monomer by 150 nm, and the complex
containing three Pc units is more red shifted than the one containing two units [18],
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Table 1 Electronic absorption spectra of NIR-absorbing MPc complexesa

Complex � (nm) (Log ") Solvent Reference

LM nIII Pc complexesb

OHMn5j 758 (4.58) 508 (3.69) DMSO [14]
682 (3.91) 360 (4.32)

OHMn5k 741 (4.55) 497 (3.74) DMSO [14]
668 (3.98) 349 (4.3)

317 (4.28)
OHMnII5k 675 [14]
OHMnI5k 575 (5.15) DMSO [14]
OHMn6j 730 (5.06), 498 (4.37) DMSO [14]

655 (4.34) 367 (4.64)
OHMn6k 719 (5.02), 494 (4.42) DMSO [14]

646 (4.38) 369 (4.56)
310 (4.60)

AcMn6a 745 (5.1) 526 (4.8) DCM [13, 34]
452 (4.4)

ClMn6g 723 (4.7) 500 (4.0) DMF [35]
667 (3.3) 368 (4.5)

ClMn6h 720 (4.80) 497 380 DMF [34]
649

Mn6i 720 (4.62) 500 (3.75) DMF [36]
626 (4.40) 350 (4.43)

Mn6i 720 (4.62) 500 (3.75) DMF [36]
626 (4.40) 350 (4.43)

.OH/MnPc˛.NH2/4 871 (4.89) 547 (4.45) DMF [45]
763 (3.49) 354 (4.73)

.OH/MnPcˇ.NH2/4 780 (4.71) 500 (4.44) DMF [44]
350 (4.80)

.Ac/MnIIPc- 744 (5.05) 546 (3.96) THF [40]

.OCH2C.CH3/3/16 669 (4.67) 411 (4.19)

.Ac/MnPc- 827 (4.8) 570 (4.15) THF [40]

.OCH2C.CH3/3/16 740 (4.2) 413 (4.4)

.Ac/MnIVPc- 849 (4.78) 584 (4.36) THF [40]

.OCH2C.CH3/3/16 756 (4.28)
666 (4.06)

ŒAc/MnIIPc.CHM/16��1 730 (4.97), 450 (4.76) THF [40]
667 (4.53)

.Ac/MnPc.CHM/16 808 THF [40]
.L/MnIIIPc complexesa

.Ac/MnPc˛.SC5H11/8 893 (4.8) 553 (4.0) DCM [12]
794 (4.3) 363 (4.5)

285 (5.0)
.Ac/MnPcˇ.SC12H25/4 749 (4.9) 528 (4.6) DCM [13, 34]

450 (4.3)
.Ac/MnPc˛.C7H15/4 733 685 531 358 CHCl3 [48]
.Ac/MnPc˛.C7H15/8 769 693 549 364 CHCl3 [48]
.Ac/MnPcˇ.C7H15/8 743 669 534 385 CHCl3 [48]
Œ.Ac/MnIIPc˛.C7H15/8�� 715 655 550 395 340 CHCl3 [48]
Œ.Ac/MnIPc˛.C7H15/8�� 820 610 510 330 CHCl3 [48]

(continued)
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Table 1 (continued)
Complex � (nm) (Log ") Solvent Reference

LM nIII Pc complexesa

ZnPc complexes
Zn1 840 (4.70) 363 (1.87 CHCl3

794 (0.61)
748 (0.93)
722 (1.08)
840 (5.67) 363 (5.27) THF [18]

Zn2 942 (5.83) 365 (5.4) THF [18]
885 (4.93)
832 (5.06)
746 (5.02)
709 (4.79)
648 (4.68)
607 (4.68)

Zn3 894 (5.56) 364 (4.40) THF [18]
787 (5.07)
849 (5.37)
715 (4.92)
644 (4.81)

ZnPc˛.OC4H9/8 758 Toluene [25]
ZnPc˛.OC5H11/8/ 748 CH2Cl2 [25]
ZnBHcˇ.OC12H25/8 781, 709 430 331 Toluene [24]
Zn4m 780 (4.84) 400 Toluene [59]
Zn4l 814 (5.02) 480 Pyridine [38]

423 (4.40)
3.09 (5.06)

TiPc complexes
OTi5a 745 (5.10), 342 (4.84) DCM [23]

675 (4.66) 264 (4.88)
OTi5b 747 (5.36) 344 (4.94) DCM [23]

669 (4.68) 265 (4.87)
OTi5c 730 (5.29) 348 (4.66) CHCl3 [31]

653 (4.53)
OTi5d 728 (5.41) 348 (4.88) CHCl3 [31]

651 (4.71)
OTi5e 730 (5.41) 346 (4.87) CHCl3 [32]

656 (4.74) 294 (4.7)
OTi5f 728 (5.38) 350 (4.78) CHCl3 [32]

648 (4.67)
OTi6a 714 (5.19) 349 (4.88) DCM [23]

645 (4.69) 306 (4.79)
OTi6b 714 (5.06) 265 (4.87) DCM [23]

645 (3.47) 344 (4.94)
OTiˇPc.NH2/4 755 (5.24) 455 (4.02) DMF [46]

335 (4.91)
OTi˛Pc.NH2/4 830 (3.83) 455 (4.02) DMF [45]

740 335 (4.91)
(continued)
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Table 1 (continued)
Complex � (nm) (Log ") Solvent Reference

LM nIII Pc complexesa

OTiPc˛.SC5H11/8 808 (3.9) 352 (3.5) DCM [12]
718 (3.3) 290 (3.9)

OTiPcˇ.SC6H13/4 720 (5.34) 349 (4.86) CHCl3 [33]
OTiPc˛.SC6H13/8 739 (5.35) 336 (5.00) CHCl3 [33]
CatTiPcˇ.SC6H13/4 721 (5.12) 342 (4.64) CHCl3 [33]
CatTiPcˇ.SC6H13/8 741 (5.36) 335 (5.07) CHCl3
H2Pc complexes
H21 853 745 358 Toluene [20, 21]

H22

944 887 362 Toluene [21]
833
760

H23

907 (5.46) 420 (4.92) THF [18]
810 (5.07) 357 (5.37)
773 (5.01)
860 (5.32)
729 (5.03)
688 (4.82)

H2Pc˛.OMePh/8 826 (5.09) 496 402 Pyridine [38]
728 308 (5.09)

H2Pc˛.OC4H9/8 761, 739 Toluene [25]
H2Pc˛.OC5H11/8 762, 738 Toluene [25]
H2Pc˛.OC8H17/8 762, 740 Toluene [25]
H2BHcˇ.OC12H25/8 793 708 439 332 Toluene [25]
H2Nc˛.OC4H9/8 863 (2.05) Toluene [25]
H2Nc˛.OC5H11/8 862 Toluene [25]
H2Nc˛.OC8H17/8 862 Toluene [25]
H2Nc 765 Toluene [25]
H24m 790 (4.90) 393 (4.60) Toluene [59]
H2Pc˛.SC12H25/8 815 [47]
H2Pc˛.SC12H25/4 709, 738 [47]
Other MPc complexes
CrPcˇ.NH2/4 735 (4.8), 665 502, 450, 363 DMF [58]
CuPc˛.OC5H11/8 752 CH2Cl2 [25]
CuNc 776 Not provided [25]
CuNc˛.OC5H11/8 849 Toluene [25]
NiPc˛.OC5H11/8 734 Toluene [25]
NiPc.OCH2C.CH3/3/16 758 THF [41]
NiNc 768 Not provided [25]
NiNc˛.OC5H11/8 766 Toluene [25]
Ni4m 758 (5.00) Toluene [59]
Pb4m 861 831 (4.78) 455 Toluene [59]
PbBHcˇ.OC12H25/8 831 731 428 337 Toluene [24]
Sn4m 837, 796 (5.00) 485 352 Toluene [59]
.Cl/2SnPc˛.C6H13/8 735 (5.34), 364 (4.89) THF [43]

699 (4.65)
660 (4.73)

(continued)
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Table 1 (continued)
Complex � (nm) (Log ") Solvent Reference

LM nIII Pc complexesa

.Cl/2SnPc˛.C10H21/8 735 (5.34), 429 (4.46) THF [43]
701 (4.64) 365 (4.80)
661 (4.68) 324 (4.78)

.Cl/2SnPc˛.SC12H25/8 918 (5.00), 355 (4.56) CHCl3 [47]
805 (4.62)
635 (4.02)

.Cl/2SnPc˛.SC12H25/4 769 (6.06), 506 (5.37) CHCl3 [47]
687 (5.58) 355 (6.00)

ŒSbPc.t -butyl/4�C 762 (5.15) CH2Cl2 [39]
ŒSbPc.t -butyl/4Cl2�C 739 (5.25) CH2Cl2 [39]
OVPc˛.SC5H11/8 850 (4.24), 344 (3.96) DCM [30]

754 (3.46)
a OmePh D methoxyphenyl, DMFD dimethylformamide, DMSO D dimethylsulfoxide, THF D
tetrahydrofuran, DCM D dichloromethane, Nc D naphthalocyanine, Cat D catechol, t -butyl D
tert-butyl, CHMD cyclohexylmethoxy, HcD helicenocyanine, BHcD benzohelicenocyanine
b Oxidation state indicated for MnIVPc; MnIIIPc and MnIPc complexes.

(compare H22 and H21 or Zn1 and Zn2 in Table 1, Fig. 4). This has been explained
in terms of the splitting of the energy levels resulting in the decrease in energy sep-
aration. Also the destabilization of the HOMO increases with addition of Pc units
in a linear fashion [18]. The rectangular annulations of the third Pc ring in complex
3 compared to linear arrangement in complex 2, Fig. 4, results in the splitting of
the Q band because of lowering of symmetry; compare H22 and H23, or Zn2 and
Zn3 in Table 1. The Q band of 3 also shifts to higher energy compared to complex
2 (Table 1). Complexes 1, 2, and 3 (Fig. 4) showed good stability compared to Ncs,
Hcs, and BHcs.

Unmetallated Pc complexes show a split in the Q band because of the lift-
ing of the degeneracy of the LUMO .eg/ level. However, the Q band splitting of
H2Pcs becomes smaller at longer wavelength [29], resulting in red shifted H2Pc
complexes not showing the typical split Q band, Fig. 5. The single Q band for
unmetallated phthalocyanines is usually accounted for as coincidental degeneracy
of the molecular orbitals [25].

2.2 Ring Substitution

2.2.1 Nature of Substituent

The location of the Q band in Pc complexes can be adjusted by attaching suitable
substituents onto the peripheral and nonperipheral positions of the ring and by the
change in the nature, size, and number of substituents. Addition of electron donating
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Fig. 5 Absorption spectra observed on expansion of the ring in porphyrin-type complexes.
Reproduced with permission from [29]

groups such as –NH2, OR, and SR (Table 1) at the nonperipheral (1,4,8,11,15,18,
22,25) or peripheral (2,3,9,10,16,17,23,24) positions of the Pc ring results in a
redshift to the NIR region. As stated above, substitution of the ring with sulfur
containing groups results in a large redshift of the Q band, because of the large
electron-donating ability of these groups. Thus, the Q band of the vanadium com-
plex, OVPc˛.SC5H11/8 at 850 nm (Table 1) is highly redshifted (by 160 nm) [30]
compared to that of unsubstituted OVPc. Alkylthio or arylthio substituted Pcs are
more redshifted compared to the corresponding oxo derivatives because of the elec-
tron donating ability of sulfur; compare OTi5b [23] and OTi5d [31], as well as
OTi5a and OTi5f [23, 32] in Table 1. The structures of complexes are shown in
Fig. 6. TiPc derivatives, OTi5a .�Q band D 745 nm/ and OTi5b .�Q band D 747 nm/,
Table 1 [23], tetra substituted with benzyl thio and phenyl thio substituents at the
nonperipheral positions (see Fig. 6 for structures) were not as highly redshifted as
the octa substituted OTiPc˛.SC5H11/8 [12] complex .�Q band D 808 nm/ proba-
bly because of the nature and plurality of the substituents. Changing axial ligands
from oxygen to catechol for OTiPcˇ .SC6H13/4 [33] did not result in any significant
shift in the Q band. Amino substituted MnPc complexes are redshifted compared
to unsubstituted complexes, because of the electron donating nature of the amino
group. TiPcˇ .NH2/4, showing a Q band at 755 nm is redshifted compared to 714 nm
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observed for OTi6a and OTi6b which are peripherally tetra substituted with arylthio
substituents (Table 1).

Quaternization results in the blueshift of the Q band (compare OHMn5j and
OHMn5k, and also OHMn6j and OHMn6k in Table 1) [14]. There is very lit-
tle variation in Q band maxima with changes in the R substituent for MPc(OR)
complexes: compare ClMn6g and ClMn6h [34, 35], or OTi5c, OTi5d, and OTi5e
[31, 32], Table 1. There was also no difference in Q band wavelength when com-
paring benzylthio (OTi6a) and phenylthio (OTi6b) complexes [23], Table 1. Mn6i
containing sulfur substituents was not redshifted compared to Mn6h [36].

The Pc complex containing phosphorous in the centre .Œ.C4H7O/8.Pc.P/

.OCH3/2�COH�/ is highly redshifted absorbing at 889 nm in methanol
[37]. Kobayshi’s group [38] synthesized a NIR-absorbing ZnPc derivatives which
showed a redshift because of deformation of the ligand and the electron donat-
ing properties of the methoxyphenyl substituents (complex Zn4l). In this ZnPc
derivative, the HOMO–LUMO gap was narrowed because of destabilization of the
HOMO caused by increased electrostatic repulsion between carbon atoms at the
nonperipheral positions and the electron-rich methoxy substituents [38]. Cationic
ŒSbPc.t-butyl/4�C is redshifted compared to an analogous complex containing
chloride axial ligands .ŒSbPc.t-butyl/4Cl2�C/ [39], Table 1, reflecting the electron
withdrawing nature of the chloride ligands.

2.2.2 Point of Substitution

Substitution at the nonperipheral position shows more redshift than at the periph-
eral position. A large redshift is obtained for benzene rings substituted at the 1,4
positions with substituent groups that allow conjugation with the 18  system.
Hexadecaalkoxy-substituted NiPc complex .NiPc.OCH2C.CH3/3/16/, in which
both peripheral and nonperipheral positions are occupied by electron donating
groups, showed a large redshift [40–42], Table 1 (�Q band D 758 nm [41]) compared
to unsubstituted NiPc, Table 1. It was suggested that substituents at the peripheral
positions bolster the substituents at the nonperipheral position, making nonperiph-
eral substituents bulkier [42]. Thus, NiPc.OCH2C.CH3/3/16 showed a large red-
shift to 758 nm [41] because of the electronic interaction of the substituents with the
Pc ring. Less red shift is observed for the corresponding MnIIPc.OCH2C.CH3/3/16

.�Q band D 744/ and .Ac/MnIIPc.CHM/16��1 [40], Table 1.
Octahexyltetrabenzo-5,10,15-triazaporphyrinatodichlorotin(IV) containing a CH

group in place of one of the aza nitrogen atoms of the phthalocyanine core was
less redshifted compared to octahexylphthalocyaninatodichlorotin(IV) (.Cl/2SnPc˛

.C6H13/8, Table 1) because of the interruption of the conjugation [43]. MnIIIPc in
DMSO (or DMF) absorbs at 758 nm, whereas peripherally substituted manganese
tetraammino phthalocyanine .ˇ-MnIIIPc.NH2/4 absorbs at 780 nm [44] and non-
peripherally substituted MnPc˛NH2/4 at 871 nm [45], Table 1. Nonperipherally
substituted TiPc˛.NH2/4 showed a Q band at 830 nm [46] compared to that at
755 nm observed for TiPcˇ .NH2/4 [45], Table 1.
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2.2.3 Length of Alkyl Chain

Increasing the length of the alkyl substituent in unmetallated Pc complexes did not
change the wavelength of the Q band significantly comparing H2Nc˛.OC4H9/8,
H2Nc˛.OC5H11/8 and H2Nc˛.OC8H17/8 [25], Table 1, with Q band ranging
between 862 and 863 nm. Compare also the corresponding Pc derivatives, H2Pc˛

.OC4H9/8, H2Pc˛.OC5H11/8, and H2Pc˛.OC8H17/8 [25] (with Q band rang-
ing between 761 and 762 nm) and the SnPc derivatives, .Cl/2SnPc˛.C6H13/8 and
.Cl/2SnPc˛.C10H21/8 [43], Table 1 (with Q band at 735 nm for both), thus showing
that the length of the alkyl chain does not affect the Q band.

2.2.4 Number of Substituents

The number of thio substituents results in a large redshift of the Q band. Alkylthio
substituted TiPc complexes showed a larger redshift on increasing the number of
substituents from 4 to 8; compare CatTiPcˇ .SC6H13/4.� D 721 nm/ and
CatTiPcˇ .SC6H13/8.� D 741 nm/ [33]; also .Cl/2SnPc˛.SC12H25/4 and .Cl/2

SnPc˛.SC12H25/8; H2Pc˛.SC12H25/8 and H2Pc˛.SC12H25/4 [47]; and .Ac/

MnPc˛.C7H15/8 and .Ac/MnPc˛.C7H15/4 [48], Table 1.
A large shift to NIR region was in particular observed for SnPc complexes

containing alkylthio substituents, Table 1, Fig. 7. The nonperipherally substituted
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Fig. 7 Electronic absorption spectra of (a) H2Pc˛.SC12H25/4, (b) .Cl/2SnPc˛.SC12H25/4, (c)
H2Pc˛.SC12H25/8 , and (d) .Cl/2SnPc˛.SC12H25/8 in chloroform (concentration �1 � 10�6 M).
Reproduced with permission from [47]
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.Cl/2SnPc˛.SC12H25/8, showed a Q band at 918 nm in chloroform [47]. The
spectrum of the nonperipherally octa substituted unmetallated derivative .H2Pc˛

.SC12H25/8/ does not show the typical split Q band [47]. As stated above, the
splitting of the Q band decreases with increasing wavelength [29], hence for these
complexes, a large redshift resulted in an unsplit Q band. A split Q band is observed
for the less redshifted H2Pc˛.SC12H25/4 complex, Table 1.

2.3 Aggregation

Aggregation of dye molecules plays an important role in energy and electron trans-
fer, and in light harvesting systems. The propensity of phthalocyanines to form
aggregates because of the strong interactions between planar macrocycles in solu-
tion is well-known [2]. The relative geometry of the macrocycles determines the
spectroscopic behavior of aggregates. According to Kasha’s molecular exciton the-
ory [49], the absorption band of aggregates will be blueshifted, Fig. 8, with respect
to the monomer band when the angle between the polarization axes of monomer
and the line of molecular center of the aggregate is larger than 54:7ı. If the angle
is 90ı, the molecules are in a face-to-face fashion (the so called H-type aggre-
gate). On the other hand, when the angle is smaller than the critical angle of
54:7ı, the aggregate peak is redshifted (the so called J-type aggregate). The cofa-
cial arrangement (common in most Pc aggregates) generally yields the blueshifted
H-aggregates, whereas an edge-to-edge arrangement of the J-aggregates is less
common. A SbPc complex containing tert-butyl substituents gave an unusually red-
shifted Q band upon aggregation in nonaqueous media [39]. This is unusual as
redshifted (J aggregates) have been limited to water-soluble derivatives rather than
nonaqueous media.

The peripheral coordination of metals on MPc complexes results in aggrega-
tion and blueshifting of the spectra [50]. Coordination of palladium to (2,3,9,10,16,
17,23,24-octakis-benzyl thiophthalocyaninato) magnesium(II) [MgPc.SBz/8] and
(2,3,9,10,16,17,23,24-octakis-benzhydryl thiophthalocyaninato) magnesium(II),
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Monomer Dimer

1Eu
(1)

1A1g

1Eu
(1)

1Eg
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Fig. 8 Energy levels showing the transitions in aggregated MPc complexes
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[MgPc.SBh/8 resulted in the formation of J aggregates [51]. It was suggested that
the presence of the bulky substituents prevents the formation of the more com-
mon H aggregates. Nonperipheral substitution by bulky groups results in steric
hindrance with substituents at the other 1,4-positions of the adjacent
benzene ring.

2.4 Effect of Central Metal

2.4.1 Nature of Central Metal

Another method of obtaining redshifted MPc spectra is by choice of the central
metal. However, the effect of the central metal in MPc complexes is usually small
except for a few metals such as Mn, Sb, Bi, and V [30, 39, 44, 52].

Alkyl- or arylthio MPc, containing transition metals such as Fe and Co, do not
show the NIR absorption and they remain blue or green in color [53–55], regard-
less of whether they are substituted at the peripheral or nonperipheral positions.
However, alkyl- or arylthio substituted MnIIIPc and TiIVPc complexes show redshift-
ing [12, 13]. MnIIIPc and TiIVPc complexes octa substituted with pentylthio groups
gave Q band maxima at 893 and 808 nm [12], respectively in dichloromethane,
Table 1.

It has also been observed that considering the same substituents, in .SC5H11/8/

there is a redshift in the Q band on going from TiIV (808 nm) [12] to VIV (850 nm)
[30] and MnIII (893 nm) [12], as the covalent radii decreases in the first transition
series. This shows the strong redshifting ability of the MnIII ion with the order of
redshifting decreasing as follows: MnIII > VIV > TiIV.

Comparison of ZnPc.t-butyl/4 with SbPc counterparts shows a redshift for
the latter [39]. (Ac)Mn6a (Q D 745 nm) containing benzyl mercapto substituents
(Table 1) has the Q band at the same position as .Ac/MnPcˇ .SC12H25/4

.Q D 745 nm/ [13, 34], Table 1, showing that the nature of the substituent (aryl
vs. alkyl) does not affect the Q band as much as the nature of the central metal. The
MnIIIPc derivatives (Cl)Mn6g and (Cl)Mn6h [35, 56, 57] did not show much effect
of the substituent on the Q band. The central MnIII metal had the largest redshifting
effect compared to corresponding Fe and Co derivatives [56].

OTi5c, OTi5d, OTi5e and OTi5f, Fig. 6, [31, 32] did not show much shift in
the Q band with change in ring substituents. Comparison of OTi6a (714 nm [23])
with AcMn6a (745 nm [13, 34]) shows the strong effect of the central metal and
also, the displacement of the central metal from the ring (as is the case with Ti in
TiPc) does not necessarily result in the redshift of the Q band. CrPcˇ .NH2/4 [58],
TiPcˇ .NH2/4 [46], and MnPcˇ .NH2/4 [44] in DMF show Q band maxima at 735,
755, and 780 nm, Table 1, respectively, thereby showing the influence of the central
metal.

The spectra of octa phenyl phthalocyanines: Pb4m, Ni4m, Zn4m, Sn4m, and
H24m [59] were studied in toluene. Ni and Zn complexes showed only slight color
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Fig. 9 Color dependence on the central metal for complexes 4m. Reproduced with permission
from [59]

changes, but the Sn and Pb complexes showed drastically different colors, red and
ocher, respectively, Fig. 9 [59], shown in Fig. 9 as different shades of grey. The
changes in absorption spectra were related to the planarity of the molecules as
unsubstituted SnPc and PbPc show Q band at wavelengths lower than 700 nm, show-
ing that both Pb and Sn do not result in redshifting. The large redshift was attributed
to highly deformed Pc skeleton due to the central metals not fitting into the cavity of
the Pc molecule. The deformed Pc ligand then interacts with the protruding central
metal, hence the observed redshift of the spectra. As discussed earlier, deformation
of the Pc ligand and the electron donating nature of the substituents result in the
redshifting of the Q band.

2.4.2 Oxidation State of the Central Metal

MnIIIPc complex shows a redshifted Q band (with a brown solution) even in the
absence of substituents, while MnIIPc does not show redshifting and is blue or
green in color depending on substituents. On electrochemical reduction of MnIIIPc
or TiIVPc derivatives, a blueshift of the Q band is observed [12, 13], with a change
of color to green or blue, Fig. 10. It thus suggests that NIR absorption is favored
for MPc complexes containing central metals in a high oxidation state. The redshift
is a result of the lowering of the HOMO–LUMO gap, by either destabilizing the
HOMO or stabilizing the LUMO by the central metal. The Q band absorption of
unsubstituted MnIIIPc is redshifted from unsubstituted MnIIPc by 107 nm in DMF.

The MnIIPc.OCH2C.CH3/3/16 was blueshifted (to 744 nm) compared to
NiIIPc.OCH2C.CH3/3/16 (at 758 nm, Table 1) containing the same substituents.
Even though the MnIIIPc complexes are redshifted compared to corresponding
NiIIPc derivatives, the MnIIPc complexes are blue shifted. The corresponding
.Ac/MnIIIPc.OCH2C.CH3/3/16 was highly redshifted (to 827 nm, Table 1). Thus it
seems it is the MnIIIPc (not MnIIPc) derivatives which cause a red shifting. Compar-
ison of MnIIPc.OCH2C.CH3/3/16, (� D 744 nm), .Ac/MnIIIPc.OCH2C.CH3/3/16

(� D 827 nm), and .Ac/MnIVPc.OCH2C.CH3/3/16.� D 849 nm/ clearly shows
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Fig. 10 Reduction of MnIIIPc solution in DMSO. Reproduced with permission from [34]

that an increase in the oxidation state shifts the Q band to the red. The redshift in the
Q band MPc.OCH2C.CH3/3/16 was explained to be either due to electronic inter-
action of the 16 neopentoxy groups with the Pc ring or due to steric effects of the
groups leading to buckling. An INDO analysis led to the conclusion that the ring is
not buckled, and that the electronic effects of the substituents were responsible for
the redshift [41].

MnPc derivative .Ac/MnIIIPc˛.C7H15/8 gave a Q band at 769 nm, which upon
reduction to .Ac/MnIIPc˛.C7H15/8 was blueshifted to 715 nm and further reduction
resulted in the formation of the .Ac/MnIPc˛.C7H15/8 species, with a typical band
at 610 nm [48], Table 1. As stated above, the Q band of MnPc complexes shifts to the
red as the oxidation state of the Mn ion increases. Thus MnIVPc complexes are more
redshifted than MnIII complexes, which in turn are more red shifted than MnII com-
plexes [12]. This was also observed for the tetra-(2-mercaptopyridine) substituted
complexes OHMnIII5k (741 nm) and OHMnII5k (675 nm) [14], Table 1.

3 Electrochemical Properties

As Table 1 shows, the most highly redshifted MPc complexes are the ones con-
taining Mn, V, or Ti as central metal and/or thio substituents, and those containing
nonperipheral substituents. Therefore, this section deals with the electrochemical
behavior of these complexes. It is well known that the position of the Q band can be
related to the potential difference between the first ring oxidation and the first ring
reduction, for MPcs containing nonredox active central metals.

The Pc exists as a dianion, i.e., Pc�2, which may be oxidized or reduced in suc-
cessive steps. The Pc ring redox activity is directly related to the frontier orbitals in
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the molecule in which oxidation is the removal of electron(s) from the HOMO (a1u)
while reduction is the addition of electron(s) to the LUMO (eg). As stated above, up
to four electrons can be successively added to the doubly degenerate eg orbitals of
the LUMO to form Pc�3; Pc�4; Pc�5, and Pc�6, and two electrons can be removed
from the HOMO to form Pc�1 and Pc0. Oxidation or reduction of MPcs with redox
active metals (i.e., those with vacant or partially occupied orbitals) may occur both
at the metal and at the ring depending on the relative energies and proximity of metal
d and Pc ring   orbitals.

The nature of the central metal, axial ligands, and solvents as well as that of
substituents on the ring periphery determines the redox properties of a given com-
plex. Electron-donating substituents such as alkylthio groups, increase the electron
density of the ring and the central metal atom, thereby making it easier to oxidize
and harder to reduce MPc complexes. MPc redox processes may take place at the
central metal atom or at the ring, and cyclic voltammetry alone cannot give infor-
mation on the nature of these redox processes. Redox processes for MPc complexes
occurring at the central metal or ring often result in color changes, with ring redox
processes showing more drastic color changes. New peaks are formed on oxidation
or reduction of the Pc ring because of transitions shown in Fig. 11.

The electrochemistry of alkyl- or arylthio substituted MPc complexes (which
result in redshifted spectra, depending on the central metal) is often different from
that of other substituted MPc complexes. For example irreversible ring reductions
for the thio Pcs have been reported [60] often coupled with chemical reactions
and adsorption of the reduction products. Overlaps of reduction couples to form
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Fig. 11 Energy level diagrams of neutral, one-electron ring oxidized, and one-electron ring
reduced MPc complex
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one peak, and single step (irreversible) multielectron oxidation accompanied by
decomposition have also been reported [61].

3.1 MnIIIPc Complexes

By far the most studied electrochemistry of NIR complexes is that of MnIIIPc deriva-
tives. Manganese phthalocyanine complexes have very interesting electrochemistry
because of the fact that the manganese metal exhibits variable oxidation states rang-
ing from MnI to MnIV [8, 35, 44, 48, 58]. This makes manganese phthalocyanine
complexes potential electrocatalysts for many reactions. Substituted manganese
phthalocyanine complexes are still relatively few, and their electrochemistry is not
fully understood. For example the first reduction in MnIIPc�2 complexes has been
a subject of some controversy, with some reports proposing ring reduction to the
MnIIPc�3 species and others suggesting metal reduction to the MnIPc�2 species
[14]. The spectra of MnIIPc and MnIIIPc complexes are now well known. However,
the spectra of MnIVPc complexes are virtually unknown, except for a few studies
[12, 40]. The formation of MnIIPc by reduction of MnIIIPc derivatives occurs read-
ily in the presence of mild reducing agents Fig. 10 (for complex Mn6a [34]). The
change in color in going from MnIIIPc to MnIIPc is dramatic (red to green) as was
discussed in Section 2.

In MnPc complexes, the spectrum may consist of three absorption bands cor-
responding to three different species in solution, Fig. 12, thus complicating the
electrochemistry. This is typical of MnPc species in equilibrium in the presence
of oxygen [62]. The presence of the MnII, MnIII, and �-oxo MnPc species was
reported [36] for Mn6i in DMF. In the presence of O2, MnIIPc is known to form
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Fig. 12 Electronic absorption spectra of Mn6i in DMF. Concentrations: 5 � 10�6 mol dm�3.
Reproduced with permission from [36]
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an oxygen adduct (1), which has been described as a .O�2 /MnIIIPc species [14, 62],
with subsequent formation of the species shown by (2)–(4), and the net result shown
by (5).

PcMnII C O2 ˛ PcMnIII C .O2/ (1)

PcMnIII.O2/ C PcMnII ˛ PcMnIII � O2 � MnIIIPc (2)

PcMnIII � O2 � MnIIIPc ˛ 2PcMnIVO (3)

2PcMnIVO C 2PcMnII ˛ 2PcMnIII � O � MnIIIPc (4)

net4PcMnII C O2 ! 2PcMnIII � O � MnIIIPc (5)

In Fig. 12 the absorption band at 719 nm was assigned to the MnIII in complex Mn6i
[36]. The peak at 626 nm was assigned to �-oxo MnPc species and the peak at
686 nm to MnIIPc [36]. When the solution was deaerated with dry N2, the peaks due
to MnIII at 719 nm decreased in intensity accompanied by an increase in the intensity
of the peak characteristic of MnIIPc species at 686 nm, and �-oxo MnPc species
peak at 626 nm decreased in intensity with time on bubbling nitrogen. This shows
that solution of MnPc derivatives should be thoroughly deaerated before spectra are
recorded.

The shape and reversible behavior of cyclic voltammograms for MnPc deriva-
tives are highly dependent on the substituents. The Mn6i complex gave a cyclic
voltammogram shown in Fig. 13a. The voltammogram was recorded in solutions, in
which only the MnIIIPc species was present. Couples III .E1=2 D �0:73 V/ and II
.E1=2 D �0:11 V/ were assigned to MnIIPc�2=MnIPc�2 and MnIIIPc�2=MnIIPc�2,
respectively [36], using spectroelectrochemistry. The redox processes in the region
of I were assigned to ring-based oxidations in Mn6i and to the mercaptopyrimidine
substituent, and IV and V to ring based reductions.

For .Ac/MnPcˇ .SC12H25/4 derivative that was tetra substituted with long-chain
alkylthio substituents, the voltammograms showed broad peaks [13], Fig. 13b. For
.Ac/MnPc˛.SC5H11/8 octa substituted at the nonperipheral position with relatively
short alkyl chain thio substituents, clearly defined voltammograms were observed,
Fig. 13c [12]. This complex exhibited four main processes labeled I .E1=2 D
C0:71 V/, II .E1=2 D C0:43 V/, III .E1=2 D �0:51 V/, and IV .E1=2 D �1:29 V/

vs. AgjAgCl, Table 2, whose cathodic to anodic peak separations suggested slow
electron transfer. Processes II and I were assigned (using spectroelectrochemistry)
to MnIVPc�2=MnIIIPc�2 and MnIVPc�1=MnIVPc�2, respectively, and III and IV to
MnIIIPc�2=MnIIPc�2 and MnIIPc�2=MnIIPc�3, respectively, Table 2.

MPc complexes, tetra substituted with 2-mercaptopyridine at the ˛ (Mn5j) and
ˇ(Mn6j) positions and then quaternized to give Mn5k and Mn6k respectively,
showed similar cyclic voltammograms (except for difference in redox potentials),
Fig. 13d. Complexes Mn5j and Mn6j and their quaternized derivatives, Mn5k and
Mn6k, showed three well-resolved reduction processes labeled I, II, and III, Table 2
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Fig. 13 Cyclic voltammograms of Mn6i (a) [36], MnPcˇ.C12H25/4 (b) [13], MnPc˛.SC5H11/8
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Fig. 14 UV–Vis spectral changes for Mn5j observed using controlled potential electrolysis at
potential of process III .�700 mV/. Electrolyte D DMF containing 0.1 M TBABF4. Electrolysis
time was 30 min for each redox process. Reproduced with permission from [14]

[14]. Chronocoulometry showed that the ratios of currents for processes II and III
were equal, and were one-third of that of process I. The latter is most probably due
to the combination of Pc ring oxidation and the oxidation of thio substituents. Com-
pared to corresponding peripherally alkylthio substituted derivatives (Mn6j and
Mn6k), nonperipherally substituted complexes Mn5j and Mn5k are more difficult
to reduce, Table 2, considering the second reductions.

As stated already, the first reduction in MnIIPc�2 complexes has been a subject
of some controversy, with some reports proposing ring reduction to the MnIIPc�3

species and others suggesting metal reduction to the MnIPc�2 species. Table 2 also
shows that both MnIPc�2 and MnIIPc�3 are obtained under different conditions.
For the 2-mercaptopyridine tetra substituted complexes Mn5j and Mn6j and their
quaternized derivatives, Mn5k and Mn6k, spectroelectrochemistry showed that the
reduction of MnIIPc to MnIPc occurs only when the complexes are in their quat-
ernized form (Mn5k and Mn6k). The reduction (to MnIPc�2) of the quaternized
form occurs at a lower potential than that of the unquaternized form (to MnIIPc�3/,
showing that metal reduction (to MnIPc�2/ vs. ligand reduction (to MnIIPc�3) in
MnIIPc complexes depends on the nature of the ring substituents. The reduction
to MnIPc�2 species has a distinct broad absorption at 575 nm (Fig. 14), typical of
MnIPc species [14].

Comparison of the peripherally and nonperipherally substituted tetra amino
phthalocyanine complexes of Mn(.OH/MnPcˇ .NH2/4 with .OH/MnPc˛

.NH2/4/, shows that the nonperipherally substituted derivatives are slightly more
difficult to reduce (considering second reductions), Table 2 [44, 45]. Substitution at
the nonperipheral position, using electron donating substituents, results in greater
enhancement of electron density compared to peripheral substitution, and hence
should result in ease of oxidation, and more difficult reduction as shown in some
cases Table 2.
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Comparison of .Ac/˛MnPc.C7H15/8 and .Ac/ˇ MnPc.C7H15/8 showed the lat-
ter to be more difficult to reduce than the former, Table 2 [48], contradicting the
observation above. (Ac)MnPc.cyclohexylmethoxy/16 is more difficult to reduce
compared to .Ac/MnPc.OCH2C.CH3/3/16 [40].

3.2 TiPc and VPc Complexes

Like MnPc derivatives, titanium phthalocyanine (TiPc) complexes also exhibit vari-
able oxidation states. For TiPc octa substituted at nonperipheral positions with
pentylthio substituents, .OTiPc˛.SC5H11/8/, four main redox processes (I–IV) are
observed in Fig. 15. Couples III (�0:78 V vs. SCE) and IV (�1:14 V vs. SCE) are
well defined and reversible, and are both due to metal based processes. Couples
III and IV shifted to more positive potentials with scan number (Fig. 15) probably
because of polymerization effects discussed in the following section. The oxidation
processes for OTiPc˛.SC5H11/8 showed a peculiar behavior in that the anodic pro-
cess II had a broad prepeak followed by a sharp peak typical of adsorption [12,63].
During the first scan, Fig. 15, a broad peak preceding a sharp peak around 0.5 V was
observed. The cathodic (return) scan of process II, Fig. 15, showed a sharp peak cor-
responding to the peak observed in the forward direction. It was observed that the
cyclic voltammograms obtained for second and subsequent scans showed additional
weak peaks (at � 0, 0.14 and 0.75 V), most likely because of the polymer formed
on cycling the monomer in solution. Electropolymerisation of the complex onto the
electrode may be facilitated through radical polymerization from sulfur groups, as
is the case with amino groups in MPc complexes [44].

The redox potentials for ˛-OTiPc(NH2/4 and ˇ-OTiPc.NH2/4 complexes are
similar, though the former is slightly more difficult to reduce as was observed

–1.5 –1 –0.5 0 0.5 1 1.5
E(V) (vs Ag|AgCl)

III

VI

II
I

(a)

(b)

0.1 mA 
I'

Fig. 15 Cyclic voltammogram of OTiPc˛.SC5H11/8 in DCM containing 0.1 M TBABF4. (a) first
scan and (b) 20th Scan. Scan rate D 100 mV s�1. Reproduced with permission from [12]
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for the corresponding MnPc complexes [45, 46]. Similarly for peripherally substi-
tuted OTi6a and the corresponding nonperipherally substituted OTi5a, the latter is
slightly more difficult to reduce compared to the former, Table 2.

For OVPc˛.SC5H11/8, the redox processes were observed at E1=2 D 1:02; 0:68;

�0:54; �0:89, and �1:14 V, vs. AgjAgCl, Table 2. All are ring based processes [30].
On the basis of the electrochemical and spectroelectrochemical data these processes
were assigned as follows:

VIVPc2� ! VIVPc1� C e�.0:68 V/ (6)

VIVPc1� ! VIVPc0 C e�.1:02 V/ (7)

VIVPc2� C e� ! VIVPc3�.�0:54V/ (8)

VIVPc3� C e� ! VIVPc4�.�0:89 V/ (9)

VIVPc4� C e� ! VIVPc5�.�1:14 V/ (10)

The VPc complexes are reduced at approximately the same potential, Table 2
[30, 64, 65]. The UV–Vis spectral changes observed for the reduction of the OVPc˛

.SC5H11/8 complex did not show the typical [15] spectra for ring reduction, Fig. 16.
Complexes Zn4m and H24m are readily oxidized because of the deformed nature
of the ring [59, 66], Table 2.

400

ab
so

rb
an

ce

wavelength/nm
500 600 700 800 900

Fig. 16 UV–Vis spectral changes for .OVPc˛.SC5H11/8/, observed using controlled potential
electrolysis at potentials for the first reduction. Electrolyte D DCM containing 0.1 M TBABF4.
Electrolysis time was 30 min. Reproduced with permission from [30]
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4 Electrocatalytic Behavior

The use of MPc complexes as electrocatalysts for the detection of analytes relies on
the formation of modified electrodes. Thiol, alkylthio, or arylthio substituted MPc
complexes readily form self-assembled monolayers (SAMs) on gold. Amino sub-
stituted MPc complexes can easily be electropolymerized onto electrodes. Direct
adsorption of the monomer onto electrodes (especially carbon electrodes) also
occurs. The modified electrodes are then employed for detection of analytes ranging
from neurotransmitters, thiols, phenols, and other biologically and environmentally
important molecules.

4.1 Self-Assembled Monolayer (SAM)

A SAM is a self-organized array of molecules chemically bound onto a solid sub-
strate, forming reproducible stable films. Such a single layer of highly oriented
molecules on a substrate is formed spontaneously on immersing a solid substrate
into a solution containing the desired species with an appropriate functional group.
Vacuum deposition has also been reported for SAM formation [67,68]. SAMs have
been formed on electrodes (surfaces) such as gold, silver, platinum, mercury [69],
InSb [70], and graphite [67], but the most common ones are those formed by reac-
tions of thiols at gold surfaces. Careful placement of thio groups can constrain the
Pc molecule to a particular packing preference on the surface.

octopusvertical

M

S S S S S S S

Au

S

Au

S

M

M

Au

S

R

umbrella 

Fig. 17 Representations of octopus, vertical, and umbrella orientations of MPc-SAM
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4.1.1 Ring Substituted MPc Complexes

The orientation of SAMs on gold (Fig. 17) is affected by factors such as the number
and nature of substituents on the phthalocyanine ring, and axial, as opposed to ring,
substitution. The electrocatalytic behavior of MPc SAM is strongly influenced by
its orientation on the gold surface [71, 72]. Several techniques have been employed
for the analyses of SAMs. X-ray photoelectron spectroscopy (XPS) was used to
confirm the attachment and orientation of MPc complexes onto the gold surface
[73]. Transmission Fourier transform infrared (FTIR) spectroscopy and reflection
absorption infrared spectroscopy (RAIRS) have also been employed in confirm-
ing the formation of SAMs and showing the effects of ring substituents on SAM
formation [74, 75]. Electrochemical methods have also been used to confirm SAM
formation, using the blocking of well established Faradaic processes such as gold
surface oxidation, solution redox chemistry of ŒFe.H2O/6

3C�=ŒFe.H2O/6
2C�, and

underpotential deposition (UPD) of copper on formation of SAMs. The blocking
of the gold electrode is evidenced by a drastic decrease in currents in the presence
of SAM, showing that the gold electrode is no longer available to the electrolyte
because of the presence of SAMs.

Another method employed for characterizing SAMs is the scanning electrochem-
ical microscopy (SECM), Fig. 18 [76]. Clear dissimilarities in surface topography
can be observed between the unmodified gold surface and AcMn5b-SAM modified
surface in Fig. 18. The differences in topography and surface conductivity proved
that the AcMn5b did attach to the gold surface forming a dense SAM. Also, the
relatively high currents indicate that the unmodified gold electrode surface is, as
expected, highly conductive.

Cook and coworkers have synthesized disulfide MPcs and a number of thiol
substituted MPc complexes containing single tethers at nonperipheral positions
[74, 75, 77, 78]. This resulted in SAMs which were tilted at various angles to
the gold surface which depended on the length of the tether chain length [78],
represented as vertical in Fig. 17. In order to control the orientation of the thiol
MPc-SAMs, Li et al [73] synthesized octa substituted MPc complexes containing
terminal SH groups. The orientation of the octa-subtituted thiol MPc onto the gold
surface was described as octopus (Fig. 17). However, it was found that not all of the
eight thiol linkers on the periphery of the ring bound to the gold surface at the
same time [73]. 2,9,16-Tri(tert-butyl)-23-(10-mercaptodecyloxy) phthalocyanine
and its disulfide were employed as SAMs on Au [79], and triple decker porphyrin
(Por)/phthalocyanines (Pc) of the form PcEuPcEuPor, di- or mono-substituted with
acetyl thio groups have been used to form SAMs on Au [80]. SAMs of NIR MnPcs
have been formed using alkyl- or arylthio ring substituted MnPc complexes [34].
SAMs of redshifted MPc complexes such as alkylthio MPc have generally been the
tetra substituted derivatives [13]. SAMs of AcMn6a and .Ac/MnPcˇ .SC12H25/4

showed the MnIV=MnIII couple at �0:3 V [13].
SAMs of the substituted MPc complexes containing terminal R groups were

found to form without cleavage of the C–S bonds [81,82]. Also, when the terminal R
group contained an OH function, octopus (horizontal) orientation was not obtained;
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Fig. 18 Scanning electrochemical microscope (SECM) surface images of bare gold electrode (top)
and AcMn5b modified gold electrode (bottom) containing 5 mM ferrocyanide as redox mediator
in phosphate buffer. Reproduced with permission from [76]

the molecules were oriented in a vertical position (Fig. 17), and this was explained in
terms of electrostatic repulsion in the presence of OH groups [81]. MPc complexes
containing axial thiol groups form SAMs which are described as umbrella shaped
[73,83] Fig. 17. The SiPc containing a short tether in the axial position was reported
to form an ordered (umbrella) monolayer on gold. However, not much work has
been done on these types of SAMs.

4.1.2 MPcs Coordinated to Preformed SAMs

MPc complexes may coordinate to SAMs formed from simple thiols such as
2-mercaptoethanol (2-ME), referred to as preformed SAMs (in this case 2-ME-
SAM) [84–87]. The attachment of MPc to preformed SAM occurs through forma-
tion of a bond between the exposed functional group of the preformed SAM (such
as the OH of 2-ME) and axial or ring substituent on the MPc, forming for exam-
ple MPc-2-ME-SAM. In the first case (coordination via axial substituents), there
is no need for the time consuming synthesis of ring substituted MPc complexes.
Unsubstituted MPc complexes have been bound to gold surface through preformed
SAMs containing N-donor ligands such as 4-mercaptopyridine (4-MPy) [84–86] in
an umbrella form as shown in Fig. 17. In the second case umbrella type SAMs may
also be formed by first synthesizing MPc complexes axially coordinated with groups
which can self-assemble on a metal surface. For example RuPc, bearing pyridine-
4-carboxaldehyde as an axial ligand, formed a SAM through linking of the exposed
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carboxaldehyde ligand with the chemically modified surface [88]. The use of simple
(often commercially available) ring substituted MPc complexes and coordinating
them to preformed SAMs via the ring substituents is also known [87].

4.2 Other Forms of Electrode Modification

As stated above, amino substituted MPc complexes can easily be electropolymer-
ized onto electrodes [45,46,89–93]. Polymerization is effected by scanning the elec-
trode in the solution of the monomer within a well-defined potential range. Growth
of the polymeric films or more precisely, control of the amount of deposited mate-
rials (or the polymer film thickness) can be easily achieved by monitoring the total
charge passed during the electrooxidative polymerization process. Figure 19a shows
a series of CVs (30 scans) during electropolymerisation of .OH/MnPc.NH2/4

cycled in the potential range of �0:6 to 1.0 V vs. AgjAgCl. Similarly for OTiPc
.NH2/4, electropolymerisation was achieved through repetitive cycling of the
monomer, Fig. 19b. Electropolymerization is evidenced by the first voltammetric
scan being different from the second and subsequent scans, Fig. 19. The shifts and
formation of new peaks confirm the formation of an electroactive polymer on the
electrode surface.

The success of the polymerization depends on the solvent used for the process.
Most studies of electropolymerized MPc have concentrated on the electrochemical
polymerization of MPc.NH2/4 complexes [89–93]. The polymerization process of
these complexes involves the oxidation of the amino group forming radicals which
attack phenyl rings of neighboring molecules [93]. The formation of the polymers
of .OH/MnPc.NH2/4 and OTiPc.NH2/4 on glassy carbon electrode (GCE) was
successfully achieved via electropolymerisation of these complexes in DMF by
repetitive scanning at a constant scan rate of 0:1 Vs�1. Simple adsorption of the
monomer onto carbon electrodes (using MnPc derivatives) has been reported [94].

4.3 Electrocatalytric Detection of Selected Analytes

The detection of many analytes on unmodified electrodes occurs at high poten-
tials, hence the need for modified electrodes. Even though different types of SAMs
have been reported, only a few of them have been employed as catalysts for
electrochemical reactions. Most work has concentrated on the characterization of
SAMs, with limited studies devoted to detection. Table 3 summarizes the analytes
which have been detected by employing NIR-absorbing MPcs (such as MnPc and
TiPc) containing amino or alkylthio substituents. In Table 3, the electrodes are
modified by SAMs, polymers, electrodeposion, and adsorption.
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Fig. 19 Evolution of cyclic voltammograms on GCE in DMF containing 0.1 M TBABF4 during
repeated successive scans showing the formation of (a) poly-(OH)MnPc˛.NH2/4 and (b) poly-
OTi˛Pc.NH2/4 . Scan rate D 100 mVs�1. Reproduced with permission from [45]

4.3.1 Nitrite

The modified electrodes were investigated for catalysis of nitrite electrooxidation
in pH 7.4 phosphate buffer solution. Nitrite disproportionation to nitric oxide (NO)
is insignificant at this pH and thus the catalysis monitored is that of nitrite oxi-
dation. Nitrite oxidation occurred at 0.71 V on the SAM of Mn5b [76], at 0.63 V
on polymerized OTiPc˛.NH2/4 [45], and at 0.65 V on polymerized MnPc˛.NH2/4
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Table 3 Selected analytes electrocatalysed by MnPc and TiPc derivatives

Complex Electrode and Analyte Ep=V Medium References
mode of modification (SCE)

MnPcˇ.NH2/4 GCE, polymer Glycene �0:67 (R) pH 7.4 44
MnPc Au, preformed SAM Cysteine 0.20 (O) pH 4 86
MnPc Au, preformed SAM Thiocyanate 0.50 (O) pH 4 86
MnPc GCE, adsorption Oxygen �0:51 (R) pH 12 94
MnPcˇ.NH2/4 GCE, adsorption Oxygen �0:55 (R) pH 12 94
Mn6h GCE, adsorption Oxygen �0:69 (R) pH 12 94
Mn6i GCE, adsorption Oxygen �0:61 (R) pH 12 94
Mn6g GCE, adsorption Oxygen �0:67 (R) pH 12 94
MnPc˛.NH2/4 GCE, polymer Nitrite 0.65(O) pH 7.4 45
Mn5b Au, SAM Nitrite 0.71 (O) pH 7 76
Mn6a Au, electrodeposition Nitrite 0.72 (O) pH 7.4 34
Mn.CH2.CH2/10

CH2S/4 Au, electrodeposition Nitrite 0.75(O) pH 7.4 34
TiPc˛.NH2/4 GCE, polymer Nitrite 0.63(O) pH 7.4 45
TiPcˇ.NH2/4 GCE, polymer Nitrite 0.65 (O) pH 7.4 46
Ti5a GCE, polymer Nitrite 0.60 (O) pH 7.4 95
Ti6b GCE, polymer Nitrite 0.65 (O) pH 7.4 95
Ti6a GCE, polymer Nitrite 0.63 (O) pH 7.4 95
Ti6b GCE, polymer Nitrite 0.55 (O) pH 7.4 95
Ti5c GCE-adsorption Nitrite 0.71 (O) pH 7.4 46
Ti5d GCE-adsorption Nitrite 0.73(O) pH 7.4 46
Ti5e GCE-adsorption Nitrite 0.66 (O) pH 7.4 46
Ti5f GCE-adsorption Nitrite 0.70(O) pH 7.4 46
Ti6c GCE-adsorption Nitrite 0.73 (O) pH 7.4 46
Ti6d GCE-adsorption Nitrite 0.73(O) pH 7.4 46
Ti6e GCE-adsorption Nitrite 0.62(O) pH 7.4 46
Ti6f GCE-adsorption Nitrite 0.64(O) pH 7.4 46

Values vs. AgjAgCl or FcC=Fc have been converted to vs. SCE using a conversion factor of
0.045 V or 0.49, respectively [96]. GCED glassy carbon electrode, OD oxidation, RD reduction

[45]. Thus the overpotential was lowered from 0.92 V at the bare electrode to 0.65
and 0.63 V at the polymerized MnPc˛.NH2/4 and OTiPc˛.NH2/4 modified elec-
trodes, respectively. Hence the central Mn and Ti metals did not differ much in terms
of lowering the nitrite oxidation potential. Also there was no significant influence
on the point of substitution (OTiPcˇ .NH2/4 vs. OTiPc˛.NH2/4) on the oxidation
potential of nitrite, Table 3. Oxidation of nitrite occurred at potentials ranging from
0.55 to 0.75 V on TiPc and MnPc derivatives, Table 3 [34, 45, 46, 95].

The proposed mechanism for the electrocatalytic oxidation of nitrite on Mn5b-
SAM is as given by (11)–(14) [76]:

MnIVPc�1 C NO2
� ! .MnIVPc�1/ .NO2

�/ (11)
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.MnIVPc�1/ .NO2
�/ ! .MnIVPc0/ .NO2

�/ C e� (12)

.MnIVPc0/ .NO2
�/ ! MnIVPc�1 C NO2 (13)

And the NO2 species may then disproportionate to give nitrite and nitrate as follows:

2NO2 C H2O ! NO2
� C NO3

� C 2HC (14)

For TiPc derivatives in which only ring-based oxidation processes are possible, the
following mechanism was proposed [46], (15)–(17):

TiIVPc�2 C NO2
� ! �

.NO2
�/ .TiIVPc�2/

��
(15)

�
.NO2

�/ .TiIVPc�2/
�� ! .NO2

�/ .TiIVPc�1/ C e� (16)

.NO2
�/ .TiIVPc�1/ C H2O ! TiIVPc�2 C NO3

� C 2HC C e� (17)

4.3.2 Cysteine

The oxidation of L-cysteine on MPc (M D Fe, Mn, and Co) linked to
4-mercaptopyridine preformed SAMs (MPc-4-MPy-SAM) occurred at �0:2 V,
Table 3, with FePc-4-MPy-SAM showing better catalytic activity as judged by
higher peak current when compared to CoPc-4-MPy-SAM and MnPc-4-MPy-SAM
[86]. Long term stability (over a 2-week period) of MPc-4-MPy-SAM (M D Fe,
Co, Mn) towards the oxidation of L-cysteine decreased as follows: FePc > MnPc >

CoPc. Thus, the oxidation of cysteine is less stable on CoPc modified electrode
and this complex is less catalytic compared to corresponding MnPc and FePc
derivatives.

4.3.3 Thiocyanate

MnPc-SAMs have been employed for the detection of thiocyanate [86] on SAMs
formed by coordination of MPc complexes to preformed SAMs. On MnPc-4-MPy-
SAM the oxidation of SCN� occurred at 0.50 V (Table 3). The stability of the
electrode was less on MnPc compared to CoPc preformed SAM. Analysis of SCN�
in the presence of possible interfering species (uric acid, oxalic acid, and ascor-
bic acid) in biological samples revealed insignificant effects from these compounds
[86]. Thus, SCN� can be analyzed in the presence of ascorbic acid. An analysis of
the urine of smokers and nonsmokers showed clearly that the SAM electrode could
be used to differentiate between the two groups.

4.3.4 Other Analytes

Adsorbed Mn6g and Mn6i were employed for the detection of oxygen [94]. Rotat-
ing disk electrode voltammetry revealed two electron reduction in acidic and slightly
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alkaline media because of the formation of hydrogen peroxide. In highly basic
media, water is the major product formed via four electron transfer. Polymerized
MnPcˇ .NH2/4 was employed for the detection of glycine [44], which occurred at
�0:67 V vs. SCE. The catalytic efficiency for reduction of glycine decreased with
increasing pH suggesting that the protonated form of glycine is the most active.
Also the redox potential shifted to more negative values with increasing pH, i.e., by
80 mV per pH unit, consistent with a one-electron, one proton process. The elec-
trode was found to be stable for the detection of glycine, as there was no significant
decrease in currents with scan number.

5 Conclusion

This work summarizes the electronic absorption spectra and electrochemical behav-
ior of near infrared absorbing phthalocyanine complexes. The complexes which
exhibit this redshift include those containing electron donating ring substituents
such as alkyl- or arylthio and amino groups. Ring expansion also leads to the red-
shifting of the phthalocyanine complexes. The central metal plays a significant role
in the redshifting behavior of phthalocyanines, with manganese complexes show-
ing the largest redshift compared to the others. Only a few metals are known to
cause a redshift of the Q band. These include Mn, Sb, Bi, Pb, Ti, and V. Mn and Ti
phthalocyanine complexes also show interesting electrochemistry, with the central
metal showing oxidation states varying from I to IV and II to IV, respectively. The
catalytic behavior of the Mn and Ti phthalocyanine towards some analytes is also
discussed. These complexes lower the oxidation of nitrite to much lower potentials
when compared to the more commonly employed Co phthalocyanine derivatives.
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Photochromic Dithienylethene–Phthalocyanines
and Their Analogs

Qianfu Luo, Yi Liu, and He Tian

Abstract Photochromic dithienylethenes have been extensively investigated
because of their striking features and potential uses in molecular devices, opto-
electronic equipment, memory media, etc. Many photochromic dithienylethenes
and their derivatives have been so far synthesized and their excellent performances
have been examined. Dithienylethene, incorporating phthalocyanine hybrids and
their analogs, is one of the most important types among these photochromic com-
pounds. In this review, the molecular design and the general methods of prepara-
tion of photochromic dithienylethene–phthalocyanine hybrids and their analogs are
highlighted. Their versatile performances are described.

Keywords Dithienylethene � Functional materials � Photochromism � Phthalocya-
nines and analogs
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1 Introduction

Photochromism is defined as the reversible photo-induced transformation of a
substance into its two isomers that differ in absorption spectra and other physico-
chemical parameters [1–4]. Over the past decade, the molecular design and synthesis
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of photochromic materials have been well-studied because of their potential appli-
cability in many technological fields, such as information storage, imaging devices,
signal transmission system, and molecular switches [5–9]. Among various types
of reported photochromic systems, dithienylethenes have been attracting more and
more attention. Their favorable properties, such as thermal and optical stability
of the ring-open and ring-closed isomers, high fatigue resistance, high sensitivity,
and the rapid response, make them promising candidates for photochromic func-
tional materials. Therefore, they can serve as memory media, optical switches,
logic circuits, liquid crystal displays, and magnetic materials, particularly for optical
inputs and memory media [10–23].

As the photochromic dithienylethenes have a series of useful performances and
applications, various dithienylethenes have been so far prepared and their excellent
properties have been studied. Dithienylethene, in combination with phthalocyanines
and their analogs, is one of the most important types among these photochromic
compounds.

It is well-known that phthalocyanines and their analogs, including their hybrids,
porphyrins, and tetraaza-porphyrines, are a robust and versatile class of compounds.
They have been investigated extensively and used in many fields, including chemical
sensors, photodynamic therapy, electrochromism, optical computer read/write disc,
etc. [24–28]. Combination of photochromic dithienylethenes with phthalocyanines
and phthalocyanine analogs has derived many novel photochromic functional mate-
rials. They mainly involve three types: one is dithienylethene-bridged porphyrins
and their analogs, the second is porphyrin-bridged dithienylethenes, and the third is
that photochromic dithienylethenes fused directly to the pyrrole units of phthalocya-
nines and their analogs. In the following, we will briefly review their preparations,
fundamental properties, and potential applications.

2 Dithienylethene-Bridged Porphyrins and Their Analogs

Photochromic dithienylethenes have been considered as extremely promising sys-
tems to store information. The success of optical information processing requires
the facile detection method which can read the stored information in a non-invasive
manner. It is to say that the non-destructive readout capability is indispensable. On
the basis of the ability to fine-tune the excitation wavelengths of porphyrins and
the fact that they exhibit strong luminescence and attractive coordination properties,
Branda covalently attached two porphyrins to the dithienylethene backbone, and
synthesized a hybrid for non-destructive information processing [29], as shown in
Scheme 1. It was the first example of photochromic porphyrinic dithienylethene.

In this compound, 1,2-bis (3-thienyl)cyclopentene was designed as molecular
backbone and two brandishing porphyrin macrocycles were chosen as substituents.
It was prepared by the esterification of 5,10,15-tris(tolyl)-20-(4-hydroxyphenyl)-
porphyrin and 1,2-bis(5-carboxy-2-methyl-3-thienyl) cyclopentene in the presence
of pyridine and triethylamine.
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Illuminated alternately with UV and visible light, the porphyrinic dithienylethene
underwent a reversible photoisomerization reaction (Scheme 1). Meanwhile, the flu-
orescence intensity of the porphyrin macrocycles could be regulated by alternate
irradiation with UV (313 nm) and visible light (longer than 480 nm). Moreover,
the selective excitation band of the fluorophore was beyond the spectral band
which could induce the photoisomerization reaction. Therefore, the authors asserted
that this compound could act as a system for reversible data processing using
fluorescence as the non-destructive detection method.

However, although the selective excitation band was a photochemically non-
active absorbance band, the emission wavelength slightly overlapped with absorp-
tion band associated with the ring-opening reaction. This phenomenon might also
result in photochemical interconversion of the porphyrinic photochrome and limit its
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application. Due to some metalloporphyrins phosphoresced at wavelengths remote
from the spectral regions which might be used to induce the photochromism, an
axially coordinated ruthenium porphyrin to the pyridyl-derivatized dithienylethene
compound was designed sequentially by Branda and his co-workers [30], as illus-
trated in Scheme 2.

This complex phosphoresced at infrared region when excited with the UV-
vis light. The excitation wavelengths that yielded the highest emission intensity
existed in a narrow region of the visible spectrum. The absorption spectra, for
both open-form and closed-form of the substituted dithienylethene, were far from
this region and avoided their interconversion when irradiated with the light in this
region. Therefore, it could tackle the problem that the excitation resulted in photo-
chemical interconversion of the porphyrinic dithienylethene reported above. More-
over, it exhibited excellent photochromic properties and provided an alternative to
fluorescence as a means to detect information in a non-invasive manner.

Almost at the same time, Irie and his coworkers synthesized a series of
dithienylethene-bridged diporphyrins as photochemical switching materials
(Scheme 3) [31]. Changing the connecting spaces between the porphyrin and
thienylethenebyinserting1,4-phenylene,4-ethynylphenylene,di-4-phenylethnylene,
and meso-ethynylene, six dithienylethene-bridged diporphyrins were produced.

Scheme 3a gives a representation of the main synthetic procedure for these com-
pounds. It started with the condensation of diformyl-substituted dithiedylethene and
benzaldehyde with dipyrrolemethane, followed by oxidation with p-chloranil. The
dithienylethene-bridged diporphyrin was given in 19% yield. The other products
were synthesized by analogous approaches.

However, not all the six prepared compounds (Scheme 3b) underwent photo-
chemical isomerization; the photoisomerization reactivity of these dithienylethene-
bridged diporphyrins strongly depended on the distance between the porphyrin and
dithienylethene. The three compounds, in which porphyrin and dithienylethene were
directly linked (1), linked through a 1,4-phenylene (2), and linked through meso-
ethynylene (5), did not exhibit any photochromism. The authors attributed it to the
efficient quenching of the excited dithienylethene by the attached porphyrin moiety
through intramolecular energy transfer.
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In addition, the absorption spectra and fluorescence intensity of some por-
phyrins changed along with the photochromic reaction of the dithienylethene func-
tional group, which was possible for constructing some optical chemical switching
systems with emission signal.

In 2007, a photoresponsive molecular tweezer, zinc porphyrin–dithienylethene–
zinc porphyrin (ZnP–DTE–ZnP) triad was reported by Park and Shin (Scheme 4)
[32]. The main synthesis procedure was the Wittig reaction between 5-(4-bromo-
methylphenyl)-10,15,20-tris (4-methylphenyl)-porphyrin and 1,2-di(2-methyl-4-
formyl-3-thiophenyl) perfluorocyclopentene.

The open-isomer of DTE having two zinc porphyrin moieties could form coor-
dination complex with 4,4-bipyridyl like a tweezer (see Scheme 4), but the closed
isomer could not bind cooperatively because of its structural rigidity. The differ-
ent binding behavior of ZnP–DTE–ZnP with 4,4-bipyridyl was though to make the
photo-control of affinity to guest molecules possible.

3 Porphyrin-Bridged Dithienylethenes and Their Analogs

In 2002, a triad molecule including dithienylethene (DTE), porphyrin (P), and
fullerene (DTE-P-C60) was first designed and synthesized as a photoinduced elec-
tron transfer (PET) switch by D. Gust et al. [33], as shown in Scheme 5. This
molecule was synthesized by modified procedures reported literature: Porphyrin
chromophore was covalently linked to substituted dithienylethene by Sonogashira
coupling reaction. Fullerene was introduced by the cycloaddition reaction of dyad
aldehyde (dithienylethene–porphyrin aldehyde) with the fullerene and the N-methyl-
glycine.
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Illuminating the open-ring state of the triad with visible light, the porphyrin’s
excited state proceeded photoinduced-electron transfer and donated an electron to
fullerene to form open-ring isomer: DTE-P:C– C:�

60. Upon irradiation with UV, the
open form of the dithienylethene exhibited photo-cyclization reaction and produced
its closed form. In the closed-ring form, the porphyrin excited state was quenched by
energy transfer (not electron transfer) to the closed isomer of DTE. The ring-opening
photoreaction took place on irradiation of the closed-ring state with visible light.
These distinctive characteristics were due to the elaborative molecular design. The
authors believed that this system could be applied in the construction of molecular-
scale optoelectronic devices for digital logic and memory applications and for even
more complex molecular systems.

Five years later, Gust’s group [34] developed another triad incorporating a por-
phyrin (P) linked to a dithienylethene (DTE) and a fulgimide (FG) (Scheme 6). The
main synthetic approach was still the Sonogashira coupling of dithienylethene and
fulgimide-appended zinc porphyrin (FG–PZn–DTE). Trifluoroacetic acid-induced
demetalation of FG–PZn–DTE produced FG–P–DTE in 57% yield.

This molecule consisted of two photochromes: a fulgimide and a dithienylethene.
Both of them could isomerize with UV light from the open form to the closed form.
And each photo-unit was thermally stable in either isomeric state. Moreover, the
photoisomerization of fulgimide could efficiently transfer singlet excitation energy
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to the porphyrin, and the photocyclization of dithienylethene was able to rapidly
quench the first singlet excited state of porphyrin. Thus, the molecular triad had four
unique isomeric states and each isomer had different light absorption and singlet
energy-transfer performances. Therefore, these isomers were considered to play an
important role in outputs of logic gates and all-photonic switching.

Furthermore, they demonstrated that monitoring porphyrin emission with 470 nm
excitation could perform either NOT-OR (NOR) or exclusive OR (XOR) logic func-
tions. Of course, the performances of the triad were investigated in liquid solution,
which will pose major challenges for the technological application.

In 2008, Kim H-J et al. reported a photochromic fluorescence switching of
porphyrin-bridged dithienylethenes, in which two dithienylethene derivatives were
axially coordinated to the two sides of porphyrinato tin complex [35]. As depicted in
Scheme 7, this photochromic fluorophore (Sn(TTP)(DTE)2) was synthesized by the
inter-molecular etherification of trans-dihydroxo (5,10,15,20-tetratolylporphyrinato)
tin and two phenolic derivatives of 1,2-dithienylethene.

The reversible photoisomerization of this compound was investigated by spec-
troscopic methods in solution. On irradiation of the solution with the UV light,
the absorbance in the Q band was obviously increased because of the appearance
of the closed form of 1,2-dithienylethene moiety in Sn(TTP)(DTE)2. The back-
ward reaction was generated by irradiation of the closed isomer with visible light at
wavelengths greater than 500 nm.

By alternate irradiations with the UV and the visible light, the fluorescence inten-
sity of the tin porphyrin macrocycle was also obviously regulated by photochromic
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switching between the open form and closed form of Sn(TTP)(DTE)2. This perfor-
mance was promising for the potential application in ultrahigh-density reversible
optical data processing using fluorescence as the detection method.

Recently, a ternary complex for a signal transmission system has been con-
structed by Aida and his co-workers [36]. It involved three movable components:
a biaryl derivative bearing four zinc porphyrins (2), a pyridine-appended
dithienylethene derivative (1), and a chiral tetrasubstituted ferrocene (3*), as illus-
trated by its structure (Scheme 8). The three components were interconnected with
bidentate coordination bonds. Component 2 was the bridge between 1 and 3*. The
well-designed triad was built up by multi-step reactions through routine methods.

Upon irradiations with UV or visible light, the configurational change (clos-
ing/opening motion) of photochromic “signaling” unit (1) could transmit a scis-
soring motion to the chiral “scissoring” unit (3*) through an angular rotary motion
of the “bridging” unit (2). This property might be used for remote manipulation of
molecular events or long-distance mechanical communication.

4 Photochromic Dithiophenes-Fused Phthalocyanines
and Their Analogs

Over the past few years, in terms of atom economy and extension the conjugated
system of dithienylethene, we fused photochromic dithienylethene directly to the
“� position of the pyrrole units of porphyrazines (tetra-azaporphyrines) or phthalo-
cyanines, and developed a class of unsymmetrical and symmetrical phthalocyanine
and porphyrazine hybrids containing 2, 4, 6, and 8 thiophenyl groups (BTE–TAPs),
as illustrated in Scheme 9 [37–39].

The synthetic strategy of unsymmetrical BTE–TAPs involved the co-cyclization
of bis(3-thiophenyl)maleonitrile and 1,2-dicyanobenzene in different molar ratios
under nitrogen atmosphere in the dark, as was described in Scheme 10. Magne-
sium was a template to gain the unsymmetrical macrocycles. The preparation of the
symmetrical phthalocyanine hybrids began with the reaction of magnesium powder
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with dry n-propanol under an inert atmosphere; after the formation of Mg (PrO)2,
1,2-dicyano-bis (3-thiophenyl) ethane was added to yield the symmetrical product.

Their absorption spectra were typical for macrocycles of this type (Fig. 1). They
all displayed an intense split Q band and an intense single peak in the Soret region.
The peripheral functionalization affected the electronic structure of the tetraaza-
porphyrin  -system and resulted in perturbations of the Q bands. Their maximum
extinction coefficients were much higher than those of ordinary diarylethenes.

All of the dithienylethene-based tetraazaporphyrin and phthalocyanine hybrids
exhibited obvious photochromism by alternate irradiation with UV and visible
light. Their photochromism in solution depended on the solvents to some degree.
Scheme 11 gives a representation of the most typical photochromic reaction of these
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photochromes. Both the open and closed forms were thermally stable at room tem-
perature. Some of the photochromic processes were also observed in solid films.
But their performances of photochromism in solution were better than that in solid
films. In addition, the cyclization quantum yields in solution at room temperature
were relatively higher than the ring-opening quantum yields.

Their emission bands that excited at the region away from the photochromi-
cally active absorption bands could be conveniently regulated in a reversible manner
by the photoisomerization of the dithienylethene moieties. This characteristic was
useful for the application in fluorescence probes and non-destructive readout for
erasable memory media.

With the purpose of further increasing the number of adjustable photochromic
parameters of the subunit, a binuclear metal complexe of porphyrazine bearing
six bis(trimethylthiophenyl) functionalities at the periphery was synthesized in our
laboratory [40] (Scheme 12). The structure of binuclear porphyrazine was rigidly
constrained in a coplanar arrangement with extended  -conjugated subunits.
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The synthetic approach was the cyclization of the benzobis(1,3-diimino pyrro-
line) and 1,2-dicyano-bis(trimethyl-3-thiophenyl) ethane under nitrogen atmosphere
under reflux for 2 days. Although this method was concise and convenient, the yield
was low and less than 10%.

In comparison with the mononuclear porphyrazine bearing bis(trimethyl-
thiophenyl) functionalities, its UV-vis absorption spectra were broader and even
extended into the near-IR regions. This region was further remote from the bands
inducing photochromic reaction. It showed open-to-closed ring or closed-to-open
ring photoisomerizations in different quantum yields by irradiation with UV or
visible light. Likewise, the near-IR luminescence changes of the binuclear tetraaza-
porphyrine could be regulated in a reversible manner by alternate irradiation with
UV and visible light.

In order to functionalize the dithienylethene backbone, we designed and synthe-
sized successfully phthalocyanines and their analog-based dithienylethenes contain-
ing octakis (4-phenyl-buta-1,3-dienyl) substituents (TAP) and eight ferrocene units
(TPF) [41, 42], as shown in Scheme 13 and Scheme 14.

The synthesis of  -conjugated photochromic Mg(II) tetraazaporphyrin appended
with octakis(4-phenyl-buta-1,3-dienyl) hybrid (Scheme 13) began with the reaction
of the magnesium powder with dry n-propanol under Ar. After the formation of
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Mg(PrO)2, 1,2-dicyano-ethane or different ratios of phthalonitrile and 1,2-dicyano-
bis(3-thiophenyl) ethane were added to obtain a mixture of different phthalocya-
nines and their analogous macrocycles.

This octa-substituted hybrid (TAP) exhibited high molar absorption coefficient
and the long-wavelength absorption band of the closed-ring isomers. These charac-
teristics were viable to application in optical memory. The spectroscopic properties
including fluorescence and UV-vis absorption spectra of the compound were all sim-
ilar to those of the multi-dithienylethene ring-fused photochromic hybrids reported
before.

Because the eight ferrocene moieties linking to tetraazaporphyrin magnesium
moiety by ethynyl could extend the conjugation of the whole molecule system,
both the B band and the Q band of TPF (Scheme 14) were redshifted in compar-
ison with those of tetraazaporphyrin magnesium (II) with dithienylethene moieties
aforementioned.

Although all of the former multi-dithienylethene ring-fused photochromic
hybrids emitted strong luminescence with varying intensity when excited by UV
light, no fluorescence emission was observed for the TPF accompanying its pho-
toisomerization by irradiation with UV light. It might be a result of the efficient
quenching via intramolecular electron transfer from the ferrocene to tetraazapor-
phyrin magnesium (II) moiety.

More interestingly, a reversible photo-induced transformation of the cyclic voltam-
mograms between the open-ring form and closed-ring form of the TPF was observed.
This property could be used as the detecting signal for application in electrochemical
switches.
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5 Conclusion

It is evident that photochromic dithienylethenes, as a whole, exhibit the unique
photochromic properties. However, for a single molecule it is difficult to pos-
sess excellent performances in every aspect, for example, quantum yield, fatigue
resistance, thermal stability, etc. As a result of the introduction of versatile phthalo-
cyanines or their analogs, it is no doubt that these kinds of compounds are highly
promising in photonic, photoelectric, and photo-chemical switches, digital logic and
logic gates, and non-destructive readout capability. Although the quantum yield of
cycloreversion often decreases with the extending of the  -conjugated length, the
incorporation of bulky substituents or fusing of large-rings enhances their stability
and increases the quantum yield of cyclization reaction.

As for the preparation method, further functionalizing of dithienylethene and
assembling of multiple components into a single system often result in multi-step
reactions and then decrease the overall yields greatly. Therefore, exploration of con-
venient and industrially available methods to synthesize these functional materials
is required.

In addition, most photochromic reactions are performed in solution. Generally,
the practical uses require them to undergo photochromism in solid films or even at
the level of single molecules. Therefore, it is desirable to develop new photochromic
dithienylethene–phthalocyanines and their analog systems such as single crystals
and polymers.
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Ball-Type Phthalocyanines: Synthesis
and Properties

Özer Bekaroğlu

Abstract Phthlocyanines (Pcs) are unique synthetic macrocycles with a long his-
tory of 100 years from their first publications and of growing interest in many fields
of technology. Nevertheless, ball-type Pcs, as a new class of compounds, were first
published only recently and are rather rare in the literature. But they promise appli-
cations in several fields of technology. In present review, the methods applied for
the synthesis and characterization of the structures of ball-type Pcs, as well as also
some of their measurement techniques, are considered. In addition, the results of the
investigations into the electrochemical, nonlinear optical, electrical, and gas-sensing
properties of these new class of Pcs are also given.

Keywords Ball-type phthalocyanines � Chemo-sensor � Cyclic voltammetry � Mass
spectroscopy � Nonlinear optical � Synthesis
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e-mail: obek@itu.edu.tr

105

obek@itu.edu.tr
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CBH Correlated barrier hopping
CPC Controlled potential coulometry
CV Cyclic voltammetry
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
dc Direct current
DCM Dichloromethane
DMF Dimethyl formamide
DMSO Dimethyl sulfoxide
GW Gigawatt
h hour(s)
HOMO Highest occupied molecular orbital
Imf�.3/g Imaginary part of third order nonlinear susceptibility
LUMO Lowest occupied molecular orbital
min Minute(s)
NLA Nonlinear absorption
NLO Nonlinear optical
NLR Nonlinear refraction
ns Nanosecond
OL Optical limiting
Pc Phthalocyanine
POSS 4,5-Bis[1-(3-mercapto)propyl-3,5,7,9,11,13,15-

isobutylpentacyclo]octasiloxane
RSA Reverse saturable absorption
rt Room temperature
TBAP Tetrabutylammonium perchlorate
TEGDT Tetraethyleneglicol ditocylate
THF Tetrahydrofuran

1 Introduction

Phthalocynines (Pcs) are synthetic macrocyclic compounds which were first reported
in 1907 [1]. The characterization of their structures was first published in 1934
[2–5], and X-ray diffraction analyses were performed by Robertson in order to clear
their structures [6–8]. By adding various substituents to the nonperipheral (˛) and
peripheral (ˇ) positions of the benzene rings, numerous Pcs have been prepared with
almost all metal ions in the periodic table. Pcs are very stable blue or green pigments
and are an important class of chemicals for commercial use in inks, dyestuff for tex-
tiles, and colorant for metals and plastics. Now, they are being used in many areas of
technology as sensitizers for photodynamic therapy of cancer and for other medical
applications, and they have been receiving much attention in a variety of new fields
such as chemo-sensors and electrochromic displays [9,10]. Other applications com-
prise computer read–write disc and related information storage systems. Because of
their diverse application in fields such as photovoltaic cells, liquid crystals, catalysts
for oxidizing saturated hydrocarbons, hydrogenation of olefins [11, 12], increasing
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the octane rate of gasoline [13], nonlinear optics, and optical limiting materials [14],
they continue to be the subject of the increasing research activity. These suggest that
their potential use in many fields of technology is likely to increase significantly.

For these applications, the solubility of Pcs plays a significant role. The Pc core
without the substituent is insoluble, which stems from the stacked oligomerization.
To increase the solubility of Pcs for desired applications, two approaches are pos-
sible: one to incorporate a solubilizing substituent to the molecule, and the other to
have the molecule in such a manner that its stacking ability is reduced [15].

Besides the network and one-dimensional polymeric Pcs, binuclear, binuclear
double decker [16–22], binuclear clamshell and double decker clamshell [9,23–26],
trinuclear [27–31], tetranuclear [9, 32], pentanuclear [33], and octanuclear Pcs [34]
have been reported.

Ball-type Pcs are a new class of Pcs, the first of which was reported by Tomilova’s
group in 2002 [35, 36]. This new type of Pcs has four bridged substituents on the
peripheral positions of the each benzene rings of the two Pc monomers which are
arranged cofacially. The distance between the two Pc rings and chemical and phys-
ical properties depend on the constituents of those linkers and differ significantly
from the parent monomers. A strong interaction between the two face-to-face-
arranged Pc rings or the two metal centers in this type of compounds has been
detected with spectroscopic and electrochemical measurements.

Research reporting on the synthesis and properties of ball-type Pcs with the
number of different cross links is rather rare in the literature.

2 Synthesis

Currently, two methods have been followed for the synthesis of ball-type Pcs:
synthesis in solvent and in the solid phase.

The first published ball-type Pc was obtained by the reaction of 1,2-bis(3,4-
dicyanophenoxymethyl)-benzene with zinc acetate and DBU as base in boiling
dichlorobenzene under argon atmosphere for 14 h. The yield of this reaction was
rather low (1.84%) [35]. In the next study, the same ball-type ZnPc was prepared
by the solid-phase method increasing the amount of zinc acetate by a factor of 10
and heating the reaction mixture in the absence of catalysts at 250ıC for 5 min. This
time, the yield was 33% [36].

Because of expected electrical, electrochemical, optical, chemo-sensor, and other
properties of the ball-type Pcs, several metallo and metal-free ball-type Pcs with dif-
ferent linkers have been reported. Metallo and metal free ball-type Pcs containing
four calyx[4]arene units as linkers have been synthesized, Fig. 1 [37]. The struc-
tures of compounds 1–3 were confirmed by UV–vis, IR, 1H-NMR, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS),
and elemental analysis. Because of their unique structure and versatile complexation
properties [38], calixarenes were found to be one type of interesting compounds to
be incorporated into Pc. The cone conformation of the t-butylcalix[4]arene direct
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for 2: DMF, Zn.OAc/2; 2H2O; 190ı C, 24 h in sealed tube. Yield 17%; (iii) for 3: lithium metal,
1-pentanol in sealed tube 176ı C, 18 h. Yield 55% [37]

the tetramerization of the two phthalonitriles at the lower rim to form Pcs with
ball-type structures.

Several works have been reported for selective substitution of nitro groups at
the upper rim of the calix[4]arene [39, 40]. The selectively ipso-nitrated p-tert-
butylcalix[4]arene was used as starting material for the preparation of bisphthaloni-
trile 5. Nitro groups at the upper rims of 6 were coupled with nitro groups of four
unsymmetrical Pcs 7 in order to obtain the hexanuclear zinc Pc 8, Fig. 2 [41].
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The key starting compound is the mono nitro derivative of calix[4]arene 4,
which was obtained via a single-step reaction with 10 equivalents of 63% HNO3

in a mixture of dichloromethane and glacial acetic acid in less than 5 min in 94%
yield according to the literature method. Compound 4 converted to bisphthalonitrile
derivative 5 by the given method in 59% yield. Ball-type ZnPc 6 was prepared from
5 and zinc acetate in 1-pentanol in the presence of DBU. Hexanuclear ball-type
ZnPc 8 was obtained by the reaction of 6 with 7 in a mixture of NaOH, MeOH,
THF, and activated zinc powder with a yield of 55%.
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Rare-earth bisphthalocyaninates, especially LuPc2, are one of the important
objects of intense investigation because of their electrochemical (electrochromic
effect), electrical, and optical properties. The ball-type four t-butyl-calix[4]arene
bridged double decker lutetium(III) and indium(III) Pcs have also been prepared,
Fig. 3 [42].

Novel ball-type four t-butyl-calix[4]arene bridged double deckers lutetium(III)
phthalocyanine [LuPc2.tbca/4] 10 and indium(III) phthalocyanine [InPc2.tbca/4]
11 were prepared by the reaction of 1,3-bis(3,4-dicyanophenoxy)-4-tert-butylcalix
arene 9 and the corresponding metal salts (Lu.OAc/3 � 3H2O and InCl3) in the pres-
ence of lithium metal in 1-pentanol under N2 in a sealed tube for 15 h, Fig. 3. Yields
of 10 and 11 were 18 and 55%, respectively.

Starting with 1,10-methylene-di(2-naphtol) 13 and 5-nitro-phthalonitrile 12, bis-
phthalonitrile 14 was prepared. To obtain metal-free ball-type Pc 15, a suspension
of 14 in dry amyl alcohol and lithium metal was heated in a sealed tube at 170ıC for
8 h, Fig. 4. The metallo Pcs with zinc 16 and cobalt 17 were synthesized by heating a
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powdered mixture of 14 and the corresponding metal salts in a sealed tube at 280ıC
for 3 min, Fig. 4 [24].

But, the reaction of 14 with the cobalt salt in a solid phase at 320ıC for
10 min and washing the reaction mixture with hot methanol and acetic acid gave
a mixture of several Pcs. MALDI-TOF measurements with the matrix of 2,5-
dihydroxybenzoic acid showed that not only ball-type Pc 17 but also four more
Pcs 18, 19, 20, and 21 were present in the product, Figs. 5 and 6 [43]. Two of these
five Pcs, namely 17 and 18 in Fig. 5, could be separated with silica gel column, but
three other Pcs, namely 19, 20, and 21, could not be isolated.

1a,8b-Dihydronaphto[b]naphthofuro-[3,2-d]furan-7,10-diyl 22 being converted
into 23 was heated with zinc or cobalt salts in a sealed tube at 300ıC for 5 min
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without solvent, resulting two types of Pcs: one was mono zinc Pc 24 or cobalt Pc
25 and the other was the ball-type zinc Pc 26 or cobalt Pc 27 with the yields of 5 and
4.5% for mono and 15 and 14% for ball-type Pcs, respectively, Fig. 7 [44]. When
the compound 23 was heated with lithium metal in hexanol at 170ı C for 8 h, only
metal-free mono Pc 28 was obtained. However, when compound 23 was heated
with magnesium acetate without the solvent in a sealed tube at 300ıC for 5 min,
both metal-free mono 29 and metal-free ball-type 30 Pcs were formed, Fig. 8 [45].

Pentaerythritol with four OH functionalities has also been employed for the
preparation of ball-type Pcs, Fig. 9 [46]. In order to obtain the starting compound
bisphthalonitrile 32, two of the four hydroxy groups of pentaerythritol were pro-
tected with benzaldehyde as mono acetal 31. Heating the powdered mixture of
bisphthalonitrile 32 and metal salts in a sealed tube at 300ıC for 10 min gave the
zinc and cobalt ball-type Pcs 33 and 34 with yields of 23 and 18%, respectively,
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Fig. 9. After removing the mono acetal groups of 33 and 34 by hydrogenation, ball-
type Pcs with free hydroxy groups 35 and 36 or water-soluble alkali metal salts of
ball-type Pcs 37 and 38 were obtained.

Those free eight hydroxy groups of the ball-type Pcs give the possibility to make
further reactions to obtain novel ball-type Pcs with various properties. For example,
the eight hydroxy groups can be converted to four crown-ethers 39, 40, 39a, and
40a (Fig. 10) [47] or to eight perfluorodecyl units 42 and 43 (Fig. 11) [48].

4; 40-Isopropylidendioxydiphenyl was used as a bridged compound in order to
obtain ball-type Pc. Mixing the bisphthalonitril derivative 44 with zinc or cobalt salt
in the solid phase and heating the mixtures in a sealed tube at 250ı C for 10 min
gave the Pcs 45 and 46 with the yields of 9.39 and 8.27%, respectively, Fig. 12 [49].

Not all reactions in the solid phase convert bisphthalonitrile derivatives into ball-
type Pcs. One example of such reactions is the conversion of the bisphthalonitrile
derivative of phenolphthalein into ball-type Pc [50]. As can be seen in Fig. 13, when
a solid mixture of bisphthalonitrile 48 and metal salt was heated in a sealed tube
at 320ı C for 5 min, only mono Pcs 49 and 50 were formed. Further reaction of 49
or 50 with an excess of the corresponding metal salt in a refluxing solvent for 24 h
resulted in the formation of ball-type Pcs 51 or 52.
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3 Separation and Purification

Separation and purification of the ball-type Pcs are in some cases easy depend-
ing on the bridged subtituents but generally difficult and sometimes tedious like
in other Pcs. The general purification methods of the Pcs are described elsewhere
[9]. The ball-type Pcs are usually soluble in common organic solvents depending
on the bridged subtituents and metal ions. Purification by sublimation or using
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concentrated sulfuric acid followed by precipitation in ice water has not been used
until now.

The solubility difference between the starting materials and the end products in
various solvents should be considered first. Column chromatography on silica gel or
other column materials is usually used for the purification of the Pcs. In the case of
more than one main end product, such as given in Fig. 5, preparative gel permeation
chromatography will be efficient.

4 UV–Visible Spectra of Ball-Type Pcs

The UV–vis spectral properties of Pcs have been of intrinsic interest since the begin-
ning of their history. These deep blue-green dyes show some intense band(s) located
at 600–700 nm (Q band) and around 300–400 nm (soret or B band) depending on the
substituents at the benzene rings, the metal complexed, and axial coordination lig-
ands. In the case of metal-free Pcs, all states are nondegenerate and the Q band splits
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Fig. 11 Synthesis of 42 and 43 (i) NaH and HDFID in DMF at 120ı C [48]
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into two components due to the reduced D2h molecular symmetry. UV–vis spectra
of the Pcs have been studied in detail, comparing them with porphyrins and related
compounds [51].

The UV–vis spectra of the ball-type Pcs resemble those of the other Pcs with
some differences. Depending on the bridged compounds, metals, and solvent, the
electronic and other properties of ball-type Pcs change dramatically. Also, due to
the bridged substituents, the distance between two Pc molecules of the ball-type Pcs
changes considerably, affecting their degree of interaction.

UV–vis spectra of the four calix[4]arene bridged ball-type metallo and metal-
free Pcs are illustrated in Fig. 14 [25]. In the spectrum of 2 in chloroform at room
temperature, an intense Q band was observed at 688 nm, which is attributable to
  !  � transition from HOMO to LUMO, and another band in the UV region at
350 nm (B band) arising from the deeper   level to LUMO transition. An additional
weak vibrational satellite band at ca. 68 nm blue-shifted from the normal Q band was
observed as a result of exciton coupling between the Pc units [25]. Although the Q
band of 2 is not split, a well-defined absorption at 620 nm of 2 can be interpreted in
terms of intramolecular interactions between two Pc rings. The energies and relative
intensities, as well as the broadening of the bands observed, are in accordance with
the pattern that would be anticipated on the basis of the excitation coupling theory. In
the case of the electronic spectrum of 3 in methanol at room temperature, the Q band
is split as expected, and there are two strong bands at 710 and 670 nm. The splitting
of the Q band is characteristic for metal-free Pcs indicating a D2h symmetry of the
molecule. Such split Q band absorptions are due to   !  � transitions of the fully
conjugated 18   electron systems. In addition, a band at 626 nm to the blue side of
the double Q band is indicative of strong intramolecular interactions between the Pc
rings, perhaps due to the ball-type cofacial structure [25].
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Fig. 14 UV–vis spectra for Zn(II) 2 in CHCl3 and metal-free 3 in methanol [25]



120 Ö. Bekaroğlu

Fig. 15 UV–vis spectra for compounds Lu(III) 10 (dashed line) and for In(III) 11 (solid line) in
acetic acid [42]

The electronic spectra of Lu(III) 10 and In(III) 11 complexes of calix[4]arene
ball-type Pcs in Fig. 3 are worthy of being cited, Fig. 15. It can be seen from the
electronic absorption spectrum of 10 that Q band splits into two, with maxima 708
and 673 nm, as a result of exciton coupling between two Pc units. Coumpond 11
exhibits a broadened Q band indicating additional amount of aggregation of that
compound, and a weak band around 630 nm due to exciton coupling [42, 52–57].

The electronic spectra of the other published ball-type Pcs resemble more or less
to each other with respect to the current factors of the theory [24, 41, 44, 46, 49, 50].

A comparison of the UV–vVis spectra of the ball-type, its precursor, and mono
Pc 28, 29, and 30 in (Fig. 8) in THF shows characteristic absorptions between 610
and 710 nm in the Q band region for metal-free Pcs. Because of the lower symmetry
of the metal-free Pcs, the Q band splits into two intense bands in that region. An
additional third band at 636 nm and a fourth band/shoulder at 610 nm are exciton
coupling and charge transfer bands, respectively. The intensity of the third band of
the compound 30 clearly indicates the presence of strong intramolecular interactions
between two Pc macrocycles [45].

5 Electrochemistry of Ball-Type Pcs

The electrochemical and spectroelectrochemical properties of some ball-type Pcs
have been investigated and compared with those of the monomer or clamshell
dimeric Pcs which contain the same substituents at the periphery as bridged groups.
The striking feature of cyclic voltammetric (CV) measurements of the ball-type
Pcs is the shift of potential due to HOMO–HOMO interactions between the
cofacial Pc rings [38]. For example, the voltammetric measurements of the four
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t-butylcalix[4]arene bridged ball-type ZnPc 2 and metal-free Pc 3 in Fig. 1 and
comparison with those of clamshell type of ZnPc 53 in Fig. 16 clearly indicated
the interaction between two Pc rings.

CV measurements of ball-type Pcs 2 and 3 [25] show four one-electron redox
processes. The transfer of one electron in each step indicates that the splitting of
molecular orbital occurs as a consequence of the strong interaction between the
two Pc rings of 2 and 3. The strong interaction between the molecular orbitals of
two Pcs results in remarkable change in the redox potentials, compared with the
corresponding mono Pcs and noninteracting planar dimers, Figs. 17–19.
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Generally, the oxidation potentials shift to less positive potentials, while the
reduction potentials shift to less negative potentials, with the shift in oxidation
potentials being more remarkable. The comparison of voltammetric behaviors of
2 and 3 with that of 53 [25] showed that one-electron redox processes I and II of
each dimer 2 and 3 should correspond to the oxidation of two Pcs rings of each
dimer, and the processes III and IV to their reduction.
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A high splitting of the redox processes was detected with mixed-valence splitting,
�Es values of 0.44 V for the first reduction, Pc(�2)/Pc(�3), and 0.69 V for the first
oxidation, Pc(�1)/Pc(�2) for 2, and 0.55 V for the first reduction and 0.62 V for the
first oxidation for 3. The splitting of the redox process, i.e., Pc(�1)/Pc(�2) for 2, due
to the formation of a stable mixed-valence intermediate ŒZnPc.�1/ZnPc.�2/�C, is
a measure of the equilibrium (comproportionation) constant Kc for a reaction such
as [53]:

ŒZnPc.�1/�2
2C C ŒZnPc.�2/�2

2
!
 

ŒZnPc.�1/ZnPc.�2/�C

where the mixed-valence splitting �Es is related to Kc via:

�Es D .RT=nF / ln.Kc/:

The high mixed-valence splitting values give evidence of the delocalization of
charge among the cofacial Pc rings in each ball-type Pc 2 and 3, and thus the for-
mation of electrochemically stable oxidized and reduced mixed-valence species.
A large Kc value of 86 � 109 for mixed-valence ring reduction was obtained for 3.
But it could not be determined for 2 since the equation is not appropriate because
of the irreversibility of couple IV in Fig. 17. However, the large mixed-valence
splitting energy of 2 (0.44 V), taking the difference between the cathodic peak poten-
tials of the relevant redox processes into consideration, reflects strong interactions
between the Pc rings. In case of 53 in Fig. 19, there is no considerable interaction
between the two Pc rings [25].

The electrochemical measurements of one t-butylcalix[4]arene bridged Lu clam-
shell and Lu double decker clamshell Pcs were investigated in solution [23] and with
cast film on indium tin oxide (ITO) glass electrode also by means of spectroelectro-
chemistry in detail [26].

The electrochemistry and spectroelectrochemistry of other ball-type Pcs have
also been investigated in detail [24, 41, 44, 46, 49, 50].

6 MALDI-TOF-MS of Ball-Type Pcs

MALDI-TOF mass measurement of the ball-type Pcs is the most powerful technique
in order to determine their molecular weight and to characterize their structures. In
this technique, it is important to find the appropriate matrix in order to obtain highly
resolved spectra, thereby obtaining good mass resolution. If we take into account
the MALDI-TOF-MS of the ball-type Pcs 33, 34, 35, and 36 in Fig. 9 [46] and 39
and 40 in Fig. 10 [47] as examples, the protonated molecular ion peaks of 33 and 34
were observed at low intensity, but the sodium adduct peaks of Pcs 33 and 34 were
found to be dominant, intense peaks in the linear-mode MALDI-TOF-MS by using
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3-indoleacrylic acid as matrix. On the other hand, protonated molecular ion peaks
of Pcs 35 and 36 were observed at 1,685 and 1,672 DA respectively, which exactly
overlap with the mass of the protonated molecules calculated from the elemental
composition of the compounds. Following the protonated molecular ion peak of
35, a peak at 88 DA mass lower than that of the protonated ion peak was observed
at 1,596 DA. This peak is due to the elimination of C4H8O2 side group from the
protonated ion peak of zinc Pc. Also, the second C4H8O2 side group elimination
was observed at low intensity. However, no fragmentation was observed for 36.

When the MALDI-TOF-MS of 35 and 36 were evaluated at the low mass range
between 100 and 500 DA, no meaningful intensity peak was observed representing
impurities, but mainly matrix species peaks were followed. This means that either
35 or 36 Pc was very pure. Several different compounds were tested as matrix to
obtain highly resolved spectra, but only ˛-cyano-4-hydroxycinnamic acid (ACCA)
was found to be the best matrix for 35 and 36. Because of the short life time of the
protonated Pcs 35 and 36 in MALDI-TOF-MS, highly resolved spectra could not be
obtained in the reflectron mode. Beyond the protonated and two fragment ion peaks
of 35 and the only protonated ion peak of 36, MALDI-TOF-MS spectra of the Pcs
showed very clear and low fragmentations, Figs. 20 and 21 [46].

MALDI-TOF-MS of the same ball-type Pc substituted with four 6-crown-5-ether
units 39 and 40 in Fig. 10 [47] showed that not only the right mass but also the pure
compounds were present, Figs. 22, 23.

For the ZnPc 38, a linear-mode positive-ion mass spectrum could be obtained
only in ACCA matrix even though other MALDI matrices were tested. The proto-
nated molecular ion peak of 39 was observed at 2,315 DA, which coincided with
the theoretical value. Besides the protonated molecular ion peak, no other peak was
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Fig. 20 Positive-ion mode MALDI-TOF-MS spectrum of 35 with ACCA as matrix [46]
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Fig. 22 The positive ion and linear mode MALDI-MS spectrum of 39 in ACCA (15 mg/mL 1:1
water–acetonitrile) MALDI matrix using nitrogen laser accumulating 50 shots. Inset spectrum
shows expanded mass region of 39 [47]

observed in the spectrum, and this shows that no impurity was present in the sample.
Compound 39 is reasonably stable under MALDI-TOF-MS conditions.

Positive-ion and reflectron-mode MALDI spectra of the CoPc 40 could be
obtained in ACCA matrix. The isotopic peak distribution of the protonated molec-
ular ion peak was due to the carbon and cobalt isotopes, and the experimental
isotopic peak distribution (shown as inset) in Fig. 23 corresponded to the theoret-
ical calculations. For the other ball-type Pcs, MALDI-TOF-MS and their details can
be found in the following references or in the Supplementary Materials sections
[24, 25, 41, 42, 44, 45, 49].
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Fig. 23 The positive ion and reflectron mode MALDI-MS spectrum of 40 in ACCA (15 mg/mL
1:1 water–acetonitrile) MALDI matrix using nitrogen laser accumulated 50 laser shots. The inset
spectrum shows the expanded molecular mass of 40 [47]

7 Nonlinear Optical (NLO) Properties of Ball-Type Pcs

The NLO property is important for the applications in some fields of electronics.
Since the past two decades, aromatic materials have been created for NLO appli-
cations, which were found to offer more advantages than inorganic compounds
because of their  -electron systems and structural modification.

Pcs are one class of such compounds with their delocalized two-dimensional 18
 -electron systems and exceptional stabilities, which make them suitable candidates
for NLO applications. From this point of view, Pcs, subphthalocyanines, and related
compounds have been investigated extensively in recent years [14]. Besides the
excellent 18  -electron systems, the substituents at the benzene rings, coordinative
metal, and axial coordination ligands of the Pcs affect the degree of the NLO prop-
erties significantly. However, correlation between these factors has not been fully
established yet.

There is a close relation between NLO and optical limiting (OL) properties. The
main mechanisms to achieve OL are nonlinear absorption (NLA) and nonlinear
refraction (NLR), but other effects such as nonlinear scattering can also contribute to
OL. Materials with a positive NLA coefficient exhibit reverse saturable absorption
(RSA), causing a decrease in transmittance at high intensity levels, and so operate
as optical limiters [14].

We deal here with an interesting metallo Pc and ball-type metallo Pcs as the
only examples in the literature for NLO and OL. [Octakis(mercaptopropylisobutyl-
POSS)phthalocyaninato]Co(II),Cu(II), and Zn(II) complexes were investigated and
compared with respect to NLO and OL properties [58]. These compounds showed
that the change of the central metal ion in Pc leads to the variation of the rele-
vant NLO and OL properties. All metallo Pcs with Co(II), Cu(II), and Zn(II) reveal
NL absorption. CuPc exhibits the largest NL absorption, while CoPc and ZnPc
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show a very low NL absorption [58]. The NL absorption decreases in the order of
Zn < Co < Cu. Therefore, only CuPc was studied for OL property. No single param-
eters can be used to describe the efficiency of OL. There are several NLO parameters
used to characterize the OL properties of Pcs such as the ratio of the excited state to
ground state absorption cross sections �, the effective NL absorption coefficient ˇeff,
the linear absorption coefficient ˛o, the effective third-order susceptibility Imf�.3/g,
and the saturation density Fsat [59]. For a good optical limiter, the values of � and
ˇeff must be high and the values of Fsat and ˛o must be low.

The investigated CuPc in solution showed a good combination of a relatively high
absorption cross section �, a relatively high effective NL absorption coefficient ˇeff,
a very low energy-dependent saturation Fsat, and a low linear absorption coefficient
˛o. The excellent combination of these values makes CuPc a very good candidate
as an OL material [58].

In case of ball-type Pcs, there are only two studies reported on the NLO and
OL properties of metallo and double-decker Lu(III) and In(III) Pcs in the litera-
ture [42, 60]. The NL refraction and absorption dependence on thermal effect for
4-ns pulse duration in ball-type with four t-butylcalix[4]arene bridged ZnPc 2 in
Fig. 1 in solution have been studied [60]. z-Scan experiments were performed on
2 in chloroform solution with a 10-cm-focal length lens. The results are shown in
Fig. 24a.

Open-aperture z-scan experiments with 7 and 20 �m beam radii are given in
Fig. 25. The sample 2 in Fig. 24a with 68% transmittance with 7 �m beam waist
radius shows very low NL absorption. The sample has no NL absorption, while the
transmittance is 82%. On the other hand, open-aperture z-scan experiments with
20 �m beam waist radius have high NL absorption for both transmittances, Fig. 25.

Any thermal effect due to heat accumulation was not observed in these experi-
ments. The NL absorption coefficients obtained from 7 �m beam waist radius were

Fig. 24 Typical z-scan spectra of 2 for 4-ns pulse train with about 0.06 mW input power for (a)
w0 D 7 �m beam radius and 3 GW=cm2 on-focus intensity and (b) w0 D 20 �m beam radius and
0:06 GW=cm2 on-focus intensity (solid curves represent theoretical fit) [60]
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Fig. 25 Typical open-aperture z-scan spectra of 2 with normalized transmittance plotted as a func-
tion of sample position z for two different linear transmittance of w0 D 20 �m beam radius at the
same input power (0.06 mW) [60]

about 200 times smaller in comparison with 20 �m beam waist radius. Thermal
effects should be taken into account for both NLO refraction and absorption inves-
tigations with nanosecond pulses. Changing the beam waist radius is a simple way
to reduce the thermal effect on the NLO parameters [60].

t-Butylcalix[4]arene bridged double-decker Lu(III) and In(III) Pcs were also
investigated for OL properties [42]. Because the NLO response of compound 11 is
negligible, only NLO properties of 10 in Fig. 3 were investigated. z-Scan experiment
with a frequency-doubled (532 nm), Q-switched, mode-locked Nd:YAG laser at
about 4 ns pulse duration was measured at far field with a 2-nm-diameter aper-
ture (close aperture) and without aperture (open aperture). Since this compound
showed a considerably large NL absorption, open aperture z-scan experiments and
OL experiment were performed in mixed acetic acid and DMSO (1:1) solution
which yielded 82% linear transmittance. The absorption coefficient is 0.9 cm�1 at
532 nm [42].

All open-aperture z-scan data were fitted using an NL regression method with an
equation in which the normalized transmittance is given as a function of position z:

Tnorm.z/ D logeŒ1 C .qooo=1 C .z=zo/2�=qooo=1 C .z=zo/2�:

In this equation, z0 is the diffraction length of the beam and qooo D ˇeffIoLeff, where
Leff D 1�e�.˛L/=˛ and ˇeff is the effective intensity-dependent NL absorption coef-
ficient and Io is the intensity of the light at focus. Leff is known as the effective
length of the sample, ˛ is the absorption coefficient, and L is the sample thickness.
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In the above equation, the normalized transmittance is given as a function of position
z [61, 62].

The beam radius wo, which was found to be almost constant for various input
intensities Io, and the NL absorption coefficient ˇeff were used as free parameters
in Fig. 26 [42].

The effective NL absorption coefficient ˇeff vs. on-focus intensities are plotted
in Fig. 26. The effective NL coefficient ˇeff decreases slightly with increasing beam
intensity in Pcs [59, 63]. In this case, although there is a sharp decrease of ˇeff at
lower intensities, it becomes almost stable at higher intensities, Fig. 27 [42].
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Due to the high NLA of 10, the sample was placed at the focus where beam radius
was 34.2 �m. Input fluences vs. output fluences are plotted in Fig. 28. Compound 10
shows good OL behavior, since input fluences increase up to 60 J/cm2, and output
fluences remain almost constant at about 1 J/cm2.

8 Electrical and Gas-Sensing Properties of Ball-Type Pcs

Generally, Pcs are semiconductor materials. For the electrical characterization and
conductivity and impedance measurements, ten-finger interdigital gold electrodes
with 50 �m gap were deposited photolitographically on precleaned Corning glass
substrates. Thin films were obtained by spin-coating in appropriate solutions of the
products over the electrode arrays to obtain devices suitable for conductivity and
impedance measurements, which were carried out in dark and under vacuum. Intro-
ducing electron donor and acceptor groups into Pc rings also strongly affect the
electrical properties of the compound. From the point of view of organic semicon-
ductors, it is known that substitution of electron donor and acceptor groups leads to
p-type and n-type characteristics of the Pc ring, respectively [64, 65]. The electri-
cal dc and ac characterizations of the Pc film are crucial in order to study relevant
mechanism and to realize its future applications. Measurement of dc and ac con-
ductivity is also a reliable method to study the localized states near the band edges
below the conduction and above the valence bands produced by the substitutional
disorders which control many of the opto-electronic properties. Hence, a study of
the dc and ac conductivity in these materials will throw light on the nature of these
levels. Dc electrical properties of many metallo Pcs have been studied in some detail
by researchers in the form of both single crystals and thin films [66, 67]. However,
only very little previous work has been performed on ac conduction, most of this
being confined to metallo Pcs [68–70]. Unlike some other Pcs, the electronic prop-
erties and dependence of conductivity on temperature of lutetium-Pc have not been
widely studied [71, 72].
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Because of their electrical, optical, and redox properties as well as the thermal
and chemical stability, the Pcs also have been tried in the detection of volatile
organic compounds and poisonous gases, which is very important for environ-
ment and human health. In the past decades, the possible applications of Pc thin
film as sensor for atmospheric gaseous pollutants have been extensively studied
[73, 74]. Langmuir–Blodgett films of some multinuclear and multidouble-decker
lutetium Pcs have also been used for those measurements [75, 76]. More details
about conductivity and sensing properties of Pcs can be found elsewhere [77, 78].

As mentioned earlier, the ball-type Pcs are a new class of compounds and rather
rare in the literature. For the first time, dc and detailed impedance spectroscopy tech-
nique have been used to investigate the charge transport mechanism and gas-sensing
properties of spin-coated film of t-butylcalix[4]arene bridged ball-type ZnPc 2,
shown in Fig. 1 [37], as a function of temperature and gas concentration. Usually,
Pcs are characterized by an Arrhenius-type of dependence for their electrical con-
ductivity. But in the case of 2, a strong deviation from Arrhenius law was observed,
Fig. 29, for this film, as it does in fast ion conducting glasses, which is the basis
of electrochemical energy-based devices. The ac conductivity 	ac (!) varied as !s,
where the exponent s is found to be a temperature-dependent variable and always
less than unity. The measurements on ac conductivity data can be explained by the
correlated barrier-hopping model. The response characteristics of the film to toluene
vapor were also investigated. Very high sensitivity was obtained for 50 ppm toluene
vapor at room temperature, Fig. 29 [37].

Dc conductivity 	dc as a function of reciprocal temperature for the spin-coated
film of compound 8 in Fig. 2 was found to be 2:60�10�12 and 1:80�10�8 S=cm at
room temperature and 425 K, respectively. It was seen from the Arrhenius plot that
there is more than one slope in the conductivity, which indicates the presence of dif-
ferent levels in the film for the conduction mechanism [41]. The activation energies
obtained for the low and high temperature regions were found to be 0.36 and 1.02 eV,
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toluene vapor at room temperature (inset) [37]
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respectively. Dc conductivity can be related to the temperature T , according to the
relation: 	dc D 	o exp.�EA=kT /, where 	o is the pre-exponential factor, EA is the
thermal activation energy, and k is the Boltzman constant. The same type of tem-
perature dependence of dc conductivity was observed for multinuclear ZnPc [32].
The two different activation energy values can be interpreted as a transition from
extrinsic to intrinsic conductivity. The activation energy corresponding to intrin-
sic generation is associated with resonance energy involved in a short-lived excited
state, and that corresponding to impurity scattering is attributed to a short-lived
charge transfer between impurity and the complex [73].

Ac conductivity 	ac as a function of frequency of 8 was measured at 305, 380,
and 420 K. Two linear regions of ac conductivity were distinguished: one at lower
frequency, in which ac conductivity is nearly frequency-independent; another at
higher frequency 	ac, which obeys the power-law relation: 	ac � !n, where ! is
the angular frequency, and the frequencyexponent n is a material-dependent con-
stant [41]. The measured ac conductivity should be frequency-independent and drop
at sufficiently high frequency. The values of the frequency exponent were derived
from the straight-line fits in the frequency-dependent region. The index n in this
study was found to vary with temperature, and it was observed that the value is
very close to unity (0.97) at low temperatures and decreases at higher temperatures
(0.23). The values found and the temperature dependence of the frequency expo-
nent allow explaining the conduction mechanism for compound 8 by the correlated
barrier hopping (CBH) model [41].

Detailed dc, ac, and impedance measurements of the compounds 15, 16, and
17 in Fig. 4 showed that hopping conduction process [79] is applicable for all
three compounds [24]. A comparison of the experimentally determined s values
with the prediction of the CBH model suggests that dependence of the exponent
s on temperature is in agreement with the prediction of the CBH model for those
compounds [24].

Comparative conductivity measurements of the compounds 24–27 in Fig. 7
showed that the order of dc conductivities observed for these compounds are
26 > 25 > 24 > 27 for all temperatures investigated. All measurements and calcu-
lations of those compounds were in agreement with the prediction of the CBH model
[44]. The measurements of the same but metal-free mono and ball-type compounds
29 and 30 also indicated the same CBH model [45].

Dc, ac, impedance, and thermoelectric power of the compounds 33–38 in Fig. 9
have been investigated in detail. The measured temperature dependence of the ther-
moelectric power of 33–38 in thin film varied approximately exponentially with
temperature. Compared to 38, the absolute value of the thermopower for the film of
34 is larger by nearly a factor of 3. The positive sign of Seebeck coefficient confirms
that thin films of the compounds behave as a p-type semiconductor [46].

The conductivity measurements of the films of 39, 40, 39a, and 40a in Fig. 10,
which were carried out in the temperature range 290–476 K, suggested the presence
of only one conduction mechanism. The conduction behavior of 39 and 40 could be
interpreted as the usual Arrhenius type. It was observed that the insertion of alkali
metals increased the dc conductivity. The order of conductivities observed for these
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Fig. 30 Response characteristic of 42-coated sensor to 50, 100, 150, 200 and 250 ppm of SO2 gas
at room temperature [48]

compounds was 40a > 39a > 40 > 39 for all temperatures investigated [47]. The
detailed electrical measurements and activation energies of compounds 45 and 46
in Fig. 12 and related compounds have been studied [49].

Gas-sensing properties of some newly synthesized ball-type Pcs have also been
investigated. The response and recovery characteristics of a spin-coated film of 52
in Fig. 13 [50] at room temperature under CO2 atmosphere (10,000 ppm) suggested
that the conductivity of the sensor increased during the initial doping stage for a
few minutes and then the rate of increase slowed down. This could be explained
in terms of the formation of acceptor states which lie below the Fermi level during
the initial stage of adsorption [29]. From impedance measurements, semicircular-
shaped curves, the diameter of which decreased with increased CO2 concentration,
were obtained. These results indicate the presence of charge transfer interaction
between the Pc rings and the target molecules [50].

The effect of the various concentrations of SO2, CO2, CO, and volatile organic
chemical vapors on the conductivity of compounds 42 and 43 in Fig. 30 was tested
at different temperatures. The results showed that compound 42 is not sensitive for
the gases investigated, with the exception of SO2 for which very high sensitivity
was obtained. The response characteristics of 42 to the various concentrations (50–
250 ppm) of SO2 at room temperature are shown in Fig. 30 [48].

9 Conclusion and Outlook

We summarized in this chapter ball-type Pcs, which are a new class of Pcs first pub-
lished 6 years ago [35]. Since that time, several papers appeared in the literature,
which were published only by our group as far as we know. Therefore, comparison
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with other works is not possible. The first ball-type Pc was prepared in a solvent and
also assisted by microwave [35,36]. Later, it was observed that the synthesis of such
Pcs mostly depended on the four bridged units between two Pc macrocycles and to
a lesser extent on metals. In other words, in some cases heating in a solvent gives
only ball-type [37, 42]; without a solvent in solid mixture at high temperatures for
a short time gives the mixture of mono and ball-type Pcs [24, 45]. In some cases,
heating a mixture of solid compounds results in only mono Pc, which on further
reaction in a solvent produces ball-type Pc [50]. In all these reactions, the steric
effects of the bridged compounds should play a significant role. The electrochemi-
cal, electrical, NLO, and gas-sensor properties of all synthesized ball-type Pcs have
not been measured yet. However, the compounds measured showed good results for
these properties and are promising candidates for application in many fields of tech-
nology. The functional groups of the bridged compounds of ball-type Pcs are also
of intrinsic advantage in designing versatile new compounds that will show new
properties for applications in several fields in the near future [41, 48].
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11. Özer M, Yilmaz F, Erer H, Kani I, Bekaroğlu Ö (2009) Appl Organomet Chem 23:55
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14. De la Torre G, Våzquez P, Lopez FA, Torres T (2004) Chem Rev 104:3723
15. Chen MJ, Rathke JW, Sinclair S, Slocum DW (1990) J Macramol Sci-Chem A 27(9–11):1415
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50. Altun S, Altindal A, Özkaya AR, Bulut M, Bekaroğlu Ö (2008) Tetrahedron Lett 49:4483
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Supramolecular Nanostructures
of Phthalocyanines and Porphyrins at Surfaces
Based on the “Bottom-Up Assembly”

Soichiro Yoshimoto and Nagao Kobayashi

Abstract The “bottom-up” strategy is an attractive and promising approach for the
construction of nanoarchitectures. Supramolecular assemblies based on noncova-
lent interactions have been explored in an attempt to control the surface properties.
In this chapter, we focus on advances made in the past 5 years in the field of
scanning tunneling microscopy (STM) on supramolecularly nanostructured phthalo-
cyanines and porphyrins on single-crystal surfaces. The design of supramolecular
nanoarchitectures consisting of phthalocyanines and porphyrins, supramolecular
traps of C60 and coannulene, direct metallation on phthalocyanines and porphyrins
adlayers, direct synthesis of porphyrin oligomers at surfaces, axial coordination of
phthalocyanines and porphyrins, and nanoapplications induced by tip manipulation
at surfaces were clearly visualized by STM.

Keywords Metal single-crystal surface � Phthalocyanines � Porphyrins � Scanning
tunneling microscopy (STM) � Supramolecular assembly
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1 Introduction

Construction of characteristic nanoarchitectures and fabrication by the self-assembly
of organic molecules are a subject of significant interest [1]. Many functional archi-
tectures in nature are formed as a result of the self-assembly and self-organization of
smaller building blocks. Since establishing the concept of supramolecular chemistry,
the self-assembly of organic molecules has recently gained considerable attention as
a key technique for the “bottom-up” fabrication of nanoscale functional structures
[2–5]. On the basis of supramolecular chemistry, it is possible to create desired
supramolecular crystals or complexes from the solution phase. For example, self-
assembled porphyrin trimers and graphitic nanotubes are attractive materials for
surface patterning [6] and molecular electronics [7]. This type of self-organization
is mainly controlled by noncovalent bonds such as hydrogen bonds, van der Waals
interactions, and  -stacking. However, it is not easy to directly apply the knowledge
of supramolecular chemistry to surfaces. Since functional groups in a building-block
molecule might chemically react with the substrate through a strong interaction,
appropriate modification for concepts of solution-based supramolecular chemistry
is needed to extend the supramolecular assembly technique onto substrates, as
described by Barth et al. [8]. Therefore, it is very important to fully understand
not only the interactions between a substrate and adsobates, but also the influence
of the electronic properties of adsorbed ligands on noncovalent bonds.

Scanning tunneling microscopy (STM) has been widely accepted as one of the
most powerful tools for understanding the structure of adsorbed layers of molecules
on metal surfaces at the atomic level in totally different environments from ultrahigh
vacuum (UHV) [8–10] to solution [11–19]. Since its invention by Binnig and Rohrer
in 1982 [20], STM has proved to be a powerful surface analysis technique with
atomic resolution in UHV. On the other hand, Sonnenfeld and Hansma demonstrated
for the first time in 1986 that STM can be used even in an electrolyte solution [21]. In
1988, Itaya and other groups proposed a new approach for in situ STM imaging with
a four-electrode configuration, in which the electrode potentials of the substrate and
the tip are independently controlled with respect to a reference electrode [22]. Under
potentiostatic conditions, in situ STM makes it possible to monitor, under reaction
conditions, a wide variety of electrode processes such as the adsorption of inorganic
and organic species, the reconstruction of electrode surfaces, and the dissolution and
deposition of metals and semiconductors. High-resolution STM has made it possi-
ble to directly determine the packing arrangements and even the internal structures
of organic molecules adsorbed at solid–liquid interfaces. Nowadays, STM studies
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on solid–liquid interfaces have been extended to not only the electrochemical inter-
face but also to nonconductive solvent interfaces. For example, the supramolecular
assembly of many compounds has also been investigated in organic solvents such as
1-phenyloctane [17,23], heptanoic acid [24,25], and dichlorobenzene [26], because
these kinds of solvents have low vapor pressure and are electrochemically inert.
The examination of organic adlayers is usually carried out directly in organic sol-
vent containing molecules at the liquid–solid interface under no potential control.
Although the choice of solvent can be tuned as a function of the particular solute
and/or substrate, the molecular assembly is significantly influenced by the kind of
organic solvent.

In this chapter, we focus on molecular assemblies of functionalized molecules
consisting of phthalocyanines (Pcs) and porphyrins noncovalently bounded on metal
surfaces, in order to explore their potential as building blocks for the construction
of nanostructures, by using scanning probe microscopy (SPM) including STM and
atomic force microscopy (AFM).

2 Two-Dimensional Molecular Assembly

2.1 Single-Component Adlayers in UHV

Adlayer structures of Pc and porphyrin derivates have been previously studied,
mainly under UHV using STM on various metal surfaces [27–37]. Lippel et al.
reported the first STM images of a copper(II) phthalocyanine (CuPc) adlayer on
Cu(100) [27]. Gimzewski and coworkers investigated copper(II) 5,10,15,20-tetrakis
(3,5-di-t-butylphenyl)porphyrin (CuTBPP) on Cu(100), Au(110), and Ag(110)
under UHV [28, 29], and found that the packing arrangement of CuTBPP depends
on the metal substrate used. Hipps and coworkers reported various MPcs (M: Cu
[30, 31], Co [30, 31], Ni [32], Fe [32], VO [33]) and metallotetraphenylporphyrins
(MTPP) [34, 35] on reconstructed Au(111), and found that the brightness of the
center spot of Pc or TPP is dependent on the active center metal. The difference
in contrast between the metal ions in STM images was explained in terms of the
occupation of the dz2 orbital. As listed above, STM imaging of hydrophobic MPc or
MTPP molecules was successful in UHV.

After the middle of 2000, the surface science of adlayers of Pc and porphyrin
derivatives has been extended to the understanding surface-supported templates and
to more complicated surfaces such as higher index planes of Au and InSb(001).
For example, details of the epitaxal growth of FePc on Au(111) were reported by
Gao’s group [36, 37]. FePc preferentially adsorbs along the herring bone structure
of a reconstructed Au(111) surface (see Fig. 1a) [37]. In particular, a cyclic hex-
amer consisting of six FePc molecules was found at elbow of the reconstructed
rows of Au(111), as shown in Fig. 1b, 1c. Such characteristic nanoarchitectures
are often found at a lower coverage of Pc and/or porphyrin adlayer. A CoPc
adlayer on a vicinal Au(788) surface was reported by Kröger’s group [38]. CoPc
molecules preferentially adsorbed at step edges, with the molecular plane tilted so
as to bridge adjacent terraces on Au(788) at a submonolayer coverage (Fig. 1d).
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Fig. 1 (a) and (b) STM images of FePc submonolayer (� 0:6 ML) on a Au(111) surface: (a)
40 � 40 nm2; (b) 20 � 20 nm2. Broken white lines indicate domain walls of the Au(111) herring-
bone reconstruction. (c) Proposed model of FePc molecules forming hexamer with the underlying
Au(111) substrate. The directional electrostatic interactions between the neighboring molecules
are indicated by the dashed lines. Each molecule positioned at no. 2, 4, and 6 connects with its
neighboring molecules (no. 1, 3, and 5) by its two phenyl groups fitting into the hollow sites of its
neighboring molecules, where the nitrogen atoms reside close to hydrogen atoms of neighboring
molecules. Reprinted with permission from [37], Copyright (2007) American Chemical Society.
(d): Large-scale STM image of CoPc covered Au(788) at 8 K; (inset) STM image of clean Au(788)
showing five adjacent terraces. (e): High-resolution STM image of CoPc molecules adsorbed on a
Au(788) terrace. Dashed lines serve as a guide to the eye. Reprinted with permission from [38],
Copyright (2007) Elsevier Science

Figure 1e reveals that molecules that adsorb on terraces leave the surface reconstruc-
tion of Au(788) unchanged and exhibit the propensity to occupy face-centered cubic
stacking domains. In other cases, there are several reports on fullerene C60 arrays
on Au(788) [39] and Au(11 12 12) [40], and bimolecular one-dimensional arrays
consisting of naphtalene tetracarboxylic diimide (NTCDI) and benzodiguanamine
(BDG) on Au(455) [41]. On the other hand, InSb(001) was used as a substrate
for molecular growth of FePc [42]. Because the InSb(001) shows a characteristic
reconstructed row, the so-called c.8 � 2/ structure, the reconstructed rows act as
a template for FePc. The growth pattern depends closely on the substrate phase
domains, i.e., the molecular diffusion of FePc is controlled by the main surface
dopattern. Thus, precise control of the substrate can be applicable to nanotemplates
for Pc and porphyrin derivatives.

Other recent topics are the supramolecular organization of nonplaner Pc deriva-
tives. In particular, several interesting nanostructures of Pc derivatives were found
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Fig. 2 STM images of: (a) honeycomb phase, (b) hexagonal phase, and (c) the misfit dislocation
triangular network of TiOPc on Ag(111) in UHV, and (d)–(f): the corresponding proposed models,
respectively. Reprinted with permission from [43], Copyright (2008) American Chemical Society

on Ag(111). Reutt-Robey’s group reported the molecular architecture of titanyl
phthalocyanine (TiOPc) monolayer films [43]. They described how local electro-
static intermolecular interactions stabilize kinetically accessible structures, driving
phase selection. As shown in Fig. 2, three phases of TiOPc depending on the cov-
erage were found on Ag(111) in UHV: i.e., a well-ordered (2

p
13 � 2

p
13/R13:9ı

honeycomb phase comprising interlocked molecular pairs; a meta-stable (
p

21 �p
21/R10:9ı hexagonal phase of uniformly tilted TiOPc; and a misfit dislocation

triangular network appeared at lower (< 0:1 ML=min), intermediate (0.2 ML/min),
and higher (0.4 ML/min) fluxes, respectively. In particular, Fig. 2c shows the forma-
tion of a characteristic triangular network. It is noteworthy that a similar triangular
structure was found in the electrochemically induced sulfur adlayer on Cu(111)
in 0.1 M KOH containing 0.5 mM Na2S, (19 � 19) structure which is composed
of S atoms forming (

p
3 � p

3/R30ı [44]. It is very interesting to form such an
attractive nanostructure using Pc molecules. For tin-Pc (SnPc), which is also a non-
planar Pc, Kröger et al. reported a characteristic growth mode of SnPc thin films
and the electronic properties of individual SnPc molecules on Ag(111) [45]. Jung
and coworkers demonstrated that symmetrically substituted Pcs with eight periph-
eral di-(tert-butyl)phenoxy (DTPO) groups (Fig. 3a) self-organize on both Ag(111)
and Au(111) substrates into various assembly structures [46]. Several character-
istic phases, depending on the surface coverage, were found on both Au(111) and
Ag(111) surfaces. Figure 3b shows the Pc core and 10 tert-butyl groups positioned in
close proximity to the Ag(111) surface. Four of the lobes correspond to two DTPO
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Fig. 3 (a) Molecular structure of the phthalocyanine derivative symmetrically octasubstituted
with di-(tert-butyl)phenoxy (DTPO) groups; (b) High-resolution STM image (8 � 8 nm2) fea-
turing an alternative view of Pc-DTPOs on Ag(111) in UHV. Reprinted with permission from
[46], Copyright (2008) American Chemical Society. High-resolution STM images of VOPcPhO
adlayer for (c) monolayer and (d) bilayer observed in 1-phenyloctane on HOPG. The unit cells
are superimposed on both the monolayer and the bilayer. Schematic illustrations of the packing
arrangement for the adlayer are shown in (e) and (f), respectively. Reprinted with permission from
[47], Copyright (2008) American Chemical Society

substituents oriented almost coplanar with the Pc core, as the model structure is
superimposed on the STM image. The adlayers of PcDTPO functionalized with
tert-buthyl groups on Ag(111) were dependent on the coverage.

Mazur et al. described the organization of vanadyl oxide 2,9,16,23-tetraphenoxy-
29H, 31H -phthalocyanine (VO2CPcPhO) on highly oriented pyrolytic graphite
(HOPG) [47]. They focused on the fact that the adsorption geometry of nonplanar
Pc complexes of titanyl and vanadyl (TiOPc and VOPc) is not well understood
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and has not yet been definitely assigned. The VO2CPcPhO adlayer formed three
different stable architectures at HOPG–n-alkyl benzene interfaces. One of stable
VO2CPcPhO adlayers obtained in 1-phenyloctane is shown in Fig. 3c. The first
adlayer of VO2CPcPhO lies flat on the surface of the substrate with the oxygen
atoms turned upward. The second layer of VO2CPcPhO was also formed on the
same adlayer. Individual VO2CPcPhO molecules are stacked with the VO2C group
pointing down, to give rise to the head-to-head geometry (see Fig. 3f).

2.2 Single-Component Adlayers at Electrochemical Interface

On the other hand, STM has also been utilized in understanding the structures
of adlayers of water-soluble porphyrin molecules in aqueous solutions [48–54].
In particular, in the field of electrochemistry, Pc and porphyrins have been exten-
sively investigated as models for the catalysis of fuel cell and bio-related materials.
However, little attention had been paid so far to these types of adlayer struc-
ture. In the mid-1990s, a highly ordered array of free-base 5,10,15,20-tetrakis(N -
methylpyridinium-4-yl)porphyrin (H2TMPyP) molecules on iodine (I) modified
Au(111) was first reported by Kunitake and Itaya’s group [48–50]. H2TMPyP
ordered arrays were also formed on the I–Ag(111) [51], I–Pt(100) [52], I–Cu(111)
[53], and S-modified Au(111) [54] electrodes in 0.1 M HClO4. The surface diffu-
sion of the molecules adsorbed on bare Au was found to be very slow. Relatively
weak van der Waals interaction between hydrophobic iodine adlayers and the
organic molecules could be the key factor promoting self-ordering processes on the
I–Au(111) substrate. Thus, the iodine adlayer plays an important role in the control
of the interactions between the molecule and the substrate [48–56]. Another appeal-
ing application of iodine adlayers was demonstrated by Sakaguchi et al. They suc-
ceeded in the electrochemical epitaxial growth of polythiophene in dichloromethane
containing iodine [57]. High-density arrays of single conjugated polymer wires
were found to grow from nuclei adsorbed on the iodine-covered Au(111) surface.
Another interesting aspect is the understanding of redox chemistry and charge
transfer reaction at the electrode–porhpyrin interface [58, 59]. The ordering of a
free-base porphyrin array directly attached to a bare Au(111) surface at the electro-
chemical interface was subsequently reported by Borguet group [59–61]. Potential
manipulation plays a significant role in controlling the surface mobility of tetrakis(4-
pyridyl)porphyrin (H2TPyP) molecules [60]. The authors also reported the kinetics
during the electrochemical oxidation of H2TPyP molecules [59]. Tao et al. also
investigated adlayers of three water-soluble molecules, iron(III) protoporphyrin,
zinc(II) protoporphyrin, and protoporphyrin(IX), on graphite basal planes in aque-
ous solution with both STM [62,63] and AFM [62]. Similar adlayer structures were
formed using these three molecules, although the internal structures obtained by
in situ STM were significantly different [62]. The formation of a highly ordered
array of TMPyP on a sulfate/bisulfate adlayer on Cu(111) was also reported [64].
Recently, Yoshimoto and Sawaguchi reported that an electrochemically produced
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Fig. 4 High-resolution STM images of (a) both cis-H4DCPP2C array and sulfate/bisulfate rows
and (b)–(d) nanostructured cis-H4DCPP2C array; (b) tetramer, (c) trimer, (d) dimer forms. (e)
schematic illustration of the interaction between cis-H4DCPP2C and sulfate/bisulfate adlayer.
Reprinted with permission from [65], Copyright (2008) American Chemical Society

sulfate/bisulfate adlayer on Au(111) serves as a template for a cationic tetraphenyl
porphyrin with two carboxyphenyl moieties in the cis-positions (cis-H4DCPP2C/

[65]. In this system, the formation of supramolecularly organized nanostructures
of cis-H4DCPP2C such as dimers, trimers, and tetramers on the (

p
3 � p

7) sul-
fate/bisulfate (SO4

2�=HSO4
�/ adlayer is seen, suggesting the importance of both

electrostatic interactions between the cationic porphyrin core and the SO4
2�=HSO4

�
adlayer and hydrogen-bond formation between the carboxyl groups of the nearest
neighbor cationic porphyrins (see Fig. 4). In contrast, when 0.1 M HClO4 was used
as an electrolyte solution, only a disordered array was observed.

Several water-insoluble porphyrin adlayers, such as cobalt(II) porphine (CoP)
[66], cobalt(II) octaetylporphyrin (CoOEP) [66], cobalt(II) tetraphenylporphyrin
(CoTPP) [67], cobalt(II) coordinated “picket-fence” porphyrin (CoTpivPP) [68]
(these molecules are abbreviated as CoPor), and cobalt(II) phthalocyanine (CoPc)
[69] were subsequently investigated by Yoshimoto and Itaya’s group. They were
successful in spontaneously forming highly ordered molecular arrays of these
molecules on Au(111) surfaces by immersing Au(111) in benzene solutions
containing the molecules. In particular, the authors focused on the relationship
between adlayer structure and the electrocatalytic activity of dioxygen (O2) reduc-
tion. The enhancement of the reductive current for O2 reduction at these modified
Au(111) electrodes compared to bare Au(111) electrodes clearly shows that CoPor
and CoPc adlayers catalyze the reduction of O2. By using rotating CoPor- or CoPc-
modified Au(111) disc electrodes, it was indicated that a two-electron reduction
process of O2 to H2O2 proceeded on the CoP-, CoTPP-, CoOEP-, and CoPc-
modified Au(111) surfaces [18, 66–69]. The adlayer structures of CoOEP and
CoTPP formed in benzene solutions were identical to those obtained in UHV
[35,70]. The CoOEP and CoTPP adlayers formed an incommensurate structure with
respect to the reconstructed Au(111) surface. For CoTpivPP, individual CoTpivPP
molecules were recognized to be square-shaped with four bright spots at the corners
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in the characteristic nanobelt array, whereas the adlattice was almost identical to that
of CoTPP. The state of O2 trapped in the cavity of CoTpivPP was distinctly observed
in STM images as a bright spot in the nanobelt array formed on the reconstructed
Au(100)-(hex) surface, but not on the Au(111) surface, indicating that the formation
of nanobelt arrays consisting of O2-adducted CoTpivPP molecules depended on the
crystallographic orientation of Au[68]. In the case of CoPc, the packing arrangement
of CoPc on the reconstructed Au(111) surface was also consistent with that obtained
in UHV by Lu et al. [30,31]. However, the preparation from the solution phase also
provided different adlayer structures [69]. CoPc molecules formed three packing
arrangements on the Au(111) surface: one rectangular arrangement on reconstructed
Au(111) and two hexagonal arrangements on Au(111)-(1 � 1), depending on the
surface coverage [69]. The method of immersion into benzene solution was fur-
ther extended to larger molecules such as 15-crown-5-ether-substituted cobalt(II)
phthalocyanine (CoCRPc) [71]. The adlattice of the CoCRPc array on Au(111) was
determined to be p.8 � 4

p
3R � 30ı/. In the absence of Ca2C, four additional spots

were observed at the corners, whereas in the presence of Ca2C, only two additional
bright spots were seen at diagonal positions with respect to the Pc ligand, as a result
of encapsulation of two Ca2C ions by crown ether rings [71]. Furthermore, it was
demonstrated by using an Au(100)-(1 � 1) lattice that the relationship between the
crown moieties of CRPc and the underlying Au lattice is important in the trapping
of Ca2C ions in crown rings [72].

In contrast, adlayers containing other central metal ions, e.g., CuTPP, NiTPP,
ZnTPP, CuOEP, NiOEP, ZnOEP, CuPc, and ZnPc, were observed as dark spots in
the center both in UHV [30–35] and in solution [67, 69, 73–75]. Molecular resolu-
tion STM revealed either a propeller shaped admolecule or a circle shape one with
eight additional spots at the corners with its center imaged as a protrusion for CoII

and a depression for other metal ions. The CoPc or CoTPP molecules were easily
identified by the strong tunneling current resulting from orbital-mediated tunnel-
ing through the half-filled dz2 orbital of the CoII ion (d7): a bright spot appeared at
the center of each molecule, whereas NiII.d8/; CuII.d9/, and ZnII.d10/ ions have a
fully filled dz2 orbital [30–35, 73–75]. The remarkable contrast in tunneling current
afforded by the difference in electronic configuration of transition-metal ions allows
one to clearly distinguish between species for chemical identification at the molecu-
lar level. In the case of the ZnII ion, we discovered the possibility of epitaxial growth
of a ZnPc layer from the solution phase. ZnPc molecules can be epitaxially assem-
bled because of the attractive interaction between the electron donating pair in the
Pc scaffold and the zinc ion. The formation of epitaxial layers of ZnPc molecules
from benzene solution was controllable by changing the immersion time [73].

2.3 Hydrogen-Bonding Architectures

Hydrogen bonding is a very attractive and effective method for forming two-
dimensional networks or arrays of porphyrins at surfaces. For example, Lei et al.
reported that highly ordered arrays of 5,10,15,20-tetrakis(4-carboxyphenyl)
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porphyrin (H2TCPP) and copper(II) 2,3,9,10,16,17,23,24-octakis(carboxyl)phthalocy-
anine (CuPc8C) were formed on HOPG by the coadsorption of stearic acid and
1-iodooctadecane, respectively, under ambient conditions [76]. Because 2D hydro-
gen bonds of Pc and porphyrin were stabilized by the presence of these alkane
derivatives, the alkane derivatives contribute to the minimization of the surface
free energy in a 2D system. Furthermore, 5,10-bis(4-carboxyphenyl)-15,20-bis(4-
octadecyloxypenyl)porphyrin was found to form dimeric rows at the dichloro-
benzene–HOPG interface by Otsuki et al., suggesting that the adlayer structure is
determined by directional hydrogen-bonding interactions between nearest neigh-
bor molecules [77]. Hill and coworkers reported on self-assembled structures of
the 5,10,15,20-tetrakis(3,5-dimethyl-4-hydroxyphenyl)porphyrin on Cu(111) [78].
The molecules are held in a hatch-like structure with linear arrays of the molecules
arranged approximately orthogonally under the strong influence of hydrogen-
bonding interactions involving phenolic protons and porphyrin imino nitrogen
atoms.

Supramolecular assembly using porphyrin derivatives has also been investi-
gated to potentially fabricate precisely controlled molecular wires. Yokoyama and
coworkers showed that selective aggregation of porphyrin derivatives can be con-
trolled rationally by tuning the dipole–dipole interactions between the molecules
[79]. This report can be considered a breakthrough paper on noncovalently assem-
bled porphyrins based on the supramolcular assembly concept on a surface. The
authors found that CN-substituted (3,5-di-t-butylphenyl)porphyrin derivative
(TBPP) molecules could produce supramolecular aggregates such as trimers, tetra-
mers, and one-dimensionally extended wire-like structures on Au(111) at low
temperatures (63 K) in UHV. Dipole–dipole interactions between CN moieties are
a key factor for the molecular assembly of TBPP. A similar selective assembly was
also formed by carboxyphenyl porphyrins [80]. A remarkable difference between
the CN and COOH moieties in TBPP derivatives is a variation of the intermolecular
interactions between the porphyrin derivatives. For example, one-carboxyphenyl-
substituted TBPP molecules form a dimeric structure through hydrogen bonding
between two molecules (see Fig. 5a), whereas one-CN-substituted TBPP molecules
arrange in clusters of trimers. The supramolecular selective assembly of 5,15-bis

Fig. 5 STM images (25 � 40 nm2) and the corresponding structural models of supramolecularly
assembled (a) CaTBPP, (b) trans-BCaTBPP, and (c) cis-BCaTBPP on Au(111) at 63 K obtained
in UHV. Reprinted with permission from [80], Copyright (2004) American Institute of Physics
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(4-carboxyphenyl)-10,20-bis(3,5-di-t-butylphenyl)porphyrin (trans-BCaTBPP) with
a long, straight wire was observed on an Au(111) surface by sequential hydrogen
bonding between carboxyphenyl groups (see Fig. 5b), while isolated supramolec-
ular wires were formed by cyanophenyl-substituted TBPP molecules [80]. The
supramolecular nanostructures on the surfaces can be precisely controlled by the
conformation-selective assembly. Furthermore, the organization and hydrogen-
bonding network formation of carboxyphenyl porphyrin derivatives was also inves-
tigated at electrochemical interfaces by our group [81]. The results demonstrated
that the ordered arrays of monocarboxy- or tetracarboxy-substituted porphyrin
derivatives formed on Au(111) depend on the number of peripheral substituents.
Electrochemical control of the self-assembly of porphyrin complexes is an effective
method for constructing novel surface architectures.

3 Controlled Bimolecular Arrays

3.1 Phthalocyanine and Porphyrin Mixed Adlayers

Hipps and coworkers found the formation of well-ordered regions having an entirely
new structure of a 1:1 composition of cobalt(II) hexadecafluoro-phthalocyanine
(F16CoPc) and NiTPP on Au(111) by vapor-phase deposition in UHV [82]. F16CoPc
and NiTPP molecules were distinguished from each other by the difference in
brightness of the central metal ions between the F16CoPc and NiTPP molecules.
The remarkable contrast in tunneling current afforded by the difference in electronic
configuration of transition-metal ions allows one to clearly discriminate between
species for chemical identification at the molecular level. When CoPc and NiTPP
molecules were deposited on Au(111), a densely packed, well-ordered structure was
also found on the terrace. However, a binary adlayer consisting of CoPc and NiTPP
prepared in UHV revealed a densely packed, apparently well-defined structure,
which was compositionally disordered [83]. It was concluded that the ability of the
two types of molecule to interlace was due to an attractive energy of up to 4 kJ/mol
for each closely approaching fluorine–hydrogen intermolecular interaction, together
with reduced repulsive interaction between the F16CoPc and NiTPP molecules
[82, 83]. CoPc and CoTPP mixed system was also investigated on Au(111) by the
same authors [84].

Another system, a bimolecular array consisting of CoPc and CuTPP, was exam-
ined on both Au(111) and Au(100) surfaces by immersing the surfaces into benzene
solution [85, 86]. Yoshimoto and Itaya’s group found that an alternate mixed layer
consisting of CoPc and CuTPP was formed on reconstructed Au(100)-(hex) but not
on reconstructed Au(111), suggesting that the supramolecular assembly comprising
two chemical components also depends on the crystallographic orientation of Au
[85]. In this case, the terrace of Au(111) was completely covered with two different
phases: a disordered region and a highly ordered region consisting of CuTPP,
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whereas stripes composed of alternate bright and dark lines were observed on
Au(100)-(hex). Subsequently, we found that a similar two-component supramolec-
ular adlayer consisting of CoPc and CuTPP was formed on Au(111) following
different modification conditions [86]. It is likely that the adsorbate–substrate inter-
action is much weaker on Au(111) than on Au(100)-(hex). The formation of the
striped structure was independent of the crystallographic orientation, while the cor-
rugation periodicity of reconstruction for the underlying substrate is quite different
compared to Au(111) and Au(100). A bimolecular system consisting of CuOEP
and CoPc on Au(111) was also examined by the same group at the electrochem-
ical interface [87]. In the case of the bimolecular array consisting of CuOEP and
CoPc, it was found that the structure p.9 � 3

p
7R � 19:1ı/ and its mirror structure

p.9 � 3
p

7R � 40:9ı/ were alternately formed on the Au(111) terrace. Further-
more, potential manipulation in the negative direction in HClO4 demonstrated that
one-dimensional (1D) molecular chains of CuOEP were clearly observed as dark
gaps between bright rows consisting of two or three CoPc molecular rows [87]. The
surface mobility and molecular reorganization of CuOEP and CoPc were acceler-
ated by varying the electrode potential. This kind of precise and unique control of
electrochemical interfaces is of great interest for exploring further applications of Pc
and phthalocyanine molecular assemblies. Wakayama et al. investigated F16CuPc
and di-indenoperylene (DIP) mixed arrays on both Au(111) and Cu(111) in UHV
[88]. The occurrence of C–F � � � H–C interactions produced an extraordinary struc-
tural ordering, pointing to a promising avenue toward the controlled design of
bicomponent adlayers. Another mixed system comprising supramolecular struc-
tures constructed from fullerene .C60/ and chloro-[subphthalocyaninato]boron(III)
(SubPc) was found on Ag(111) in UHV by de Wild and coworkers [89]. Here, an
interesting bimolecular 2D adlayer was formed with alternate arrangements of C60

and SubPc.
Very recently, Calmettes et al. reported bicomponent supramolecular packing

arrays comprising 2,3,9,10,16,17,23,24-octachloro ZnPc .ZnPcCl8/ and 1,3,5,7,9-
penta-tert-butylcorannulene (PTBC) on Ag(111) [90]. In this system, since ZnPcCl8
molecules can form weakly bonded networks, the ZnPcCl8 adlayer on Ag(111) can
be used as a deformable flexible template for the controlled insertion of a guest
molecule. The authors also described the fabrication of the bicomponent adlayer
using the STM tip, as illustrated in Fig. 6, where “holes” in the packing have been
created. They reported that a PTBC molecule could be removed by vertical manip-
ulation when the STM tip was positioned over it, and this process was found to be
reproducible.

For HOPG, there are several reports on interesting nanoarchitectures. Kong et
al. examined a VOPc array incorporated into a host architecture comprising 1,3,5-
tris(10-carboxydecyloxy) benzene (TCDB) through hydrogen bonding on HOPG
[91]. In this case, thermal annealing is one of the most important factors for control-
ling the VOPc and TCDB complex architecture. The TiOPc case was also reported
by the same authors [92]. Similar mixed systems were also reported by a Chinese
group [93, 94].
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Fig. 6 (a) High-resolution STM image of PTBC molecules in a ZnPcCl8 network on Ag(111)
obtained in UHV at T D 4:6 K. (b) Schematic representation of PTBC inserted into the Pc
network stabilized by H-bonding. Panel (d) was obtained after the repetitive vertical manipu-
lation at samepositions in panel (c). Holes in the packing have been created, and isolation of
a Pc molecule was found in panel (d). Reprinted with permission from [90], Copyright (2008)
Wiley-VCH

3.2 Porphyrin and Fullerene Supramolecular Assembly

It is known that porphyrins and fullerenes spontaneously attach to each other [95].
For example, MOEP and C60 form a supramolecular assembly through  –  inter-
actions in cocrystallites with a ratio of 2:1 [96]. To control these supramolecular
assemblies between porphyrins and fullerenes during three-dimensional construc-
tion, layer-by-layer growth on metal surfaces must be used as a first step. This
kind of supramolecular assembly produced through  –  or donor–acceptor inter-
actions would be useful for the design and organization of functional organic
molecules on electrode surfaces. For example, individual CuPc molecules were
observed on a highly ordered C60 array formed on Au(111) in UHV [97]. Sub-
sequently, Yoshimoto and Itaya’s group first reported a supramolecularly assembled
array of C60 molecules on a ZnOEP adlayer on Au(111) formed through a wet
process, by successive immersion into a benzene solution containing ZnOEP and
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C60 molecules. The adlayers were observed under the electrochemical environment
[74]. As reported in several papers [74,75,98–100], they succeeded in forming a 1:1
supramolecular assembly consisting of fullerenes such as C60 [74], open-cage C60

derivative [98, 99], and ferrocene-linked C60 [100], as well as metalloporphyrins
such as ZnOEP and NiOEP on both Au(111) and Au(100) surfaces. This kind of
supramolecular assembly produced through donor–acceptor interactions improves
the electrochemical performance by controlling the molecular orientation of the
fullerenes [9, 100]. In addition, it was demonstrated that the stability of the first
adlayer is an important factor in the surface design of host–guest selectivity of
fullerenes on electrode surfaces [75]. The identical structures of C60 and C70 were
also observed on an NiOEP array formed on Au(111) [75], whereas the replace-
ment reaction of the first adlayer of NiTPP occurred upon adsorption of fullerene
molecules as the second layer. The result suggests that supramolecular assemblies
of C60 and C70 are strongly influenced by the underlying layer of porphyrin. The
authors also reported that a supramolecularly organized “chessboard” structure was
formed for a bimolecular array of ZnPc and ZnOEP on Au(111) [101], as shown
in Fig. 7a. A “bottom-up” hybrid assembly of fullerene molecules was formed suc-
cessfully on an alternate array of bimolecular ZnPc and ZnOEP molecules. The
bimolecular “chessboard” served as a template to form a supramolecular assembly
of C60 by selective trapping in the open spaces (see Fig. 7b–e). They also found
that supramolecularly assembled layers of C60 were formed on both coronene- and
perylene-modified Au(111) surfaces [102]. As reported in their previous papers,
coronene formed a highly ordered array having a .4 � 4/ symmetry on Au(111)
[102, 103]. The adlayer structure of the C60 was found to be strongly influenced
by the underlying organic layers, suggesting that the latter underlying organic
adlayers play an important role in the process of formation of the C60 molecular
adlayer. Epitaxial molecular assemblies for other fullerenes, such as C70, C60–C60

dumbbell-dimer .C120/, and C60–C70 cross-dimer .C130/, were also observed on
the coronene-modified Au(111) surface [103].

In addition, it was reported by the same group that linear C60 arrays were
formed on supramolecular assembled trans-BCaTBPP wires on Au(111) [104].
High-resolution STM images revealed that each C60 molecule was located in the
open nanopores, not at the center of each trans-BCaTBPP molecule, suggesting that
the opening of the nanopores results from a subtle balancing of substrate–molecule
and molecule–molecule interactions. Bonifazi et al. synthesized ZnII porphyrin
derivatives and investigated supramolecular assemblies of C60 on those arrays
formed on Ag single-crystal surfaces in a UHV environment [105]. An unprece-
dented molecular assembly of C60 was caused by thermal annealing (453 K). The
C60 molecules were arranged in vertically aligned pairs (intrapair C60–C60 distance
of 2.3 nm) with an intermolecular distance of about 6.0 nm, whereas the paired line
pattern was repeated every 7.3 nm in the horizontal direction. The supramolecu-
lar assembly of C60 also depends on the crystallographic orientation of the metal
substrate [105]. These kinds of bimolecular construction are one of the effective
methods for patterning fullerenes at heterogeneous molecular interface.
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Fig. 7 (a) Large-scale (40 � 40 nm2) and (b) and (c) high-resolution (10 � 20 nm2) STM
images of C60 array in the bimolecular chessboard consisting of ZnPc and ZnOEP on Au(111)
in 0:1 M HClO4. (d) Height-shaded view of (c). (e) Proposed models for top and side views of
C60 array in bimolecular chessboard. Reprinted with permission from [101], Copyright (2008)
American Chemical Society

Other interesting observations are dendritic supramolecular assembly of por-
phyrins and C60. Dendritic molecules appended with multiple zinc porphyrin units
(DPm m: number of ZnII porphyrin moiety) and bipyridine compounds carrying
multiple fullerene units .Py2Fn/n: number of C60 units) were synthesized by Aida
and coworkers [106]. These types of segregated arrays of multiple donor and accep-
tor units using a dendritic scaffold indicate a photoinduced charge separation. Some
of the coordination complexes between DPm and Py2Fn were imaged by STM under
UHV conditions [106]. Bottari et al. reported that one C60 covalently linked ZnPc
conjugate is able to self-organize on graphite and graphite-like surfaces, which give
rise to supramolecular fibers and films [107]. The obtained nanostructures were
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electrically characterized by conductive atomic force microscopy (C-AFM) and
showed outstanding nanoscale electrical conductivity. This is one of the reports on
the appearance of the characteristic property for supramolecularly assembled thin
film, which has excellent donor and acceptor units. SPM technique is useful not
only to observe surface morphology but also to measure various physical properties
at the surface.

One of applications of porphyrin–fullerene supramolecular assembly is to use
honycomb network array. Hydrogen bond-based network structures provide a poten-
tial pathway to the design of host–guest interfaces, because the cavity size can
be controlled through careful selection of the component molecules. For exam-
ple, the formation of a self-assembled bimolecular network through hydrogen
bonds by coadsorption of perylene tetra-carboxylic di-imide (PTCDI) and 1,3,5-
triazine-2,4,6-triamine (melamine; ML) on Ag=Si.111/-.

p
3� p

3/R30ı in UHV
was reported by Theobald et al. [108]. The substrate, Ag deposited on Si(111), is
one of the most suitable surfaces for the adsorption of organic molecules such as
fullerenes, phthalocyanine, and naphthalene tertracarboxylic di-imide (NTCDI) in a
UHV environment, as these molecules diffuse freely across the deposited surface
and form islands in which the order is predominantly governed by intermolec-
ular interactions. The framework provides a regular array of identical nanoscale
traps in which further deposited molecules nucleate cluster growth. A similar host–
guest function was also found on Au(111) [109, 110]. Supramolecular traps of C60

molecules occurred at the template of a bimolecular network comprising ML and
PTCDI. The honeycomb array can be prepared from solution phase [111]. Thiols
are trapped in the cavities, indicating that this kind of hydrogen-bond formation
through three points is much stronger. The binding energy of ML-PTCDI honey-
comb array was estimated to be 200 kJ mol�1, which is higher than 160 kJ mol�1 of
an Au–S bond [111].

Stöhr and Jung’s group reported a hierarchical supramolecular rotor–stator sys-
tem consisting of ZnOEP and 4,9-diaminoperylenequinone-3,10-diimine (DPDI)
molecules on Cu(111) [112]. Figure 8 contains the STM images and model struc-
tures for the ZnOEP molecules trapped inside the dehydro–DPDI network. The
molecular orientation of the ZnOEP molecule trapped inside the dehydro–DPDI
honeycomb network change when the temperature is varied. Both the structure
of the substrate lattice and the size and symmetry of the organic network play an
important role in determining the preferred orientations of the ZnOEP molecule.

4 Direct Formation of Nanostructures on Surface

4.1 Direct Metallation on Surface

Direct synthesis of metalloporphyrins at Ag(111) was reported by Gottfried et al.
[113,114]. This group prepared a free-base H2TPP adlayer on Ag(111) in UHV, and
further deposited Co at the adlayer. X-ray photoelectron spectroscopy (XPS) results
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Fig. 8 (a) ZnOEP molecules trapped in the dehydro-DPDI honeycomb network. STM images
were recorded at room temperature (left), 77 K (middle), and 5 K (right), respectively. (b) model
structures of the arrangement of the ZnOEP molecule inside the honeycomb dehydro–DPDI net-
work on Cu(111). Reprinted with permission from [112], Copyright (2007) The Royal Society of
Chemistry

indicated that a Co ion can be coordinated to a porphyrin ring [113]. The direct
synthesis method was also effective for Zn metallation onto H2TPP adlayers by Zn
deposition [114]. Direct observation of iron metallation into a free-base porphyrin
array was independently reported by two groups [115, 116]. Auwärter and cowork-
ers succeeded in directly observing Fe metallation at an H2TPyP array on Ag(111)
in UHV [115]. Buchner et al. also demonstrated Fe metallation of an H2TPP array
formed on Ag(111) by using UHV-STM [116] and XPS [117]. In both cases, each
H2TPyP or H2TPP molecule appeared as brighter spots in the high-resolution STM
image after the deposition of iron onto the adlayers, suggesting that the metallation
of the Fe atom occurred at the H2TPyP and H2TPP adlayers on Ag(111). The char-
acteristics of Co deposition onto a highly ordered H2TPP array on Ag(111) were
also investigated by UHV-STM, STS, and ultraviolet photoelectron spectroscopy
(UPS) by the same group [118, 119]. In addition, Ce metallation onto an H2TPP
array formed on Ag(111) was recently reported by AuwRarter and Barth group[120].
In the case of the direct metallation of an H2TPP array by Ce, a difference in the
electronic structure between CoTPP and CeTPP was found in the high-resolution
STM image and scanning tunneling spectroscopy (STS). The geometric and elec-
tronic structure of the novel species was additionally assessed by systematic density
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Fig. 9 Left: Constant-current STM image (a) of a complete monolayer of H2Pc and (b) after the
deposition of iron (
Fe D 0:012) onto the H2Pc monolayer. In part (b) some molecules exhibit a
central bright spot, suggesting the formation of FePc. (c) Cross-sectional profile extracted along
the green line in (b). Space-filling models of H2Pc and FePc are shown above and below the
height profile, respectively. The arrows indicate the positions of the molecules in the images and
the profile. Right: N1s XP spectra of a monolayer of H2Pc. (d) a monolayer of H2Pc after the
deposition of increasing amounts of iron, 
Fe D 0:027 (e) and 
Fe D 0:044 (f), and a monolayer
of directly deposited commercially available FePc as a reference (g). The fit neglects the small
binding energy difference of 0.4 eV between the iminic nitrogen atoms in the peripheral meso-
positions and in the center, for both H2Pc with six and FePc with eight iminic nitrogen atoms.
Reprinted with permission from [122], Copyright (2008) American Chemical Society

functional theory (DFT) calculations, suggesting that the “bottom-up” approach can
be applied to directly construct novel rare-earth Pcs and porphyrins on surfaces, as
scaffolds to design multidecker superstructures. Fe coordination was also observed
on a meso-tetramesitylporphyrin (TMP) adlayer formed on Cu(100) in UHV [121].

Subsequently, Marbach and Gottfried’s group reported that the direct metalla-
tion of Fe atoms onto a free-base phthalocyanine (H2Pc) adlayer was observed on
Ag(111) by using UHV-STM [122]. As shown in Fig. 9, after the deposition of iron
atoms the STM image of the H2Pc array was clearly changed, with bright spots
appearing in the central part of each H2Pc molecule. The STM image was similar
to that obtained at an FePc adlayer on Au(111), as previously reported by Hipps’
group [32]. In addition, XPS results indicated the coordination of Fe to N atoms in
the Pc ligand, depending on the deposition of increasing amounts of Fe (see Fig. 9).

4.2 Direct Connection on Surface

The connection technique of molecules is important for the preparation of cova-
lently bonded 2D arrays. As described in the previous section, the direct synthesis
of metallophthalocyanine and metalloporphyrin can be achieved by the deposition
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Fig. 10 Upper: chemical structure of the Br4TPP molecule (substituent Br atoms are highlighted
in red) and conceptual illustration of the formation of covalently bound networks by connect-
ing activated molecular building blocks. (a) STM images (20 � 20 nm2) of a molecular island of
Br4TPP monomer on Au(111) after deposition at low evaporator temperatures of 550 K prior to
being activated. (b) large-scale STM image (41� 41 nm2) for deposition at an elevated evaporator
temperature of 610 K, causing the activation and connection of the molecules to form networks.
(c) high-resolution STM image (8:5 � 8:5 nm2) of a network of eight molecular building blocks.
The white arrows indicate molecular legs with and without Br atoms, respectively. Reprinted with
permission from [123], Copyright (2007) Nature Publishing Group

of metals onto a free-base Pc or porphyrin array. Here, direct formation of 2D
covalently bonded array is described.

Grill’s group reported the connection of molecular building blocks by cova-
lent assembly [123]. As schematically illustrated in Fig. 10, they first prepared
an adlayer of tetra-(4-bromophenyl) porphyirn (Br4TPP) on Au(111). Next, the
Br4TPP molecules were activated by heating the substrate and directly connected
with each other on the Au(111) surface. By changing the substituted positions of
the bromophenyl moieties, covalently bonded nanoarchitectures such as dimers and
1D molecular wires can be directly prepared on Au(111). A similar concept using
thermally induced activation was also reported by Raval’s group [124]. They showed
connection of tetra(mesityl)porphyrin on Cu(110) in UHV, suggesting that a reac-
tion with the copper reduces a methyl group on the mesityl functionality generating
a CH2

� radical group.
Another interesting surface reaction on surfaces is the direct synthesis of a metal-

coordinated porphyrin array. As reported by Barth’s group, it is well known that
highly ordered 2D arrays of metal–organic coordination are directly formed on a
metal surface as a result of the codeposition of organic molecules functionalized
with –COOH moieties and metals such as Fe, Co, and Cu [8, 125–127]. They
have reported various 2D molecular patterns such as rectangular and honeycomb
cavities on Au, Ag, and Cu single-crystal surfaces [127]. The symmetry of the evolv-
ing coordination networks is independent of the difference in metal substrate and
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Fig. 11 (a) High-resolution STM image of a TPyP dimer and (b) corresponding coordination
model of a Cu adatom with the pyridyl ligands. (c) Upon annealing to � 414 K for � 30 min,
supramolecular strings evolve in a conformation-dependent metal-directed assembly where two
pyridyl endgroups are linked (imaged at 300 K). Scale bars 1 nm each. Reprinted with permission
from [129], Copyright (2008) American Chemical Society

in crystallographic orientation, which indicates that the metal–ligand coordination
predominates over the substrate. Recently, the authors demonstrated coordination
between Cu adatoms and H2TPyP molecules on Cu(111) by controlling the sur-
face mobility as a function of temperature [128]. Figure 11 shows that H2TPyP
molecules are supramolecularly and directly bridged on Cu(111) by elevating the
temperature. Dimer and trimer forms coordinated with Cu atoms are created on the
terrace, as shown in Fig. 11c. They explained that a functionalization by pyridyl
groups opens up pathways to control the anchoring of large organic molecules on
metal surfaces and tune their conformational state. Furthermore, they demonstrated
that the affinity of the terminal groups for metal centers permits the selective capture
of individual iron atoms at low temperature [129]. Thus, selection of coordination
metal makes it possible to precisely control this kind of nanostructure.

5 Self-Assembly of Porphyrins by Axial Ligand Coordination

5.1 Monomeric Complexes

Self-assembly of complementary subunits via noncovalent interactions such as
hydrogen bonding or metal–ligand interactions is an attractive approach for the
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Fig. 12 (a) Chemical structure of trans-dipyridyldiphenylporphyrinate zinc(II), 1, (b) a schematic
illustration of the 3D network formed by the self-complementary tecton of 1 and (c) a portion of
the X-ray structure showing the empty hexagonal channel generated. Reprinted with permission
from [137], Copyright (2005) The Royal Society of Chemistry

controlled oligomerization of monomers to form large supramolecular architectures.
Porphyrin assembly based on metal–ligand coordination was reported in 1990 by
Sanders’ group [130–132]. The key to coordination-based self-assembly is the abil-
ity to manipulate the process of molecular recognition and to generate an enormous
variety of rigid framework assemblies featuring well-defined nanoscale cavities
[133, 134]. It is considered a promising approach for the recognition/binding phase
of small-molecule sensing [135, 136]. Recent reports on a 3D coordination net-
work of zinc porphyrins by Hosseini’s group have encouraged us to investigate
further the formation of this kind of high-class molecular architecture on surfaces
[137–139], for example, as shown in Fig. 12. Indeed, a covalent porphyrin box con-
sisting of cyclic tetramers was found on HOPG, and the tetramers were indicated
to self-assemble into highly ordered arrays on the surface [140]. In this section, we
briefly describe recent STM studies on molecular assemblies of porphyrins based
on coordination.

The group of Rowan and Nolte synthesized giant porphyrin molecules such as
porphyrin hexamers [141, 142] and dodecamers [143] from the viewpoint of pho-
tosynthetic systems and functional components in nanodevices. For example, the
self-assembly behavior of a disc-like porphyrin dodecamer, in which 12 porphyrins
are arranged in a circular fashion around a rigid central core, was investigated on
HOPG in 1-phenyloctance containing the porphyrin dodecamer [143]. By adding
a bidentate ligand diaza[2.2.2]bicyclooctane (DABCO) to a HOPG–solution inter-
face, a highly ordered lamellae array was observed through the formation of a
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supramolecular complex, suggesting that the coordination of DABCO to Zn ions
causes the instantaneous formation of a large domain, and that DABCO acts as a
“glue” to connect the porphyrin dodecamers to each other. Highly ordered domains
of “edge-on” and “face-on” oriented Zn porphyrin hexamer and dodecamer assem-
blies were controlled on HOPG by the addition of coordinating axial ligands such as
DABCO and BPy, which control the supramolecular architecture formed. Regarding
to the control of “edge-on” and “face-on” orientation of porphyrin array on HOPG,
another type was reported by Bhosale at el. [144]. According to their paper, they
synthesized meso-tetraarylporphyrins bearing 2-etoxyethanol side chains as “sticky
ends” which are capable of displaying directive hydrogen-bonding motifs. In this
case, “edge-on” orientation was formed for free-base type, whereas the “face-on”
orientation of zinc-coordinated porphyrin derivative was controlled by the axial
coordination of pyridine. Thus, metallation and subsequent axial coordination is
key factor in controlling the topology of the adlayer.

The coordination of DABCO to a central zinc ion was directly observed for a zinc
porphyrin derivative (ZnTBPP)-adsorbed onto an Ag(100) surface in UHV [145].
The central dark part of each ZnTBPP was capped by the coordination of a DABCO
molecule, resulting in a bright spot in the center.

An interesting ferrocene-bridged zinc porphyrin macrocycle was synthesized
by Shoji et al. [146]. This group succeeded in visualizing a single molecule of
a supramolecular coordination assembly on Au(111) in UHV [147]. The discrete

Fig. 13 (a) and (b) STM images and (c) and (d) the corresponding schematic representation
of the rings of ferrocene-bridged trisporphyrin on a Au(111) surface at liquid nitrogen tempera-
ture in UHV. (a) 10-mer and (b) 5-mer. Reprinted with permission from [147], Copyright (2005)
American Chemical Society
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system consisting of coordination of imidazol moieties to central zinc ion in each
porphyrin is clearly seen in Fig. 13. Pyridine coordination to alkyl chain substituted
rhodium porphyrin chloride .Rh.C18OPP/Cl.Py/ and Rh.C30OPP/Cl.Py// self-
organized on a graphite surface was also observed at a dichlorobenzene–graphite
interface [148]. Ikeda et al. reported that a highly ordered adlayer of Rh.C18OPP/Cl
.Py/ molecules was not formed on the graphite surface, whereas a highly ordered
array of Rh.C30OPP/Cl.Py/ was clearly observed. Rh.C18OPP/Cl.Py/ molecules
could form a highly ordered array by a mixture of metal-free C18OPP (molecular
ratio of C18OPP=Rh.C18OPP/Cl.Py/ 1:9), and the coordination of pyridine to the
Rh.C18OPP/Cl.Py/ molecule was discriminated as a bright spot by high-resolution
STM imaging in the mixed system.

5.2 Double- and Triple-Decker Complexes

In recent years, adlayers of several sandwich compounds, such as the bisphthalocya-
nine double-decker complexes of Y, Ce, Pr La, and Er, have been investigated at the
liquid–solid interface. This kind of investigation is mainly performed on HOPG in
1-phenyloctance [149–154]. Possible future applications for these rare-earth com-
plexes include their use as organic field-effect transistors, liquid crystals, chemical
sensors [155], and, particularly, molecular memories of surfaces, as has been pro-
posed by Lindsey and coworkers [156]. In the case of double-decker heterodimers,
several groups have reported a unique molecular rotation characteristic [157–160].
This rotation can be controlled by coordination to specific functional groups within
the molecule [157–159] or through the redox properties of the central rare-earth
metal [160]. Thus, it is very important to understand the formation of double- or
triple-decker adlayers by rotation control and electrochemical properties. We firstly
reported the adlayer of a 15-crown-5-ether-substituted Pc and tetraphenyl porphyrin
(TPP) triple-decker complex coordinated by EuIII, TPP/CRPc/CRPc on an Au(111)
surface, to create a three-dimensional functional molecular architecture [161]. A
unique molecular assembly and new surface properties of TPP/CRPc/CRPc were
observed as a result of adsorption orientation and electrochemical potential variation
on the Au(111) surface. As can be seen in Fig. 14a, b, a characteristic well-ordered
domain of a 2:1 sandwich complex consisting of Pcs and tetraphenylporphyrin was
found on a Au(111) surface in 0:05 M HClO4 by in situ STM, indicating that a
highly ordered array was formed by alternately arranging two different molecular
orientations, as shown in Fig. 14. Electrochemical potential variation caused phase
transition from square to hexagonal arrangements in the 1 adlayer. This finding is
applicable to “bottom-up” nano-fabrication of the surface by controlling the molec-
ular orientation and the rotation of the ligands. Vitali et al. reported the electronic
structure of isolated bis(phthalocyaninato) terbium(III) molecules, a novel single-
molecular magnet (SMM), supported on the Cu(111) surface by density functional
theory and (STS) [162]. They showed that the interaction with the metal surface
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Fig. 14 (a) Chemical structure of triple-decker 1, (b) a height-shaded image of 1 adlayer on
Au(111). (c) cyclic voltammogram of 1-modified Au(111) electrode in 0.05 M HClO4. (d) and (e)
potential-dependent STM images of 1 adlayer on Au(111) in 0.05 M HClO4, obtained at 0.85 V for
panel (d) and 0.02 V for panel (e), respectively. Reprinted with permission from [161], Copyright
(2007) Wiley-VCH

preserves both the molecular structure and the large spin magnetic moment of the
metal center.

6 Nanoapplications

Phthalocyanines and porphyrins are often used as model compounds for the manipu-
lation (guest molecule) of surface-supported supramolecular two-dimensional arrays
both in UHV and in solution. Spillmann et al. reported that zinc(II) 5,15-bis(3-
cyanophenyl)-10,20-bis[3,5-di(tert-butyl)phenyl] porphyrin, 2, molecules predomi-
nantly formed a hexagonal pattern by trimer formation, when 0.5–0.7 MLs of 2 was
deposited on Ag(111); especially, 2 forms a characteristic nanostructure on Ag(111)
at low coverage [163]. As reported by Yokoyama et al., it is suggested that the
molecular assembly is driven by both van der Waals and dipole–dipole interactions
involving the polar 3-cyanophenyl residues [79]. After further deposition of C60
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molecules, these molecules were trapped on the porphyrin network. Furthermore,
driven by thermal fluctuations, single C60 admolecules migrate to neighboring pores
as time proceeds. The same group subsequently reported a difference in mobility of
single fullerene molecules between C60 and C70 [164]. The hopping rate of C60

was 1 � 10�3 s�1 at a coverage of 0.06, whereas the rate of C70 was 9 � 10�2 s�1

at a coverage of 0.01. The hopping rate also depends on the coverage of fullerene
on the porphyrin network [164]. The same authors also proposed the concept of a
supramolecular rotary switch by using molecule 2. Self-assembly of 2 on Cu(111)
also leads to the formation of a porous network that features chiral cavities similar to
Ag(111) [165]. In this case, the porous network structure consisting of 2 also serve
as hosts for 2. By applying short pulse by using the STM tip, rotation of 2 can be
induced in each cavity. A supramolecular rotary device, reminiscent of a mechanical
rotary switch, was engineered by a bottom-up approach.

Such an approach was also tried at solid–liquid interface. Ziener’s group reported
a self-assembled host–guest network consisting of the oligopyridine derivative 3; 30-
BTP to manipulate CuPc at the solid–liquid interface [166]. They proposed that the
slow movement of the CuPc guest molecules and the competition between oligopy-
ridine and CuPc guest molecules make it possible to manipulate individual guest
molecules in analogy to “writing” and “erasing” [166].

In contrast, Kröger’s group recently demonstrated that push and pull motions
can be observed for the central Sn ions of SnPc molecules on a Ag(111) surface
under UHV [167]. The up and down motions of the central Sn ion of second
layer SnPc molecule can be controlled in a reversible manner by changing the
bias voltage. The motions are irreversible in the context of a single SnPc layer
attached directly to the Ag(111) surface, however, due to the stronger interaction
between the SnPc molecules and the Ag(111) substrate. The bright spots observed
for SnPc molecules in Fig. 15 change to darker spots as the Sn ion is pushed
further below the Pc plane. The authors concluded that the reversibility of the
up and down motions of the central Sn ion depended on the difference in the
energy barriers of the single- and second-layer SnPc molecules. They concluded that
reversible motion is achieved when either a resonant electron or a hole is created
in the molecular orbitals. Applications in molecular switch device are envisaged,
Fig. 15e–k.

7 Conclusions and Perspectives

This chapter primarily described the results of studies into the self-organization
and supramolecular assembly of phthalocyanines and porphyrins at surfaces. The
understanding of both intermolecular and molecule–substrate interactions in two-
dimensionally self-organized films at the molecular level in UHV as well as in
solution has been advanced considerably by the use of STM techniques. The con-
struction of surface-supported supramolecular assemblies have provided the knowl-
edge necessary for new surface design and patterning using characteristic molecular
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Fig. 15 High-resolution STM images (2:0 � 2:0 nm2) of (a) Sn-up (C0:9 V, 0.2 nA) and (b)
Sn-down (�1:8 V, 0.2 nA) molecules adsorbed on a single SnPc layer. (c) dI /dV spectrum of unoc-
cupied states obtained on a single Sn-up molecule residing on the first SnPc adlayer on Ag(111).
The peak at 2.6 V is due to the LUMOC 1. (d) schematic illustration of the reversible transfor-
mation of a neutral or negatively charged Sn-up molecule via a planar molecule geometry to a
Sn-down molecule. Sequence of STM images (2:5 � 7:5 nm2) of SnPc molecules switching from
the Sn-down conformation (e) one by one to the Sn-up conformation (i ) and back to the Sn-down
conformation (k) by applying 4 V at the center of the individually addressed molecules (3.0 V,
0.03 nA). The numbers added to the STM images as binary digits where 0 and 1 corresponds
to Sn-down and Sn-up, respectively. Reprinted with permissions from [167], Copyrights (2009)
American Chemical Society

assemblies through noncovalent intermolecular interactions, such as dipole–dipole
interactions, hydrogen bonding, electrostatic interactions, metal–ligand coordina-
tion, and  –  interactions. To produce new functional materials and molecular
devices based on the above knowledge, it is necessary to continue to further explore
nanostructures at surfaces and pursue the design of attractive molecules by organic
synthesis in the future. As the next step, it is important to demonstrate a special
function such as catalytic activity, photo-induced electron transfer, and conductivity
due to the formation of these nanostructures. A demonstration of special functions
by the formation of characteristic nanostructures would provide a “breakthrough”
to the next stage of the “bottom up” strategy.
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C 112:6139
47. Mazur U, Hipps KW, Riechers SL (2008) J Phys Chem C 112:20347
48. Kunitake M, Batina N, Itaya K (1995) Langmuir 11:2337
49. Batina N, Kunitake M, Itaya K (1996) J Electroanal Chem 405:245
50. Kunitake M, Akiba U, Batina N, Itaya K (1997) Langmuir 13:1607
51. Ogaki K, Batina N, Kunitake M, Itaya K (1996) J Phys Chem 100:7185
52. Sashikata K, Sugata T, Sugimasa M, Itaya K (1998) Langmuir 14:2896
53. Hai NTM, Gasparovic B, Wandelt K, Broekmann P (2007) Surf Sci 601:2597
54. Wan LJ, Shundo S, Inukai J, Itaya K (2000) Langmuir 16:2164
55. Safarowsky C, Wandelt K, Broekmann P (2004) Langmuir 20:8261
56. Safarowsky C, Merz L, Rang A, Broekmann P, Hermann BA, Schalley CA (2004) Angew

Chem Int Ed 43:1291
57. Sakaguchi H, Matsumura H, Gong H (2004) Nat Mater 3:551
58. Han WH, Durantini EN, Moore TA, Moore AL, Gust D, Rez P, Leatherman G, Seely GR, Tao

N-J, Lindsay SM (1997) J Phys Chem B 101:10719
59. He Y, Borguet E (2007) Angew Chem Int Ed 46:6098
60. He Y, Ye T, Borguet E (2002) J Am Chem Soc 124:11964
61. Ye T, He Y, Borguet E (2006) J Phys Chem B 110:6141
62. Tao NJ, Cardenas G, Cunha F, Shi Z (1995) Langmuir 11:4445
63. Tao NJ (1996) Phys Rev Lett 76:4066
64. Hai NTM, Wandelt K, Broekmann P (2008) J Phys Chem C 112:10176
65. Yoshimoto S, Sawaguchi T (2008) J Am Chem Soc 130:15944
66. Yoshimoto S, Inukai J, Tada A, Abe T, Morimoto T, Osuka A, Furuta H, Itaya K (2004) J

Phys Chem B 108:1948
67. Yoshimoto S, Tada A, Suto K, Narita R, Itaya K (2003) Langmuir 19:672
68. Yoshimoto S, Sato K, Sugawara S, Chen Y, Ito O, Sawaguchi T, Niwa O, Itaya K (2007)

Langmuir 23:809
69. Yoshimoto S, Tada A, Suto K, Itaya K (2003) J Phys Chem B 107:5836
70. Scudiero L, Barlow DE, Hipps KW (2002) J Phys Chem B 106:996
71. Yoshimoto S, Suto K, Itaya K, Kobayashi N (2003) Chem Commun:2174
72. Yoshimoto S, Suto K, Tada A, Kobayashi N, Itaya K (2004) J Am Chem Soc 126:8020
73. Yoshimoto S, Tsutsumi E, Suto K, Honda Y, Itaya K (2005) Chem Phys 319:147
74. Yoshimoto S, Tsutsumi E, Honda Y, Ito O, Itaya K (2004) Chem Lett 33:914
75. Yoshimoto S, Sugawara S, Itaya K (2006) Electrochemistry 74:17578
76. Lei SB, Wang C, Yin SX, Wang HN, Wi F, Liu HW, Xu B, Wan LJ, Bai CL (2001) J Phys

Chem B 105:10838
77. Otsuki J, Nagamine E, Kondo T, Iwasaki K, Asakawa M, Miyake K (2005) J Am Chem Soc

127:10400
78. Hill JP, Wakayama Y, Akada M, Ariga K (2007) J Phys Chem C 111:16174
79. Yokoyama T, Yokoyama S, Kamikado T, Okuno Y, Mashiko S (2001) Nature 413:619
80. Yokoyama T, Kamikado T, Yokoyama S, Mashiko S (2004) J Chem Phys 121:11993
81. Yoshimoto S, Yokoo N, Fukuda T, Kobayashi N, Itaya K (2006) Chem Commun:500
82. Hipps KW, Scudiero L, Barlow DE, Cooke Jr MP (2002) J Am Chem Soc 124:2126
83. Scudiero L, Hipps KW, Barlow DE (2003) J Phys Chem B 107:2903
84. Barlow DE, Scudiero L, Hipps KW (2004) Langmuir 20:4413
85. Suto K, Yoshimoto S, Itaya K (2003) J Am Chem Soc 125:14976
86. Suto K, Yoshimoto S, Itaya K (2006) Langmuir 22:10766
87. Yoshimoto S, Higa N, Itaya K (2004) J Am Chem Soc 126:8540
88. Barrena E, de Oteyza DG, Dosch H, Wakayama Y (2007) ChemPhysChem 8:1915



Supramolecular Nanostructures of Phthalocyanines and Porphyrins 165

89. de Wild M, Berner S, Suzuki H, Yanagi H, Schlettwein D, Ivan S, Baratoff A, Güentherodt
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111. Madueno R, Räisänen MT, Silien C, Buck M (2008) Nature 454:618
112. Wahl M, Stöhr M, Spillmann H, Jung TA, Gade LH (2007) Chem Commun:1349
113. Gottfried JM, Flechtner K, Kretschmann A, Lukasczyk T, Steinrück HP (2006) J Am Chem

Soc 128:5644
114. Kretschmann A, Walz MM, Flechtner K, Steinrück HP, Gottfried JM (2007) Chem Com-

mun:568
115. Auwärter W, Weber-Bargioni A, Brink S, Riemann A, Schiffrin A, Ruben M, Barth JV (2007)

ChemPhysChem 8:250
116. Buchner F, Schwald V, Comanici K, Steinrück HP, Marbach H (2007) ChemPhysChem 8:241
117. Buchner F, Flechtner K, Bai Y, Zillne, E, Kellner I, Steinrück HP, Marbach H, Gottfried JM

(2008) J Phys Chem C 112:15458
118. Lukasczyk T, Flechtner K, Merte LR, Jux N, Maier F, Gottfried JM, Steinrück HP (2007) J

Phys Chem C 111:3090
119. Comanici K, Buchner F, Flechtner K, Lukasczyk T, Gottfried JM, Steinrück HP, Marbach H

(2008) Langmuir 24:1897
120. Weber-Bargioni A, Reichert J, Seitsonen AP, Auwärter W, Schiffrin A, Barth JV (2008) J

Phys Chem C 112:3453
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Phthalocyanine-Containing Supramolecular
Arrays

Jian-Yong Liu, Pui-Chi Lo, and Dennis K.P. Ng

Abstract Phthalocyanines represent a versatile class of functional dyes which have
found applications in various disciplines ranging from materials science, cataly-
sis, nanotechnology to medicine. The intrinsic properties of the macrocycles as
well as their molecular arrangements, both in solution and in the condensed phase,
can be altered through rational chemical modification. Conjugation of other func-
tional units to phthalocyanines can also complement the characteristics of the
macrocycles. All these approaches can improve the performance of these macro-
cyclic compounds as advanced functional materials. The purpose of this article is
to provide an up-to-date review of the current research status of phthalocyanine-
containing supramolecular systems. The formation, structures, and properties of
self-assembled phthalocyanines as well as the non-covalent hetero-arrays containing
phthalocyanines and other functional units are reviewed herein.
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1 Introduction

Phthalocyanines are macrocyclic compounds containing four N -fused isoindole
units. Since these compounds have a large  -conjugated system, they absorb
strongly in the red visible region (at ca. 670 nm), giving a characteristic blue-green
color. This property together with their extraordinary stability renders them to be
used as industrial pigments for several decades [1]. In addition to this traditional
application, these compounds have been extensively studied as advanced materi-
als in various disciplines as a result of their intriguing and tunable characteristics
[2, 3]. Some recent focuses have been put on their applications as optical recording
materials [4], semiconductors for organic field effect transistors [5, 6], catalysts for
oxidative degradation of pollutants [7, 8], and sensitizers for photovoltaics [9–11]
and photodynamic therapy [12, 13]. These macrocyclic compounds are therefore
versatile functional dyes receiving much current attention.

To enhance the functionalities of these compounds which can improve their
performance as advanced materials, a vast number of functional units have been
conjugated to the macrocycles. Photo- and redox-active groups such as porphyrins,
fullerenes, and carotenoids are of particular interest because the resulting conju-
gates are potentially useful in light-harvesting devices, photovoltaics, and molecular
photonics [14–16]. In most of these conjugates, individual components are linked
up together in a covalent manner, while supramolecular hetero-arrays remain rel-
atively rare despite the fact that this facile self-assembly strategy can be used to
construct sophisticated systems readily. This review aims to provide an overview
of the current research status of phthalocyanine-containing supramolecular arrays.
We include herein the systems held by axial coordination, hydrogen bonding, elec-
trostatic forces, donor–acceptor interactions, and host–guest interactions that have
been reported over the past decades. Heteroleptic phthalocyaninato and porphyri-
nato sandwich-type complexes have been reviewed comprehensively [17–19] and
are not covered in this article. There are also a number of �-nitrido and �-oxo bi-
and tri-metallic complexes with mixed phthalocyaninato and porphyrinato ligands
[20,21], the chemistry of which is also excluded herein. Recently, we have published
a review article on hetero-arrays of porphyrins and phthalocyanines [22]. Some of
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the recent examples described in this article will also be included in this review for
the sake of completeness. During the preparation of this review, a feature article
has appeared in which D’Souza and Ito summarize their work in supramolecular
donor–acceptor hybrids of porphyrins/phthalocyanines with fullerenes/carbon nan-
otubes [23]. Another micro-review highlighting the contribution of several Spain’s
research groups has also been published [24].

2 Supramolecular Arrays Held by Axial Coordination

Axial coordination of metallo-phthalocyanines has been relatively little studied
compared with that of the porphyrin analogs. Nevertheless, this approach has been
employed to construct various phthalocyanine-based hetero-arrays as described
below.

2.1 Phthalocyanine–Porphyrin Hetero-Arrays

Ng et al. first reported the axial ligation of zinc(II) 1,8,15,22-tetrakis(3-pentyloxy)
phthalocyanine (1) with meso-pyridyl porphyrins 2 and 3 in chloroform, which
form the corresponding edge-to-face dyad and pentad, respectively [25]. As shown
by UV–Vis spectroscopy, the ground-state  –  interactions between the perpen-
dicularly disposed macrocycles in these arrays are insignificant. Upon mixing
of phthalocyanine 1, zinc(II) meso-tetra(p-tolyl)porphyrin, and 4,40-bipyridine in
chloroform, the formation of a face-to-face hetero-dyad was also inferred by fluo-
rescence quenching experiments.
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Cook et al. further explored the complexation of meso-pyridyl porphyrins with
ruthenium(II) phthalocyanines [26, 27]. Compounds 4 and 5 .R D n-C8H17,
n-C10H21/, which can be prepared by controlled metallation of the corresponding
metal-free phthalocyanines with Ru3.CO/12 in refluxing benzonitrile, bind to var-
ious pyridyl ligands. Treatment of these compounds .R D n-C8H17/ with pyridyl
porphyrins 2 and 3, as well as the dipyridyl analog 6 leads to the formation of a series
of mixed phthalocyanine–porphyrin arrays, which can be isolated by flash chro-
matography followed by reprecipitation. For example, reaction of 4 .R D n-C8H17/

with 2 equiv. of monopyridyl porphyrin 2 gives the triad 7, while complexation of 5
.R D n-C8H17/ with half equiv. of dipyridyl porphyrin 6 affords the triad 8, both in
ca. 70% yield. The individual chromophores in these arrays were also found to have
little ground-state interaction.

N N

N

N

N

N

N

N

Ru

R

R

R

RR

R

R

R
N

C

N

C

4

5

N

NH N

HN

N

N

6

N N

N

N

N

N

N

N

Ru

R

R

R

RR

R

R

R
CO

R = n-C8H17, C10H21

N N

N

N

N

N

N

N

Ru

R

R

R

RR

R

R

R

8

7

N

NH N

HN

N

N

N

NH N

HN

N

N

NH N

HN
N

N N

N

N

N

N

N

N

Ru

R

R

R

RR

R

R

R

CO

N N

N

N

N

N

N

N

Ru

R

R

R

RR

R

R

R

CO

Similar arrays can also be assembled using pyridyl phthalocyanines as build-
ing blocks. Compound 9, having two 4-pyridinolato axial ligands, binds to zinc(II)
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meso-tetraphenylporphyrin (ZnTPP) forming the 1:2 hetero-triad 9 � ŒZnTPP�2, of
which the molecular structure was determined by X-ray diffraction analysis [28].
By contrast, complexation of 9 with zinc(II) octathiobutoxy or octathiophenoxy
phthalocyanine (10 or 11) proceeds in a 1:1 manner. It is likely that an alternat-
ing polymeric structure is formed in which each zinc center binds to two pyridyl
groups from two molecules of 9. As determined by NMR spectroscopy, the binding
constants (390 M�1 (for 10) and 270 M�1 (for 11)) are about one order of mag-
nitude smaller than the typical values for axial coordination of zinc(II) porphyrins
with pyridine.

Similarly, phthalocyanine 9 as well as the 3-pyridyl analog 12 also axially
complexes with cobalt(II) meso-tetraphenylporphyrin (CoTPP) (13) and meso-
tetrakis(3,5-di-tert-butylphenyl)porphyrin (CoTBPP) (14) [29]. The 1:2 binding
stoichiometry was confirmed by UV–Vis spectroscopic Job’s plot analysis. The
binding constants K1 between the 4-pyridyl phthalocyanine 9 and the cobalt(II)
porphyrins in chloroform ..1:1–1:2/ � 104 M�1/ are about threefold higher than
those for the 3-pyridyl analog 12, mainly due to an electronic factor. As the hetero-
triads 9 � ŒCoTPP�2 and 9 � ŒCoTBPP�2 have relatively strong binding interactions,
they were isolated by silica-gel column chromatography and characterized by mass
and UV–Vis spectroscopic methods.
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Recently, two pyrazine (pz)-linked hetero-triads of cobalt phthalocyanine (CoPc)
and ZnTPP, namely (CoPc)-pz-(ZnTPP)-pz-(CoPc) (15) and (ZnTPP)-pz-(CoPc)-
pz-(ZnTPP) (16), have been prepared [30]. The thermal properties of these triads
and related macrocyclic components have been studied by thermal gravimetric
analysis and differential scanning calorimetry. It has been found that the thermal
stability of axial coordination increases in the order: ZnPc.pz/2 < ZnTPP.pz/2 �
CoPc.pz/2, and the thermal decomposition of the triads 15 and 16 proceeds firstly
via the degradation of the spacer ligand.
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A related alternating phthalocyanine–porphyrin aggregate has also been pre-
pared by mixing tin(IV) porphyrin dichloride 17 and nickel(II) phthalocyanine 18 in
dichloromethane [31]. The UV–Vis spectrum shows a red-shifted Q band at 844 nm,
which may be associated with charge-transfer interactions through metal–halide
bonding rather than  –  cofacial interactions. This suggests that the macrocycles
are linked through a bridging chloro ligand. The formation of alternating structure
is also supported by Ni K-edge X-ray absorption near edge structure study, which
shows that the nickel center changes from a square planar environment to an octa-
hedral structure upon addition of 17. There is also a higher-energy shift (0.2 eV) of
the pre-edge peak, indicating that the nickel center is partially oxidized by charge
transfer in the array.
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Scheme 1 Monomer–dimer equilibrium of 19

Kobuke et al. have previously reported a methodology for supramolecular self-
organization of porphyrins [32–34]. For imidazolyl-substituted porphyrins, com-
plementary coordination of the imidazolyl group of one porphyrin molecule with
the zinc center of another porphyrin molecule forms a slipped cofacial dimer
with an extremely large stability constant (ca. 1011 M�1/. This methodology has
been extended to prepare dimeric phthalocyanine–porphyrin hetero-dyad Œ19�2
(Scheme 1) [35, 36]. The two macrocyclic components in the dyad 19 are essen-
tially orthogonal to each other so that their intermolecular  –  stacking can be
avoided. The binding between the meso-imidazolyl substituent and the zinc cen-
ter of the porphyrin ring affords a stable coordination dimeric hetero-dyad in
non-coordinating solvents such as chloroform, dichloromethane, and toluene. The
steady-state absorption spectrum of the dyad 19 in dichloromethane in the presence
of 0.1 M 1-methylimidazole shows broadened phthalocyanine Q band and porphyrin
Soret band, suggesting that the two components are electronically coupled in the
ground state. In the absence of 1-methylimidazole, under which the dimer Œ19�2
is formed, the broadened Soret band splits into two bands at 413 and 437 nm,
which can be explained by the exciton splitting theory. For both 19 and Œ19�2,
selective excitation at the porphyrin’s absorption gives exclusively a strong fluo-
rescence due to the phthalocyanine part, indicating that an efficient energy transfer
process occurs from the excited porphyrin to the phthalocyanine moiety. The flu-
orescence quantum yield decreases with increasing the solvent dielectric constant.
The values are much smaller than the corresponding values of zinc(II) tetra-tert-
butylphthalocyanine ŒZnPc.tBu/4� (20) used as a reference. The results suggest that
an electron transfer reaction has also taken place.

The photoinduced energy and electron transfer processes in these systems have
also been studied by picosecond and femtosecond transient absorption spectro-
scopies [36]. For the dimeric hetero-dyad Œ19�2, the energy transfer occurs in a
subpicosecond time scale, which is followed by photoinduced charge separation
and charge recombination with time constants of 47 and 510 ps, respectively. By
contrast, the charge-separated state has not been observed for the monomer 19. The
results suggest that the slipped cofacial arrangement of porphyrin rings facilitates
the formation of the charge-separated state. It is believed that this is the result of
a decrease in reorganization energy upon dimerization and the strong electronic
interaction in the donor–acceptor pair.
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Scheme 2 Monomer–dimer equilibrium of 21 and 22

Two closely related hetero-dyads (21 and 22) have also been synthesized in
which the porphyrin and phthalocyanine moieties are connected via an ethynyl unit
[37]. With a coplanar configuration, these dyads have an extended   system. In the
absence of coordinating ligands, they form cofacial stacks through an imidazolyl-to-
zinc complementary coordination protocol (Scheme 2) as shown by size-exclusion
chromatography, UV–Vis spectral titration, and NMR spectroscopy. The association
constants, in the order of 1014 M�1 in toluene, are even higher than those of imida-
zolyl zinc(II) porphyrins [32–34]. It is believed that the coordination is assisted by
the large  -electron framework and strong charge-transfer interactions. Upon addi-
tion of trifluoroacetic acid or 1-methylimidazole, the dimeric structure is disrupted
giving monomeric hetero-dyad.

The interplanar distance within these stacks is assumed to be as close as 3.23 Å.
The slipped-cofacial arrangement of porphyrin and phthalocyanine rings ensures a
strong  -electron overlap as reflected by the large bathochromic shifts for both the
phthalocyanine Q band and the porphyrin Soret band. In addition, the dimerization
restricts the free rotation around the ethynyl bond, thereby enhancing the elec-
tronic communication between the coplanar porphyrin and phthalocyanine subunits.
The dimeric stacks exhibit strong exciton coupling and charge-transfer properties
between the two macrocyclic components, which can be modulated by the periph-
eral substituents of the phthalocyanine subunit and by the solvent.

A related imidazole-appended zinc(II) porphyrin linked via an ethynylphenyl
unit to a magnesium(II) phthalocyanine has recently been reported [38]. The imi-
dazole group binds to the magnesium center to form a stacked dimer in non-
coordinating solvents such as chloroform even at submicromolar concentration
.<10�6 M/. Upon addition of dimethyl sulfoxide, the stacked dimer transforms to
an extended dimer in which the imidazole group binds to the zinc center on the basis
of the hard and soft acid and base principle. The extended dimer exhibits a much
stronger fluorescence (by a factor of 28) compared with the stacked dimer, and this
coordination-induced sliding motion has been found to be reversible.
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2.2 Phthalocyanine–Subphthalocyanine Hetero-Arrays

Treatment of boron(III) subphthalocyanine chloride with 3- or 4-hydoxypyridine
gives the corresponding pyridyl subphthalocyanine 23 or 24. As these two com-
pounds have a pyridyl group, they can axially complex with zinc(II) and ruthe-
nium(II) phthalocyanines 25 and 26, respectively, to form the corresponding
phthalocyanine–subphthalocyanine hetero-dyads [39]. The complexation processes
have been studied by 1H NMR and fluorescence spectroscopic methods, and the
formation of all of these hetero-dyads has also been confirmed by electrospray
ionization (ESI) mass spectrometry. Upon addition of the pyridyl subphthalo-
cyanines, the Q bands of phthalocyanines 25 and 26 are virtually unchanged,
suggesting that the ground-state interactions between the two chromophores in
these dyads are not significant. The binding stoichiometry has been determined to
be 1:1 in all cases. The association constants are generally higher for the ruthe-
nium(II) phthalocyanine ..2:5–4:7/�104 M�1/ than that for the zinc(II) counterpart
..3:1–6:1/ � 103 M�1/.
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2.3 Phthalocyanine–Fullerene Hetero-Arrays

Guldi et al. have described the coordination of pyridine-linked fulleropyrrolidine 27
.C60Py/ with ZnPc.tBu/4 (20) [40]. The binding is through the N(pyridine) instead
of N(pyrrolidine) to the zinc center with an association constant of 4:8 � 103 M�1.
Upon photoexcitation, the radical pair ZnPc.tBu/:C

4 –C60Py:� is generated through
an efficient intracomplex electron transfer pathway. The weak coordination between
the C60 and phthalocyanine units facilitates the dissociation of the radical pair into
the free radical ions ZnPc.tBu/:C

4 and C60Py:�. The lifetime of the latter species is
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governed by a nearly diffusion-controlled intermolecular back electron transfer of
about 109 M�1s�1.
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Ito et al. have also investigated the self-assembly of zinc(II) tetra-tert-butyl-2,3-
naphthalocyanine ŒZnNc.tBu/4� (28) and fulleropyrrolidine 29 .C60Im), which has
an imidazole coordinating ligand [41]. By using electronic absorption spectroscopy
and ab initio B3LYP/3–21G(�) computational method, it has been found that they
form a supramolecular 1:1 dyad through axial coordination. The association con-
stant of the dyad has been determined by the Scatchard method using the absorption
spectral data. The value .6:2 � 104 M�1 in toluene) is an order of magnitude higher
than that for the dyad ŒZnTPP� � ŒC60Im� [42], suggesting that ZnNc.tBu/4 has a
better donor ability than ZnTPP. In the optimized structure, the HOMO is entirely
located on the ZnNc.tBu/4 entity, while the LUMO is entirely on the fullerene entity
(Fig. 1). These results are in good agreement with those obtained from the cyclic
voltammetric studies of the dyad and individual components in o-dichlorobenzene.

The photoinduced electron-transfer process of this dyad has been studied by
both steady-state and transient absorption spectroscopy [41]. The fluorescence spec-
trum of ZnNc.tBu/4 (28) in toluene shows an emission at 781 nm with a shoulder
at 812 nm. Upon addition of C60Im (29), the fluorescence of 28 is quenched
significantly. The bimolecular quenching constant, calculated from the linear seg-
ment of the Stern-Volmer plot, is about four orders of magnitude higher than that
expected for a diffusion-controlled process. The results suggest that a static instead
of dynamic quenching process has taken place in which the self-assembled dyad
ŒZnNc.tBu/4� � ŒC60Im� is formed. Picosecond transient absorption spectroscopic
studies reveal the formation of the radical pair ZnNc.tBu/:C

4 –C60Im:�. The mea-
sured rates of charge-separation .kcs/ and quantum yields .ˆcs/.1:4 � 1010 s�1 and
0.97 in toluene and 8:9 � 109 s�1 and 0.96 in o-dichlorobenzene, respectively) indi-
cate that this is a very efficient process, as in the cases of covalent and self-assembled
porphyrin counterparts [42].
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Fig. 1 Ab initio B3LYP/3–21G(�) calculated frontier HOMO and LUMO orbitals of the dyad
ŒZnNc.tBu/4� � ŒC60Im�. The tert-butyl groups of the naphthalocyanine are replaced by methyl
groups and the N -methyl group of C60Im is replaced by an H atom (reproduced with permission
from [41]). Copyright Wiley-VCH verlag Gmbh & Co. KGaA

Similarly, the pyridyl fullerenes 30 and 31 also axially bind to ZnNc.tBu/4 (28)
to form supramolecular triads in which the zinc(II) naphthalocyanine acts as an
electron donor, the pyridyl fullerenes act as primary electron acceptors, and either
the ferrocene (Fc) or N ,N -dimethylaminophenyl (DMA) moiety serves as a sec-
ond electron donor [43]. Fig. 2 shows the optimized structures of the resulting
triads calculated by density functional theory (DFT), showing that the three com-
ponents are arranged in a linear fashion. The binding constants of these systems
.7:4 � 104 M�1 for ŒZnNc.tBu/4� � 30 and 10:2 � 104 M�1 for ŒZnNc.tBu/4� � 31
in o-dichlorobenzene) determined by UV–Vis spectroscopy are comparable with
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Fig. 2 Optimized structures of ŒZnNc.tBu/4� � 30 (left) and ŒZnNc.tBu/4� � 31 (right) calculated by
DFT at the B3LYP/3–21G(�) level (reproduced with permission from [43]). Copyright society of
porphyrins & phthalocyanines

that of ŒZnNc.tBu/4� � ŒC60 Im�.6:2 � 104 M�1 in toluene) [41]. On the basis
that imidazole is much more basic than pyridine, the comparable binding con-
stants suggest that the incorporation of a second electron donor on the pyrro-
lidine ring increases the basicity of the pyridyl group, which in turn facilitates
the axial coordination. As revealed by electrochemical studies, the donor ability
follows the order ZnNc.tBu/4 < Fc < DMA. Photoexciation of ZnNc.tBu/4

(28) in these triads leads to an efficient electron transfer to the fullerenes Œkcs D
.2:0–2:4/ � 109 s�1; ˆcs D 0:80–0:83 in o-dichlorobenzene]. The presence of the
second electron donor can prolong the lifetime of the resulting radical ion pairs (to
10–15 ns).

By using a fulleropyrrolidine bearing two pyridine moieties (compound 32), the
same research group has also constructed the supramolecular naphthalocyanine–C60

triad ŒZnNc.tBu/4�2 � 32 in toluene [44]. The high-measured charge-separation rate
.kCS D 5:7 � 109 s�1/ and quantum yield .ˆCS D 0:93/ suggest that the photo-
induced electron transfer (from the singlet excited ZnNc.tBu/4 to the fulleropyrro-
lidine) is an efficient process within the supramolecular triad. The resulting radical
ion pair has a lifetime of 30 ns. Similarly, changing the solvent from the non-
coordinating toluene to the coordinating tetrahydrofuran or benzonitrile destroys
the supramolecular structure.
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Apart from zinc(II) (na)phthalocyanines, the ruthenium(II) analogs have also
been used to complex with pyridyl fullerenes. Arrays 33–35 show electronic cou-
pling between the two electroactive components in the ground state as shown by
UV–Vis spectroscopy and electrochemical measurements [45]. The use of ruthe-
nium(II) instead of zinc(II) phthalocyanines reduces the undesired charge recombi-
nation, increasing the lifetime of the radical ion pair state (on the order of hundreds
of nanoseconds).
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In addition to the complexation in solutions, pyridine-appended fulleropyrro-
lidines can also form coordination complexes with zinc(II) phthalocyanines in
solid-state thin films. Troshin et al. have investigated the photovoltaic behavior
of bilayer solar cells fabricated by deposition of solution-processed fulleropy-
rrolidines 36–40, which contain chelating pyridyl groups, on vacuum-evaporated
films of unsubstituted zinc(II) phthalocyanine (ZnPc) [46]. The UV–Vis spectra of
these films resemble the spectrum of ZnPc recorded in pyridine, showing a sharp
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phthalocyanine Q band at 690–694 nm. They are, however, remarkably different
from that measured in solid film, which displays two maxima at about 630 nm and
712 nm. The results suggest that coordination complexes are formed at the interface
between these donor and acceptor components. The bilayer fulleropyrrolidine–ZnPc
solar cells exhibit high power conversion efficiencies of up to 1.5%, which are
almost three times higher than those of the reference cells (0.4%–0.6%) based
on the nonchelating fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester
(41) as the acceptor component. The efficiencies of these reference cells can also
be significantly improved by mixing 41 with a small amount (4% w/w) of these
pyridine-containing fulleropyrrolidines in the acceptor layer. The improved per-
formance of these photovoltaic devices can be attributed to the association of
fulleropyrrolidines and ZnPc, which can significantly lower the activation energy
barrier, thereby facilitating the photoinduced charge separation.

2.4 Phthalocyanine–Perylenediimide Hetero-Arrays

Perylenediimides represent another class of photoactive dyes which are charac-
terized by their strong fluorescence emission and facile electrochemical reduc-
tion. Recently, a supramolecular bis(phthalocyanine)–perylenediimide hetero-triad
(compound 42) has been assembled through axial coordination [47]. Treatment of
perylenediimide 43, which has two 4-pyridyl substituents at the imido positions,
with 2.5 equiv. of ruthenium(II) phthalocyanine 44 in chloroform affords 42 in
68% yield (Scheme 3). This array shows remarkable stability in solution due to
the robustness of the ruthenium–pyridyl bond. Its electronic absorption spectrum
is essentially the sum of the spectra of its molecular components 43 and 44 in
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Scheme 3 Synthesis of bis(phthalocyanine)–perylenediimide triad 42

1:2 ratio, suggesting that the subunits are not electronically coupled in the ground
state. The photophysical properties of this array have also been studied by ultra-
fast and fast time-resolved techniques. Photoexcitation of either chromophore leads
to a rapid intraensemble charge separation generating a long-lived radical ion pair
Œ44:C–43:�–44�, which has a lifetime of 115 ˙ 5 ns.

Similarly, the dipyridyl perylenediimide 45 also axially binds to zinc(II) 1,8,
15,22-tetrakis(2,4-dimethyl-3-pentoxy)phthalocyanine (25) to form the correspond-
ing 1:1 and 1:2 supramolecular complexes [48]. The coordination of these two
compounds has been monitored by UV–Vis, fluorescence, and 1H NMR spec-
troscopic methods. It has been found that the ligation of pyridyl ligand to zinc
phthalocyanine is relatively weak and labile with a binding constant of 2; 080 M�1

in CDCl3. The two components can mutually quench the fluorescence of their
partner through an electron transfer process.
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2.5 Phthalocyanine–Polypyridyl Ruthenium(II) Hetero-Arrays

McDonagh et al. have recently prepared two isomeric ruthenium(II) phthalocyanine–
bipyridyl hetero-dyads and examined their efficiency as sensitizers for dye-sensitized
solar cells (DSCs) [49]. The complementary absorptions of these chromophores
cover most of the solar spectrum which facilitate the photocurrent generation.
Scheme 4 shows the preparation of one of these hetero-dyads 46. Treatment of
ruthenium(II) phthalocyanine 47 with poly(pyridyl) 48 and 4-tert-butylpyridine
gives the unsymmetrically substituted complex 49. Upon treatment with tetra-
n-butylammonium hydroxide, it undergoes de-esterification giving 46. With two
carboxyl functional groups, these hetero-dyads can anchor to TiO2 electrode sur-
faces forming DSCs. The efficiencies of these solar cells are lower than that of the
cell fabricated with the commercial DSC dye N719. However, on a per molecule
basis, these dyads are more efficient photocurrent generators.

2.6 Phthalocyanine–Oligothiophene Hetero-Arrays

A series of ruthenium(II) phthalocyanines with one or two pyridyl dendritic olig-
othiophene axial substituent(s) have also been reported (compounds 50 and 51)
[50]. The dendritic ligands absorb in the region from 380 to 550 nm, which comple-
ments the absorptions of the phthalocyanine core. This combination results in better
light harvesting property and enhancement in efficiency of the corresponding solar
cells. The solution-processed photovoltaic devices made with these compounds and
fullerene acceptor give efficiencies of up to 1.6%. These represent the most efficient
phthalocyanine-based bulk heterojunction solar cells reported so far.
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2.7 A Phthalocyanine-Squaraine Hetero-Array
Both phthalocyanines and squaraines are good candidates for bulk heterojunction
solar cells. Recently, a supramolecular hetero-array of these functional dyes Pc–
Sq–Pc (compound 52) has been reported for the first time, which exhibits a large
coverage of the solar spectrum from 250 to 850 nm [51]. This axially held assembly
serves as a robust panchromatic sensitizer. Upon excitation, it forms the radical ion
pair Pc:C–Sq:�–Pc with a long lifetime of 24 ˙ 2 �s. The use of this assembly as a
donor material in solution processable bulk heterojunction solar cells has also been
briefly studied.
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2.8 Self-Coordinated Phthalocyanine Dimers

Cook et al. reported the self-aggregation behavior of zinc(II) hexaoctylpyridino-
[3,4]tribenzoporphyrazine (53), in which one of the benzenoid rings of the phthalo-
cyanine core is replaced by a pyridinoid ring [52]. In non-coordinating solvents
such as cyclohexane, toluene, and dichloromethane, this compound forms an edge-
to-face complex through intermolecular axial ligation of the pyridyl nitrogen atom
of one molecule with the zinc center of another molecule. The self-assembly process
was studied by UV–Vis, fluorescence, and 1H NMR spectroscopic methods. By con-
trast, the metal-free and nickel analogs form conventional face-to-face aggregates in
solution and exhibit columnar liquid crystal behavior in condensed phase.
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Similarly, the analog 54 also forms a self-assembled dimer Œ54�2 in non-polar
solvents. In the presence of pyridine, the dimer dissociates into the monomeric
species 54 � Py [53,54]. Further addition of AgPF6 leads to the formation of a novel
Ag-linked phthalocyanine dimer fŒ54�2AggPF6 (Scheme 5) [55]. On the basis of its
electronic absorption and magnetic circular dichroism properties, it has been sug-
gested that this dimer adopts a planar and trans-conformation. Addition of NH4Cl,
which can remove the silver ions as AgCl, regenerates the monomeric 54 � Py.
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The photophysical properties of the self-assembled dimer Œ54�2 have been studied
in detail with various spectroscopic and computational methods [53,54]. In the low-
est excited singlet .S1/ state, the excitation delocalizes over the two macrocycles,
and the non-radiative decay is enhanced by dimerization. By contrast, the exciton
interaction is very weak in the lowest excited triplet .T1/ state. In the excited-state
absorption spectrum recorded in 1-decane, two sharp bands at 658 and 694 nm
are observed, which can be attributed to the Q bands of the T1 self-assembled
phthalocyanine dimer.

Zinc(II) phthalocyanine 55 bearing two pyridyl substituents is also capable of
forming a self-assembled array [56]. This compound forms intermolecular zinc–
nitrogen coordinated species in solution and self-assembles to form a coordination
polymer in the solid state. As shown in the crystal structure revealed by single-
crystal X-ray diffraction analysis, the compound self-assembles in an edge-to-face
manner forming a zig-zag polymer in the solid state (Fig. 3).
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In addition to the zinc–imidazolyl coordinated dimeric phthalocyanine–porphyrin
hetero-dyads described in Sect. 2.1, Kobuke et al. have also reported three related
phthalocyanine dimers as shown in Scheme 6 [57]. The self-association behavior of
phthalocyanines 56–58 has been studied by UV–Vis, 1 H NMR, and MALDI-TOF
mass spectroscopic methods. Generally, these phthalocyanines exist in a dimeric
form in toluene even at a very low concentration of about 1:0 � 10�9 M. A large
excess of N -methylimidazole (ca. 1:3 � 104 equiv.) can induce the conversion of
dimer to monomer with axial coordination of the ligand. The formation of stable
self-assembled dimers has also been observed in other non-coordinating solvents
such as chloroform and dichloromethane. The extremely large association constants
(1:1 � 1012 M�1 (for 56), 1:7 � 1011 M�1 (for 57), and 1:4 � 1011 M�1 (for 58) in
toluene) are believed to originate from the complementary nature of the coordina-
tion. 1H NMR spectra of these compounds in CDCl3 reveal the formation of J -type
phthalocyanine dimers. All these dimers emit a strong fluorescence in toluene.
The quantum yields are comparable with those of the corresponding dissociated
monomers.

Two related zinc(II) and magnesium(II) azaphthalocyanines substituted with
eight diethylamino groups (compounds 59 and 60) have recently been reported
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Fig. 3 Crystal structure of 55 (reproduced from [56] with permission from the Royal society of
Chemistry)
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[58]. They also form self-assembled J -dimers in non-coordinating solvents proba-
bly through coordination of one of the diethylamino nitrogen atoms with the central
metal of adjacent molecule. Upon addition of pyridine, they are converted back
to the monomeric species. The fluorescence is significantly quenched and the effi-
ciency of singlet oxygen formation is also reduced as a result of intramolecular
photoinduced electron transfer, which is inhibited in the dimers.
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The self-assembly behavior of several zinc(II) tetra-aryloxy or alkoxy phthalo-
cyanines in non-coordinating solvents has also been investigated [59–62]. The
absorption spectra of these compounds in chloroform show red-shifted and split Q
bands even at very low concentrations, suggesting the formation of J -aggregates
induced by Zn–O coordination (Fig. 4). The self-association constant of zinc(II)
1,8,15,22-tetraphenoxyphthalocyanine in chloroform has been determined to be
about 1:1 � 107 M�1. It is three orders of magnitude higher than that of ZnPc.tBu/4

(20), which undergoes  –  stacking dimerization. The MALDI-TOF mass spec-
tra of these dyes in chloroform give signals due to the presence of monomer and
aggregates. The transmission electron microscopy images of these samples display
an infinite two-dimensional network structure. The aggregates dissociate into the
monomer when a coordinating solvent is added to the solution.

Zeng et al. have examined the coordination of ZnPc with three bipyridines,
namely 1,2-bis(4-pyridyl)ethane (61), trans-1,2-bis(4-pyridyl)ethene (62), and 1,3-
bis(4-pyridyl)propane (63) [63]. The former two bipyridines are linear molecules
favoring the formation of H-shaped supramolecular complexes ZnPc � 61 � ZnPc and
ZnPc � 62 � ZnPc, while the last bipyridine adopts a V-shaped conformation leading
to the formation of a T-shaped 1:1 complex (ZnPc � 63). The molecular structures
of all these complexes have been determined by X-ray diffraction analyses. The
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Fig. 4 Proposed mode of self-aggregation of zinc(II) tetra-aryloxy or alkoxy phthalocyanines

study shows that the conformation of the bipyridines plays an important role in the
assembly processes.

3 Supramolecular Arrays Held by Hydrogen Bonding

In addition to axial coordination, hydrogen bonding is another important approach
to construct various supramolecular systems. This strategy, however, has not been
widely used to assemble phthalocyanines and other functional units. To our knowl-
edge, examples are so far confined to several phthalocyanine–fullerene arrays and
self-assembled phthalocyanine aggregates, which are described in this section.

3.1 Hydrogen-Bonded Phthalocyanine–Fullerene Hetero-Arrays

Nucleobases and nucleosides are common motifs for hydrogen-bonded supramolec-
ular arrays. Ng et al. first reported a series of phthalocyanine–nucleobase conjugates
[64]. The tetra-adenine phthalocyanine 64 was prepared by standard O-alkylation
of zinc(II) tetrahydroxyphthalocyanine with 9-(2-bromoethyl)adenine in the pres-
ence of K2CO3. The fluorescence of 64 is quenched substantially upon addition of
thymine-substituted 9,10-anthraquinone 65, and the rate is much faster compared
with that for the situation when the unsubstituted 9,10-anthraquinone is used as the
quencher. These results suggest that 64 forms a supramolecular complex with 65
through the Watson–Crick base-pairing interactions.
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Torres et al. employed this supramolecular approach to assemble the phthalo-
cyanine–C60 array 66 � 67, which is linked by the cytidine–guanosine hydro-
gen bonding interactions [65, 66]. UV–Vis spectroscopic studies indicate that the
cytidine-appended phthalocyanine (ZnPc–C) 66 self-assembles to form aggregates
in organic media. Addition of guanosine-linked C60.G–C60/ 67 leads to de-
aggregation of 66 and the formation of ZnPc–C:G–C60 66 � 67, which is accom-
panied by a substantial fluorescence quenching of the phthalocyanine core. The
lifetime of the charge-separated state (3.0 ns in toluene) is much shorter than that
of the porphyrin analog ZnTPP–C:G–C60 68 � 67 (2:0 �s in dichloromethane)
[67]. It may be due to the pronounced electronic interactions between the zinc(II)
phthalocyanine and C60 subunits, which in fact is supported by the broadened
electronic absorption signals in the spectrum of 66 � 67. The formation constant
of 66 � 67 (2:6 � 106 M�1) is much higher than that of the porphyrin analog
68 � 67.5:1 � 104 M�1/. It is likely that in addition to the base-pairing interactions,
66 and 67 are held by  –  interactions and/or charge-transfer interactions.
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Two phthalocyanine–C60 donor–acceptor supramolecular systems (dyads 69 � 70
and 71 � 70) have also been constructed through the interactions between a dibenzo-
24-crown-8 ring and a secondary dibenzylammonium cation [40, 68]. The unsym-
metrically substituted phthalocyanine 69 can be prepared in 30% yield by statistical
condensation of dicyano-dibenzo-24-crown-8 72 with 4,5-dioctoxyphthalonitrile
(73) in the presence of Zn.OAc/2 � 2H2O (Scheme 7). Using tetracyano-dibenzo-
24-crown-8 instead of the dicyano derivative 72 and 4,5-dibutoxyphthalonitrile
leads to the formation of bis(phthalocyanine) 71 in 10% yield. By using 1H NMR
and MALDI-TOF mass spectroscopy, it has been shown that the C60-containing
dibenzylammonium cation 70 threads through the crown ether void of these two
phthalocyanines forming stable pseudorotaxane-like complexes in chloroform. The
association constants (1:4�104 M�1 (for 69 �70) and 1:9�104 M�1 (for 71 �70)) are
comparable with those of related pseudorotaxane systems. Addition of base results
in deprotonation of the dibenzylammonium cation and destruction of the ensembles.
Hence, two reversible states can be switched by controlling the pH.

As shown by electrochemical and UV–Vis studies, the electronic interactions
between the phthalocyanine and the C60 subunits in these ensembles are negligible
in the ground state. Their photophysical behavior has also been investigated by time-
resolved fluorescence and transient absorption measurements. Upon photoexcitation
of the phthalocyanine subunit, a rapid intracomplex electron transfer occurs from
phthalocyanine to C60, leading to the formation of the radical ion pairs 69:C � 70:�
and 71:C � 70:� with an efficiency of about 0.9. The lifetimes (1:5 �s for 69 � 70 and
1:3 �s for 71 �70) are substantially longer than those of the covalently-linked analog
74 (ca. 3 ns) [69].
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3.2 Hydrogen-Bonded Phthalocyanine Aggregates

By using the same approach, Torres et al. have also assembled the hydrogen-bonded
phthalocyanine dimers Œ75�2 �77 and Œ76�2 �77 in solution [70]. The formation of these
arrays has been inferred by 1H NMR spectroscopy. Upon addition of a large excess
of 77 in acetonitrile, the UV–Vis spectrum of 75 in chloroform remains essentially
unchanged. This observation indicates that in the supramolecular dimer, the phthalo-
cyanine rings are not electronically coupled with each other. EPR study of the dimer
Œ76�2 � 77 also reveals that the Cu centers in adjacent phthalocyanine rings do not
have significant interactions. In fact, the distance between the two NHC2 centers of
77 (7.2 Å calculated from CPK molecular models) is far too large to expect any
intracomplex  –  stacking between the phthalocyanine rings in the supramolecular
dimer.
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Rebek et al. have synthesized phthalocyanines 78 and 79 appended with four
glycoluril modules according to Scheme 8 [71]. Reaction of p-methoxybenzyl-
protected glycoluril 80 with NaH and 4,5-di(bromomethyl)phthalonitrile (81) gives
the substituted product 82. Upon treatment with ceric ammonium nitrate (CAN), it
undergoes deprotection to afford 83. Cyclization of this compound in the presence
of Ni.OAc/2 or Zn.OAc/2 and a catalytic amount of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) gives 78 or 79 (as the ’’’’ isomer), which can be separated from the
other three stereoisomers (’’’“, ’’““, and ’“’“). Interestingly, both 78 and 79
self-assemble by means of hydrogen bonding to form discrete dimeric capsules in
aromatic solvents with a calculated internal volume of about 275 Å

3
(Fig. 5). In the

assembled state, both compounds expose 16 solubilizing alkyl groups to the solvent
while shielding two of their four aromatic surfaces. As a result, these two com-
pounds are more soluble than the other stereoisomers in p-xylene, which facilitates
their purification.

Phthalocyanines 84 and 85 substituted with six optically active alkyl chains and
one chiral diol have been synthesized by mixed cyclization of the two corresponding
phthalonitriles [72]. The self-organizing properties of these compounds in chloro-
form solution and thin film have been studied by a range of spectroscopic and phys-
ical methods. Both compounds show split Q-band absorptions at 678 and 694 nm in
chloroform, and the emission (at 696 nm) is red-shifted compared with that of a non-
diol-containing analog. Upon addition of 0.5% methanol, the absorption at 694 nm
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Fig. 5 Side view and top view of the energy-minimized dimeric assembly of the metal-free analog
of 78 and 79. The CH hydrogens and C7H15 chains are omitted for clarity (reproduced from [71]
with permission from Elsevier)

disappears. These observations suggest the formation of edge-to-edge dimers held
by hydrogen bonding as shown in Fig. 6, which is also supported by the presence
of broad IR band at 3;484 cm�1 assignable to the hydrogen-bonded OH stretching
vibration. Vapor pressure osmometric measurements of 84 at a concentration range
from 0.1 to 5.0 mM in chloroform have also revealed a molecular weight of 3,250,
which is about two-fold of the molecular weight of 84.
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As shown by differential scanning calorimetry, temperature-controlled FT–IR
spectroscopy, UV–Vis spectroscopy, powder X-ray diffraction, and circular
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dichroism measurements, phthalocyanines 84 and 85 in thin films organized into
two different structures depending on the temperature. At room temperature, the
hydrogen bonds among the diol groups link up the phthalocyanine molecules form-
ing a lamellar sheet. However, at above 130ıC, the hydrogen-bonded network is
cleaved causing the structure to change to a hexagonal columnar phase, in which
the phthalocyanine molecules are arranged in a left-handed helix.

Kojima et al. have recently constructed an interesting discrete supramolecular
conglomerate composed of two molecules of saddle-distorted zinc(II) 1,4,8,11,15,
18,22,25-octaphenylphthalocyanine (86) and one molecule of diprotonated dode-
caphenylporphyrin(87) held by two molecules of 4-pyridinecarboxylate(88) through
axial coordination (with the pyridine nitrogen to the zinc center of 86) and hydrogen
bonding (with the carboxylate group forming two-point intermolecular hydrogen
bonding with the two pyrrole protons of 87) [73,74]. Both interactions are strength-
ened by the saddle distortion of the porphyrin and phthalocyanine components. This
supramolecular array has been prepared by treating 87 � 88 with 86 in toluene and
the structure has been established by X-ray diffraction analysis (Fig. 7). 1H Diffu-
sion ordered spectroscopy (1H DOSY) has also confirmed that this supramolecular
structure is preserved even in solution.
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Fig. 7 Molecular structure of the supramolecular array 86 � 88 � 87 � 88 � 86 (reproduced with
permission from [73]). Copyright Wiley-VCH verlag Gmbh & Co. KGaA

Photoexcitation of the assembly at 410 nm generates a charge-separated state
involving the one-electron-reduced diprotonated porphyrin 87:� and the one-
electron-oxidized phthalocyanine 86:C through intraensemble electron transfer.
This represents the first detection of charge-separated state of supramolecular
phthalocyanine–porphyrin conglomerates. The lifetime of the charge-separated state
of this assembly (667 ps) is much longer than that observed for the covalently linked
phthalocyanine–porphyrin dyad 89 (85 ps) [75].
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4 Supramolecular Arrays Held by Electrostatic Interactions

Another way of building phthalocyanine-containing supramolecular arrays is
through ion pair interactions between oppositely charged components. In these
cases, the electrostatic attractions between the charged substituents and the
hydrophobic interactions of the aromatic macrocycles work in a synergistic manner
holding the individual components together. The planar geometry of the macrocy-
cles results in the formation of face-to-face aggregates in which the components
have a close contact and extensive orbital overlap. Face-to-face phthalocyanine–
porphyrin aggregates are the most common examples which have been reviewed
previously [22, 76]. Some examples include the complexes of tetrasulfonated
phthalocyanine 90 (M D GaOH) with tetra(ammonium) porphyrins 91 [77], tetra-
sulfonated phthalocyanine 90 (M D AlX) with tetra(pyridinium) porphyrin 92 [78],
and tetrasulfonated porphyrins 93 with tetra- and di(ammonium) phthalocyanines 94
and 95 [79,80]. They form 1:1 or 1:2 complexes in water or polar solvents depending
on the affinity of the metal center of these macrocycles for axially bound coordinat-
ing solvent molecules. The binding between the components is usually very strong
with binding constants in the order of 106–108 M�1. In most of these cases, the chro-
mophoric components have ground-state interactions and exhibit mutual quenching
of the fluorescence through electron transfer.
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The self-assembly of these oppositely charged macrocycles can be extended to
form multilayer and Langmuir-Blodgett (LB) films [81–83]. As shown by absorp-
tion spectroscopy, the chromophores are aggregated within the layer. Upon excita-
tion of the porphyrin subunit, long-lived radical ions are formed in the layers as a
result of the high polarity experienced by the complexes in this medium.

Rodgers et al. have also reported the complexation of a series of tetra-sulfonated
and carboxylated porphyrins (compounds 96) with phthalocyanines fused with
four 18-crown-6 moieties (compounds 97) in the presence of a potassium salt in
dimethyl sulfoxide or ethanol [84, 85]. The potassium ions, being trapped inside
the crown ether voids, bind to the anionic groups of porphyrins by electrostatic
interactions to form 1:1 or 1:2 face-to-face hetero-arrays. The UV–Vis spectra are
changed remarkably, showing that the macrocyclic components have strong elec-
tronic interactions in the ground state. As shown by spectroelectrochemical studies,
the complexes possess a significant charge transfer character in the ground state in
which the phthalocyanine serves as an electron donor. Upon excitation at 400 nm,
a charge-transfer state is populated, which deactivates to form the metal-centered
(d,d) state within 2 ps. Then it repopulates the ground state with a lifetime of 7–
200 ps depending on the metal center of the macrocycles. A related hetero-dyad
of a mono-carboxylated porphyrin and a mono-18-crown-6-substituted phthalocya-
nine has also been assembled in solution and fabricated into highly ordered LB
films [86].
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The ionic self-assembly of copper(II) tetrasulfonated phthalocyanine 90 (M D
Cu) and the dicationic perylenediimide 98 in water has also been investigated
[87]. By using UV–Vis and fluorescence spectroscopy, it has been found that the
two components bind in a 1:1 manner and exhibit electronic coupling or charge-
transfer interactions in the ground state. Upon mixing the two components at high
concentrations, high molecular-weight polymers are formed. The viscosity of the
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polymer solution increases dramatically as the concentration increases, which is a
typical property of supramolecular polymers. These polymers have a large associ-
ation constant .2:4 � 107 M�1/ as a result of the combination of electrostatic and
charge-transfer interactions as well as discotic stacking between the dyes. By using
a range of direct and indirect imaging techniques, it has been found that the poly-
mers exhibit an extended rod-like helical structure with a width of 2.4 nm and a high
mechanical stability.

NN

O

O

O

O

NMe3IIMe3N

98

5 Supramolecular Arrays Held by Donor–Acceptor
Interactions

Donor–acceptor interactions have also been employed to construct phthalocyanine-
containing supramolecular arrays. Torres et al. described the self-assembly
of a novel donor–acceptor bis(phthalocyanine) (compound 99), in which an
electron-rich hexabutoxyphthalocyanine ring is linked to an electron-deficient
hexa(propylsulfonyl)phthalocyanine ring via a divinyl[2.2]paracyclophane unit
[88]. This compound was prepared by a convergent approach as shown in Scheme 9.
The iodophthalocyanines 100 and 101 were first prepared by mixed cyclization of
4-iodophthalonitrile (102) with 103 and 104, respectively. These compounds then
underwent two successive Heck reactions with divinyl[2.2]paracyclophane 105 to
give 99. For comparison, two monophthalocyanines 106 and 107 were also prepared
by coupling the monovinyl analog of 105 with 100 and 101, respectively.

The monophthalocyanines 106 and 107 show a weak aggregation tendency in
chloroform. The latter has a self-dimerization constant of 1; 175 M�1. By contrast,
the donor–acceptor bis(phthalocyanine) 99 exhibits a much stronger aggregation
tendency with a dimerization constant of 1:1�106 M�1 in chloroform. It is believed
that in addition to the hydrophobic effect, the two phthalocyanine halves of com-
pound 99 may be considered as donor and acceptor subunits that interact with each
other. As revealed by electron microscopy, 99 forms one-dimensional nanoaggre-
gates through intermolecular interactions between its complementary donor and
acceptor phthalocyanine units as shown in Fig. 8. The dimerization constant of 99 is
about one order of magnitude lower than that observed for the hetero-dimerization
of 106 and 107, which may be due to the cyclophane step that hinders the formation
of columnar aggregates of double phthalocyanine dimer.

The same research group also reported the hetero-association of phthalocyanines
108 with 109 as well as 108 with 110, both of which are stabilized by donor–
acceptor interactions [89]. Compounds 108 and 109 were prepared by standard
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Scheme 9 Preparation of donor–acceptor bis(phthalocyanine) 99

cyclization of the corresponding phthalonitriles in the presence of an appropriate
metal salt. The synthesis of ZnPc–C60 dyad 110 involved a Heck reaction of 100
with 4-vinylbenzaldehyde, followed by a Prato reaction with C60 and sarcosine.
These donor–acceptor counterparts form 1:1 supramolecular complexes in chlo-
roform with a stability constant of about 105 M�1. Photoexcitation of the zinc(II)
phthalocyanine 109 in toluene gives a strong fluorescence emission at 704 nm,
which is quenched upon addition of the palladium(II) phthalocyanine 108 in an
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Fig. 8 Schematic diagram showing the formation of one-dimensional aggregates of 99

exponential manner. This is mainly due to photoinduced electron transfer within
the donor–acceptor complex. Two lifetimes were revealed by time-resolved fluores-
cence measurements. The one due to the ensemble 108�109 (0.19 ns) is much shorter
than that for 109 (2.5 ns).

The ZnPc–C60 dyad 110 has a low fluorescence quantum yield (ˆf D 0:01)
in toluene due to the intramolecular electron-transfer deactivation. Addition of 108
leads to a further reduction in the fluorescence intensity (ˆf D 0:002) and a slight
blue shift of the emission maximum, suggesting the formation of the ensemble
108�110, in which the two components have strong excitonic coupling. The addition
of 108 (i.e. the hetero-association) also stabilizes the radical ion pair ZnPc:C–C60

:�,
increasing the lifetime from 130 ns (for 110) to 475 ns (for 108�110) (measured in
tetrahydrofuran).
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As an extension of these works, Torres et al. also studied the self-organization of
the liquid crystalline zinc(II) phthalocyanine 111 and the non-mesogenic metalloph-
thalocyanine–C60 dyads 112 [90]. As shown by polarizing optical microscopy,
differential scanning calorimetry, and X-ray diffraction, the former induces meso-
morphism in the latter upon blending. This represents a new strategy to organize
phthalocyanine–C60 dyads into a mesogenic form. For all the blends of 111 and 112,
they exhibit a hexagonal columnar mesophase regardless the peripheral substituents
of 112.
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6 Supramolecular Arrays Held by Host–Guest Interactions

Assembling through host–guest interactions is a powerful way to construct
supramolecular arrays. However, this method, to our knowledge, has been rarely
employed to assemble phthalocyanine-containing supramolecular systems. Ng et al.
have recently prepared a silicon(IV) phthalocyanine with two axial permethylated
“-cyclodextrin units (compound 113), which binds strongly with tetrasulfonated
porphyrin 93 (M D 2H) in a 1:1 manner in water with a stability constant of
2:1 � 108 M�1 [91]. The complexation has been studied in detail with various
spectroscopic methods including UV–Vis, fluorescence, 2D NMR, and ESI mass
spectroscopy.
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When the porphyrin component in the host–guest complex is excited at 510 nm,
a strong fluorescence at 683 nm, assignable to the phthalocyanine core, is observed
along with a weak residual porphyrin emission at 639 nm. This observation clearly
indicates the presence of an efficient singlet–singlet energy transfer process. By
comparing the normalized absorption and excitation spectra at the porphyrin’s Soret
band region, the energy transfer quantum yield has been estimated to be 47%.

In addition to the light-harvesting property, this host–guest complex also exhibits
a high photocytotoxicity. Its IC50 value, defined as the dye concentration required
to kill 50% of the cells, for HT29 human colon adenocarcinoma cells is only
0:09 �M, which is comparable with that of 113 itself formulated with Cremophor
EL (0:15 �M). The complexation with 93 (M D 2H) enhances the water solubility
of 113 and therefore can prevent the use of Cremophor EL, which may cause serious
hypersensitivity reactions.

The unsubstituted metal-free and zinc(II) phthalocyanines (H2Pc and ZnPc)
also form host–guest complexes with C60 and C70 in toluene [92]. Well-defined
charge-transfer bands have been observed in the UV–Vis spectra, suggesting that
the components have ground-state charge-transfer (2%–4%) electronic interactions.
The binding constants for the 1:1 phthalocyanine–fullerene complexes have been
determined by fluorescence quenching experiments and found to be in the order of
104 M�1. The values are not significantly different for C60 and C70, showing that
these phthalocyanines are not good discriminators for these fullerenes. According
to the theoretical and 13C NMR spectroscopic studies, the orientation of C70 toward
phthalocyanine is favored in end-on orientation (Fig. 9). The result suggests that the
interactions between these phthalocyanines and fullerenes are mainly electrostatic
rather than  –  interactions in nature.
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Fig. 9 Calculated space filling models of the C70 complexes of (a) H2Pc and (b) ZnPc in end-on
orientation of C70 (reproduced from [92] with permission from the American chemical society)

Fig. 10 Proposed structure for the cation-induced dimer of crown ether substituted metalloph-
thalocyanines. Solid circles indicate cations such as KC and Ca2C (reproduced from Kobayashi
N, Lever ABP (1987) J Am Chem Soc 109:7433 with permission from the American Chemical
Society)

Cation-induced supramolecular formation of crown ether substituted phthalocya-
nines can also be regarded as due to host–guest interactions. Fig. 10 shows the
proposed structure for the KC- and Ca2C-induced dimer of metallophthalocya-
nines fused with four 15-crown-5 units, which serves as a typical example. The
formation of these cofacial dimers has been found to go through a two-step three-
stage process. The earlier works have been briefly reviewed [93, 94]. Recently,
Jiang et al. have prepared a series of copper(II) phthalocyanines fused with one
to four 15-crown-5 unit(s) [CuPc.15-C-5/n] (n D 1–4) by heating a solution of
the double-decker complexes Eu(Pc)[Pc.15-C-5/n] (n D 1–4) with Cu.OAc/2 in



206 J.-Y. Liu et al.

N ,N -dimethylformamide at 100ı C [95]. The KC-induced dimerization of these
interesting macrocycles has also been studied by UV–Vis spectroscopy.

A novel tribenzotetraazachlorin fused with a C60 unit and three 15-crown-5 moi-
eties (compound 114) has recently been prepared by Kobayashi et al. [96]. As
expected, the C60 unit and the macrocyclic core show strong electronic interac-
tions. As shown by UV–Vis, magnetic circular dichroism, and mass spectroscopic
methods, this compound undergoes edge-to-edge dimerization in the presence of
KC ions, while for NaC ions, they are simply trapped inside the crown ether voids
of 114.
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This self-assembly strategy has recently been extended to construct an interesting
biomimetic model for the bacterial photosynthetic reaction center complex [97]. In
this system, a cofacial zinc(II) phthalocyanine dimer is formed via the interactions
between KC ions and the four 15-crown-5 units fused to the phthalocyanine ring.

Fig. 11 Supramolecular structure of a cofacial phthalocyanine dimer – C60 conjugate (reproduced
from [97] with permission from the American Chemical Society)
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The dimer is subsequently coordinated with a pyridyl-ammonium C60 in a two-
point binding manner (Fig. 11). The pyridyl group axially binds to the zinc center,
while the ammonium ion is held by hydrogen bonding inside the crown ether void.
This supramolecular donor–acceptor pair shows superior electron-transfer proper-
ties, including the formation of a long-lived charge-separated state (6:7 �s). The
slow charge-recombination process has been attributed to the small reorganization
energy of the relatively rigid cofacial phthalocyanine dimer.

7 Concluding Remarks

While supramolecular chemistry of porphyrins has been extensively studied over
the last few decades, related study of phthalocyanines is still in its infancy. Despite
the great potential of phthalocyanine-based supramolecular arrays in various appli-
cations as mentioned earlier, only a handful systems have been reported so far.
Self-assembled systems held by hydrogen bonding, donor–acceptor interactions,
and host–guest interactions are still very rare. There is certainly much room for
further investigation in the chemistry of this important class of compounds, particu-
larly on their structural and functional aspects. We hope this article can provide the
grounding for further studies.
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59. Huang X, Zhao F, Li Z, Huang L, Tang Y, Zhang F, Tung CH (2007) Chem Lett 36:108
60. Huang X, Zhao F, Li Z, Tang Y, Zhang F, Tung CH (2007) Langmuir 23:5167
61. Huang X, Zhao FQ, Li ZY, Zhao P, Tang YW, Zhang FS (2007) Chem J Chin Univ 28:487
62. Niu LH, Zhong C, Chen ZH, Zhang Z, Li ZY, Zhang FS, Tang YW (2009) Chin Sci Bull

54:1169
63. Zeng Q, Wu D, Wang C, Lu J, Ma B, Shu C, Ma H, Li Y, Bai C (2005) CrystEngComm 7:243
64. Li XY, Ng DKP (2001) Tetrahedron Lett 42:305
65. Sessler JL, Jayawickramarajah J, Gouloumis A, Pantos GD, Torres T, Guldi DM (2006)

Tetrahedron 62:2123
66. Torres T, Gouloumis A, Sanchez-Garcia D, Jayawickramarajah J, Seitz W, Guldi DM, Sessler

JL (2007) Chem Commun 292
67. Sessler JL, Jayawickramarajah J, Gouloumis A, Torres T, Guldi DM, Maldonado S, Stevenson

KJ (2005) Chem Commun 1892
68. Martı́nez-Dı́az MV, Fender NS, Rodrı́guez-Morgade MS, Gómez-López M, Diederich F,
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Phthalocyanine-Based Magnets

Naoto Ishikawa

Abstract Magnetism and electronic structure of two types of phthalocyanine-based
magnets, “ferromagnets” and “single-molecule magnets,” both of which exhibit
spontaneous magnetization but by different mechanism, are reviewed.

Keywords Electronic structure � Ferromagnet � Phthalocyanine � Single molecule
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1 Introduction

Metallophthanocyanines with one or more unpaired electrons in many cases essen-
tially behave as simple paramagnetic substances. Some complexes, however, can
act as “magnet” that exhibit spontaneous magnetization. There are two types of
such complexes that have been known. The first one is “ferromagnet” and the other
is “single-molecule magnet.”

Phthalocyanine (Pc) and divalent transition metal ion can form planar molecules
with no axial ligand, which in crystals take various stacking columnar structures
with different tilting angles and interplanar distances. In such a circumstance, com-
plexes can be coupled by exchange interaction, which in some instances takes a large
positive value that leads to a ferromagnetic magnetic ordering below a transition
temperature and spontaneous magnetization in the absence of an applied magnetic
field. Substances in such a state are generally called ferromagnets.

Single-molecule magnet (SMM) on the other hand is a relatively new class of
magnetic substances that also exhibit spontaneous magnetization, but without any
collective magnetic order. The first SMM was a polynuclear manganese complex
[Mn12O12.O2CMe/16.H2O/4] with S D 10 spin state and negative zero field split-
ting constant D D �0:50 cm�1. Since then, various type of 3d metal cluster-based
SMMs have been reported. SMM containing a lanthanide ion was first reported
for the Pc–lanthanide “double-decker” complexes. Despite there being only one
magnetic ion in the complex, unlike in the typical 3d metal SMMs composed of
multiple metal ions, the Pc complexes show SMM behavior with a significantly
higher temperature range than any other SMM systems known at present.

In what follows, the first section is devoted to describing transition-metal Pc
complex-based ferromagnets and also other related complexes exhibiting no
ferromagnetic order. The second section describes the magnetic interaction of
 -radical phthalocyanines in crystals. In the last section, we present Pc-based
SMMs and a general discussion on magnetism and electronic structure of lanthanide
Pc complexes.

2 Magnetism of d-Metal Phthalocyanines

Understanding of magnetism of d -metal phthalocyanine complexes requires con-
sideration on both intrinsic molecular properties, which depend on the d -electronic
configuration, and intermolecular magnetic interactions depending on the crystal
structure. In the typical d -metal phthalocyanines, the d orbitals exhibit typical
ligand-field splitting of the square-planar ligand field of D4h point group (Fig. 1).
To date only few Pc complexes are known to become ferromagnetic, in which the
complexes exhibit ferromagnetic ordering below a certain transition temperature. In
this section, general aspects of magnetism of the d -metal phthalocyanines, including
those ferromagnets and non-ferromagnets are reviewed.
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Fig. 1 Schematic energy levels of the d orbitals in square-planar coordination of 3d metal
phthalocyanine complexes. The ordering of the energy levels can be changed except for the highest
orbital. The labels on the right are the irreducible representation in the D4h point group
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2.1 Manganese(II) Phthlaocyanine

The first and most investigated Pc-based ferromagnet is “-polymorphic manganese
(II) phthlaocyanine (“-MnPc). In this polymorph, the two pyrrole nitrogen atoms
of Pc lie exactly above or below the Mn belonging to nearest neighbors (Fig. 2).
The distance between these axially located nitrogen atoms and Mn atom is 3.4 Å,
which, is sufficiently short to provide a possible pathway for magnetic exchange
interaction. The angle between the b axis and the MnPc plane is 45ı.

Magnetic susceptibility at high temperature region obeys Curie–Weiss law,
� D C=.T –
/ with positive Weiss constant 
 [1]. The reported values for 
 are
somehow dependent on the experimental data to be used: 6 [1], 18.4 [2], or 23 K [3].
At temperatures below about 20 K, the susceptibility deviates from the Curie–Weiss
law and reaches a constant maximum value below 7 K [2]. The Currie tempera-
ture Tc, at which ferromagnetic transition occurs, has been determined to be 8.6 K,
from broad-line NMR studies [3], and 8.3 K, with susceptibility measurement for
single crystals [4]. The ground state of MnPc is in S D 3=2 state (quartet) [1, 4]
and its d -electronic configuration has been determined to be .b2g/2.eg/2.a1g/1, i.e.
.dxy/2.dyz dzx/2.dz2/1 [5]. In a model calculation with S D 3=2 linear chain
the exchange energy was deduced to be J D C7:7 cm�1 [6]. The ferromagnetic
behavior is understood qualitatively in terms of the electronic configuration and the
90ı superexchange interaction between nearest-neighboring Mn atoms via nitrogen
atoms in Pc rings, resulting in the ordering of Mn2C with S D 3=2 state [5]. It has
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been shown that the overlap of eg and a1g d -orbitals with Pc orbital of a2u; eg; b2u,
and b1u symmetry can lead to ferromagnetism [4]. The spins in MnPc are appre-
ciably canted, arising from the substantially large zero-splitting of the 4A2 ground
state of the Mn2C ion [5].

Awaga et al. reported the increase in Tc under high pressure [7]. The enhance-
ment of ferromagnetic interaction is interpreted by the pressure dependence of the
distance between Mn and N atoms.

Magnetic measurements on ’-polymorphic MnPc was reported for epitaxial thin
film grown on hydrogen-terminated Si(111) surface [8]. In the ’-polymorph the
stacking angle was 65ı. The susceptibility was highly anisotropic and easy axis was
perpendicular to the film surface. The susceptibility along the easy axis obeyed the
Curie–Weiss law even below 10 K, and 
 was estimated to be –3 K indicating the
existence of antiferromagneitc interaction between MnPc molecules.

Regarding the ground state electronic configuration of MnPc, another assign-
ment has been reported based on magnetic circular dichroism (MCD) and absorption
spectra of MnPc isolated in an Ar matrix [9]. They concluded that the ground state
is in an orbitally degenerate .b2g/

1.eg/3.a1g/1 state. A DFT study by Liao et al.,
which was performed on the Amsterdam density functional package with VWN-B-
P exchange-correlation functional and a Slater-type orbital basis set, supported this
assignment [10]. On the other hand, Wu et al. obtained .b2g/2.eg/2.a1g/1 configu-
ration as the ground state by a DFT calculation with B3LYP exchange-correlation
functional and 6–31G basis set on the GAUSSIAN 98 [11], which is consistent with
the magnetic measurement for the “-MnPc and also with an early extended Hückel
calculation [12].

2.2 Iron(II) Phthalocyanine

Second Pc-based ferromagnet, FePc in a meta-stable ’-polymorph (Fig. 3), was
reported in 2002 by Evangelisti et al. [13]. They showed that in the ’-FePc Fe(II)
moments are strongly coupled into ferromagnetic chains, with the weak interchain
coupling leading to a canted, soft molecular ferromagnet below 10 K. Magnetic sus-
ceptibility data from 50 to 300 K were fitted to the Curie–Weiss law � D C=.T –
/

with an effective spin S D 1; g D 2:54 and 
 D .40 ˙ 2/K, from which

Fig. 3 Schematic stacking
arrangement of FePc in
’-polymorph along the
crystallographic b axis

b axis

Fe
N

63.5°
3.8 Å

3.4 Å
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J=kB D C15 K was estimated for the ferromagnetic interaction along the chains.
For ac susceptibility data, they obtained best fit to the experimental data with
J D C25:7 K.18 cm�1/; g D 2:54 and D D 53:2 K.37 cm�1/, where positive
D indicates that Sz D ˙1 doublet lies above Sz D 0 singlet. In spite of the nonmag-
netic ground singlet state, S D 1 spins in the ’-FePc remain ferromagnetically
coupled in magnetic chains down to lowest temperatures because the ferromag-
netic interaction 2zJ (z is the number of nearest neighbors) is larger than D, as
the criterion described by Moriya for magnetic ordering in S D 1 triplets [14].

In contrast to the metastable ’-polymorph, FePc in stable “-polymorph has been
intensively investigated in a pioneering work by Klemm et al. reported in 1935 [15].
“-FePc shows no magnetic order unlike the ’-FePc mentioned above. Generally
accepted assignment has been based on the study by Dale et al., in which they
deduced .b2g/

2.eg/3.a1g/1 configuration and S D 1 ground state from magnetic
susceptibility measurement in the temperature range 1.25–300 K [16]. The data in
high temperature region (100–300 K) obeyed Curie–Weiss law with 
 D 3 K. From
the behavior in the low temperature region, the triplet was shown to be split to
Sz D ˙1 and 0 states by second-order spin–orbital interaction. The Sz D 0 state
lies below Sz D ˙1. The zero field splitting D and g values were estimated at
70 cm�1, g== D 1:93 and g? D 2:86. Because of the Sz D 0 ground state and small
exchange coupling, no magnetic order was observed.

Assignment for the electronic configuration seems to be still in debate. For FePc
molecule in solution, Stillman et al. reported MCD spectrum and assigned electronic
configuration to be .b2g/2.eg/2.a1g/2 [17]. Labarta et al. proposed .b2g/1.eg/3.a1g/2

configuration on the basis of Mössbauer and magnetic susceptibility measurements
[18]. Coppens et al. assigned to .b2g/

2.eg/3.a1g/1 for “-form FePc from X-ray
diffraction [19]. Evangelisti et al. suggested that ’-form and “-form have the same
electronic configuration but with different D values, and the last configuration
.b2g/2.eg/3.a1g/1 best support the large direct Fe–Fe exchange interaction in the
’-form, which may be enhanced with the shorter Fe–Fe distance in the ’-form than
that in the “-form [13].

2.3 Chromium(II) Phthalocyanine

The ground state of Cr(II)Pc was assigned to a S D 2 spin state [20], most proba-
bly corresponding to .b2g/1.eg/2.a1g/1 configuration. In crystals, distance between
chromium ions is 3.4 Å, which is shorter than that in the “-form that is a gener-
ally stable form in other metal Pc cases. A strong antiferromagnetic interaction is
present between the Cr ions. From analysis of temperature dependence of mag-
netic susceptibility data, exchange coupling constant was estimated to be J D
–38:2 K.26:5 cm�1/, indicating Cr(II)Pc exists as a one-dimensional chain of S D 2

spins coupling antiferromagnetically [20].
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2.4 Cobalt(II) Phthalocyanine

The generally accepted assignment for the electronic configuration for Co(II)Pc is
.b2g/2.eg/4.a1g/1 configuration with S D 1=2 spin state [1]. Miyoshi showed that
the magnetic susceptibility obeys the Curie–Weiss law above 5 K with 
 D –3 K,
indicating the presence of a weak antiferromagnetic interaction among molecules
[3]. The magnetic susceptibility in the low temperature region was reproduced by
the one-dimensional Ising model of S D 1=2 spins with J D –2:3 K.1:6 cm�1/ and
g D 2:66 [3].

2.5 Nickel(II) Phthalocyanine

Ni(II)Pc is diamagnetic, having .b2g/
2.eg/4.a1g/2 configuration. Magnetic suscepti-

bility at room temperature is reported to be –288�10�6 cm3 mol�1 [21]. Anisotropy
of the diamagnetic susceptibility is reported by Barraclough et al. [4].

2.6 Copper(II) Phtlaocyanine

Effective magnetic moment of Cu(II)Pc is 1.75 BM [22], which corresponds to that
of a free S D 1=2 spin. The complex has .b2g/2.eg/4.a1g/2.b1g/

1 configuration,
with one unpaired electron in the dx2�y2 orbital. The magnetic susceptibility shows
typical paramagnetic behavior down to 1.8 K with no indication of magnetic order-
ing [3]. It was suggested that the dx2�y2 unpaired orbital, which has a 	 character
and spreads into the molecular plane, leads to a very small overlap between adjacent
molecules, and hence a very small exchange coupling [3].

2.7 Oxo-Vanadium(IV) Phthalocyanine

The VOPc contains metal–oxygen double bond and has a five-coordinate square
pyramidal structure. Effective magnetic moment at room temperature was reported
to be 1.71 BM, which corresponds to that of free S D 1=2 spin indicating no orbital
contribution [1].

3 Magnetism of  -Radical Phthalocyanines

3.1 Lithium Phthalocyanine �-Radical

Oxidation of dilithium phthalocyanine Li2Pc affords a mono-lithium Pc  -radical,
LiPc, in which one unpaired electron resided in HOMO a1u  -orbital [23–25]. ESR
spectrum in chloronaphthalene solution was reported by Simon et al. [26]. LiPc
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crystallizes in different crystal structures, including x-form, ’-form and “-form,
depending on the synthetic route [27]. The crystal grown by electrochemical oxi-
dation in acetonitrile takes x-form, in which LiPc molecules form a columnar
structure with each molecule’s C4 axis coincides with the direction of the stack-
ing of molecules. Interplanar distance is 3.25 Å,, which is substantially shorter than
the van der Waals distance (3.40 Å). Because of this and large overlap among adja-
cent  -orbitals, ESR line-width is extremely narrowed (hwhm D 2:0 �T, at 300 K
in single crystal). Temperature dependence of the magnetic susceptibility comprises
two components: including the one that obeys Curie–Weiss law and the one that is
thermally activated. Below about 100 K, the former is dominant. Weiss constant 


was found to be �2 K for powder sample and 4 K for a single crystal. In ’-form
and “-form, LiPc molecules are inclined from the perpendicular direction of the
stacking axis and the interplanar distance is larger than the x-form. Because of this,
the ESR linewidth becomes much wider than that of x-form (hwhm D 130 �T for
’-form and 130–160 �T for “-form at 300 K in single crystal) [27]. The magnetic
susceptibility obeys Curie–Weiss law with 
 D 4:5 K for ’-form, 
 D �60 K for
single crystal of “-form and 
 D �37 K for powder of “-form [27].

3.2 �-Radical Double-Decker Phthalocyanine Complexes

Electrically neutral species of bis(phthalocyaninato)lanthanides with double-decker
structure Ln.III/.Pc/2, where Ln(III) is trivalent lanthanide or Yttrium, has an
unpaired electron in  -orbital delocalized over two Pc ligands. The magnetic inter-
action among the  -radical complexes in the solid states has been investigated for
the two types of crystals of Y.Pc/2 with diamagnetic YIII ion [28]. In a crystal of a
composition Y.Pc/2 � CH2Cl2; C4 axis of each molecule is inclined by 35ı from the
direction of stacking. The temperature dependence of magnetic susceptibility data
was fit under a Heisenberg model of a one-dimensional chain of S D 1=2 spins with
J D 1:76 K and g D 1:997, indicating the presence of weak ferromagnetic interac-
tion. On the other hand, in a crystal containing no solvent molecule, Y.Pc/2 forms
a columnar structure with each molecule’s C4 axis coinciding with the direction of
the stacking of molecules. In this case, the magnetic susceptibility data was fit under
the same model with J D �4:78 K and g D 1:91, showing that the interaction is
antiferromagnetic.

4 Magnetism of 4f Metal Phthalocyanines

To date there has been no report of observation of magnetic order of 4f metal
phthalocyanines in solid state. However, in 2003, it was revealed that some of lan-
thanide phthalocyanine complexes exhibit an intriguing property as “SMM,” a rela-
tively new class of magnetic compounds [29, 30]. The SMMs are the paramagnetic
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Fig. 4 Structure of
ŒPc2LnIII�� (Pc D dianion
of phthalocyanine,
LnIII D trivalent lanthanide
ion)

molecules, usually 3d metal polynuclear complexes, with extremely slow spin
reversal rate so that the electronic magnetic moment of the system is fixed to a
certain direction without magnetic ordering due to intermolecular interaction [31–
39]. The possibility of constructing SMM using a single lanthanide ion was first
demonstrated experimentally on phthalocyaninato–lanthanide complexes having a
double-decker structure (Fig. 4).

The lanthanide complexes showing SMM behaviors have significantly large axial
magnetic anisotropy, which is given to the complexes by essentially different mech-
anisms than those of the well-established 3d metal-cluster SMMs. In the 3d cluster
SMM cases, the easy-axis-type magnetic anisotropy, which is represented by the
negative zero-field-splitting constant D, is caused by the magnetic interactions
among high-spin 3d metal ions in a molecule. In the lanthanide single-ionic SMM
cases, on the other hand, such anisotropy is given by the ligand field (LF) in which
the lanthanide ion is placed.

4.1 Bis(phthalocyaninato)terbium Anion
and Bis(phthalocyaninato)dysprosium Anion

Figure 5 shows ac magnetic susceptibilities as a function of temperature of polycrys-
talline powder sample of ŒPc2Tb�� � TBAC.TBAC D .C4H9/4NC/. The undiluted
sample of the Tb complex with a .4f /8 electronic configuration showed �M

00=�M

maximum, where �M and �M
00 are dc and out-of-phase ac susceptibilities, at 15, 32

and 40 K with ac frequency of 10, 100 and 997 Hz, respectively (Fig. 5, open marks).
At these temperatures, each corresponding �M

0T value, where �M
0 is in-phase ac

susceptibility, decreases with lowering temperature. The measurement for a diluted
sample in diamagnetic iso-structural yttrium complex ŒPc2Y�� � TBAC (Fig. 5, filled
marks) showed that the �M

00=�M peaks and the �M
0T drops not only remained but

shifted to higher temperatures by dilution. This clearly proves that the slow magne-
tization relaxation is the single molecular property of ŒPc2Tb��, rather than resulting
from intermolecular interactions and magnetic order.
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Fig. 5 Plots of (top) �M
0T , (center) �M

00=�M and (bottom) �M
00 against temperature T , where

�M
0; �M

00 and �M are in-phase-ac, out-of-phase-ac and dc molar magnetic susceptibilities, respec-
tively, for a powder sample of ŒPc2Tb�� �TBAC (open marks) and that diluted in ŒPc2Y�� �TBAC

with the molar ratio ŒPc2Tb��=ŒPc2Y�� D 1=4 (filled marks) measured in 3.5 G ac magnetic field
oscillating at indicated frequencies

Similar temperature dependence of ac susceptibility was also observed for
ŒPc2Dy���TBAC, which has a .4f /9 electronic configuration. The peaks of �M

00=�M

plot were at 4.5, 7 and 11.5 K, with ac frequency of 10, 100 and 997 Hz, respectively.
The temperature ranges in which the magnetization relaxations are observed in

ŒPc2Tb�� � TBAC and ŒPc2Dy�� � TBAC, are significantly higher than any of the 3d

metal-cluster SMMs. The SMM behavior was not observed for the Pc double-decker
complexes with other heavy-lanthanide (Ho, Er, Tm and Yb).

4.2 Electronic Structure of Bis(phthalocyaninato)lanthanide
Anions

Magnetic properties of the lanthanide complexes such as the SMM behavior and
temperature dependence of the magnetic susceptibility can only be understood with



220 N. Ishikawa

Fig. 6 Theoretical values (crosses) and the experimental data (circles) of (a) temperature depen-
dence of the �MT of [Pc2Ln]TBA and (b) paramagnetic shifts of the 1H-NMR signal of the
’-proton on the Pc ligands

a detailed information of the multiplet sub-structures of the ground multiplet of
the complexes. The author’s group determined the electronic structure of ŒPc2Ln��,
using a simultaneous fitting of the experimental data of the six heavy lanthanide
complexes. Under a restriction that each LF parameter was approximated as a linear
function of the atomic number [40], the set of LF parameters was determined so that
it reproduces both 1H-NMR paramagnetic shifts (�ı) and magnetic susceptibility
(�M) data of iso-structural complexes with .4f /8–.4f /13 electronic configurations.

Figure 6 shows the theoretical values of �MT and �ı obtained with the LF
parameters determined thus. The sub-structures of the ground multiplets of the six
complexes are determined as shown in Fig. 7 [41].

In the Tb complex, the lowest substates are assigned to Jz D ˙6, which are the
maximum and minimum values and correspond to the “spin-up” and “spin-down”
states in the J D 6 ground multiplet. In the Dy complex, the lowest substates are
characterized as Jz D ˙13=2, the second largest in the J D 15=2 ground state.
This means the two complexes have strong axial magnetic anisotropy, which is a
requirement for an SMM. In Er and Tm case, the jJzj values of the lowest sub-
states are the smallest within the multiplet, indicating their strong planar magnetic
anisotropy. In the Ho and Yb case, jJzj of the lowest substates takes an intermediate
value within each multiplet.

Arrhenius analysis showed two-phonon Orbach process was dominant in the
temperature range 25–40 K in the Tb complex, and 3–12 K in the Dy complex.



Phthalocyanine-Based Magnets 221

Fig. 7 Energy diagram for the ground multiplets of ŒPc2Ln��.Ln D Tb, Dy, Ho, Er, Tm, or Yb)

The energy barrier through which the Orbach process occurs was estimated to be
2:6 � 102 cm�1 and 3:1 � 101 cm�1 for the Tb and Dy complexes, respectively.
These values are close to the energy differences between the lowest and the second
lowest sublevels (Fig. 7), supporting the dominance of the Orbach process.

4.3 Quantum Tunneling of Magnetization
in Bis(phthalocyaninato)lanthanide Anions [42, 43]

Observation of staircase-like magnetization hysteresis loops in the 3d metal-cluster
SMMs has generated much attention to the quantum nature of these compounds.
At each step relaxation of magnetization of an SMM occurs through a quantum
tunneling of magnetization (QTM) [44, 45]. This discovery has led to the idea of
using of SMMs for quantum computing [46]. The QTM process is also observed in
the lanthanide–Pc SMMs. Figure 8 shows magnetization versus field plots obtained
for the diluted ŒPc2Tb�� sample at 0.04 K with several field scan rates. In these
hysteresis loops clear staircase-like steps are observed, indicating the occurrence of
QTM.

In the 3d metal-cluster SMM cases, where energy separations between substates
with different jSzj values are of the order of 1–10 cm�1, QTM occurs when energy
levels of two substates coincide under an appropriate magnetic field and the two
states are brought to resonance. In the ŒPc2Tb�� case, such level coincidence cannot
occur with magnetic fields below several tesla, because the lowest substates are
separated from the rest of the substates by a few hundred per centimeter. The steps
observed for ŒPc2Tb�� must therefore be caused by a different mechanism.

Tb nucleus has a spin of I D 3=2 with a natural abundance of 100%. There is
disregardable interaction between this spin and the .4f /8 system. Figure 9 shows the
Zeeman diagram obtained by numerical diagonalization of a Œ.2J C 1/.2I C 1/ �
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Fig. 8 (a) Hysteresis loops at 0.04 K for a single crystal of Œ.Pc/2Tb0:02Y0:98�� �TBAC measured
at several field scan rates. (b) Enlargement of the hysteresis loops in (a)

.2J C 1/.2I C 1/� matrix for the states generated from J D 6 electronic multiplet
and I D 3=2 nuclear multiplet, including the LF term, the hyperfine interaction
term AhfJ � I, and the nuclear quadrupole interaction term P fI 2

z –1=3I.I C 1/g.
The figure shows the lowest eight jJzijIzi states. Using Ahf D 0:0173 cm�1 and
P D 0:010 cm�1, all positions of the steps are reproduced. It should be noted that
the inclusion of the nuclear quadrupole term is mandatory to explain the seemingly
irregularly arranged staircase structures in the hysteresis loops of ŒPc2Tb��.

Figure 10 shows magnetization vs. field measurements for a single crystal of
Œ.Pc/2Ho0:02Y0:98�� � TBAC with the ratio of ŒHo�=ŒY� D 1=49. Hysteresis was
observed below 0.5 K. The hysteresis loops at 0.04 K showed a clear staircase-like
structure indicating the occurrence of QTM. The steps are positioned equidistantly
along the magnetic field axis at �0Hn D n � 23:5 mT .n D 0; 1; 2; 3: : :/.

Holmium has a nucleus with I D 7=2 spin in a natural abundance of 100%. Each
sublevel of the J D 8 ground multiplet is split into an octet by the hyperfine inter-
action between the .4f /10 system and the nucleus. All observed step positions are
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Fig. 9 (a) Zeeman diagrams calculated with Ahf D 0:0173 cm�1 for the hyperfine interaction
term AhfJ � I and P D 0:010 cm�1 for the nuclear quadrupole interaction term P fI 2

z –1=3I.I C
1/g. (b) Hysteresis loop at 0.04 K for a single crystal of Œ.Pc/2Tb0:02Y0:98�� � TBAC measured at
0:001 T s�1

Fig. 10 Hysteresis loops for a single crystal of [.Pc/2Ho0:02Y0:98�� � TBAC at 0.04 K measured
at several field scan rates
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reproduced with numerical diagonalization of a Œ.2J C1/.2I C1/�.2JC1/.2I C1/�

matrix including the hyperfine interaction AhfJ � I.Ahf D 0:0276 cm�1/ and the LF
term as in the preceding section. In this Œ.Pc/2Ho�� case, the nuclear quadrupole
term was negligibly small, which corresponds to the equidistantly positioned steps.
This shows a sharp contrast to the non-equidistant separations in the Œ.Pc/2Tb��
case, where nuclear quadrupole term has a large contribution.

4.4 Electronic Structure and SMM Behavior
of Tris(phthalocyaninato)bislanthanide

Another type of Pc sandwich complexes ŒLn2.Pc/3�, often referred to as “triple-
deckers,” possess two lanthanide ions placed along the fourfold symmetry axis with
a separation of about 3.6 Å. If TbIII ions are placed at these sites, the complex can
be viewed as a very intriguing system in which two .4f /8 systems, each behaving
as an SMM, are coupled by some type of interaction.

The nature of the interaction between the lanthanide ions in the triple-deckers was
investigated using hetero-dinuclear complexes composed of a diamagnetic YIII and
a paramagnetic trivalent lanthanide ion (Fig. 11), PcYPcLnPc� and PcLnPcYPc�
(abbreviated as [Y, Ln] and [Ln, Y], Pc� D dianion of 2,3,9,10,16,17,23,24-
octabutoxyphthalocyanine) [47–50].

The LF parameters of individual lanthanide sites in the dinuclear complexes were
determined [29]. The nature of the f –f interaction was determined by compar-
ison of the temperature dependence of MT values of homo-nuclear [Ln, Ln] and
theoretical predictions made with the LF parameters [30].

In Fig. 12, the deviation of the �MT values of [Ln, Ln] from the sum of
those of [Ln, Y] and [Y, Ln] are plotted. The figure shows that the two lan-
thanide ions interact “ferromagneticaly” in [Tb, Tb], [Dy, Dy] and [Ho, Ho], and
“antiferromagneticaly” in [Er, Er] and [Tm, Tm], whereas the interaction is very
small in [Yb, Yb]. These observations are reproduced quantitatively, as shown by the
solid lines in Fig. 12, by considering magnetic-dipolar interaction between the ions
while omitting exchange interaction term. The theoretical values are obtained using
the LF parameters determined for [Ln, Y] and [Y, Ln]. Thus the f –f interaction
in the triple-decker complexes was determined to be essentially of magnetic-dipolar
nature, and contribution from exchange term was negligibly small.

Temperature dependence of ac susceptibilities of the three complexes was inves-
tigated for [Tb, Tb], [Tb, Y] and [Y, Tb] (Fig. 13). The �M

00=�M peaks for the 997 Hz
field are observed at 7 and 18 K for [Y, Tb] and [Tb, Y], respectively. The difference
in the temperature ranges where the relaxation phenomena are observed reflects the
difference of the ligand field potential between the two lanthanide sites.

Tb complex [Tb, Tb] shows the relaxation phenomenon at higher temperature
ranges than the mono-Tb complexes (Fig. 13, bottom). This means that the f –f

interaction has an effect to increase the magnetization relaxation time of [Tb, Tb] at
a given temperature. Even more interestingly, the �M

00=�M plot for the 997 Hz field
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Fig. 11 Three types of dinuclear complexes to be prepared for study of f –f interaction

Fig. 12 The experimental and theoretical ��MT values of the six lanthanide cases. The
experimental data and theoretical values are shown by circles and solid lines, respectively
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Fig. 13 Plots of �M
0=�M (closed markers) and �00

M=�M (open markers) against temperature T ,
where �M

0; �M
00 and �M are in-phase-ac, out-of-phase-ac and DC molar magnetic susceptibilities,

respectively, for a powder sample of [Y, Tb] (top), [Tb, Y] (center) and [Tb, Tb] diluted in a
diamagnetic [Y, Y] matrix with a concentration of 5%

contains two peaks at 27 and 20 K. It appears as if the �M
00=�M peaks of mono-Tb

complexes are shifted to higher temperatures in the bis-Tb complex. This is, in fact,
experimentally proved to be the case as follows.

Figure 14 shows the ac susceptibility data taken under non-zero dc magnetic field.
As the dc field is increased, the �M

00=�M peaks of the [Y, Tb] and [Tb, Y] complexes
are shifted to higher temperatures. The shift reaches its maximum at a dc field of
about 2,000 Oe. On the contrary, [Tb, Tb] does not change the positions of the two
�M
00=�M peaks. The positions of the shifted peaks of mono-Tb complexes almost

coincide with the two peak of the bis-Tb complex. This clearly indicates that the
two peaks of [Tb, Tb] at 27 and 20 K actually correspond to the TbIII ions at the two
different sites.
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Fig. 14 Plots of �M
00=�M against temperature T of [Y, Tb], [Tb, Y] and [Tb, Tb] measured in 5G

ac magnetic field of 997 Hz with dc field Hdc of indicated magnitudes

The upward-temperature shift of the �M
00 peaks in [Tb, Tb], as well as the small

dc-field dependence of the ac susceptibility, is explained by the effect of the dipolar
interaction, which prevents admixing of j C 6i and j � 6i states. In contrast, in the
[Tb, Y] and [Y, Tb] case, j C6i and j � 6i states can be mixed at zero magnetic field
through off-diagonal LF terms. In other words, the effect of the “quantum tunneling
of magnetization,” which governs the relaxation process of the mono-Tb complex
in near zero magnetic fields, is removed in the [Tb, Tb] by the presence of f –f

interaction.
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Phthalocyanines and Their Analogs Applied
in Dye-Sensitized Solar Cell

Xiyou Li, Haixia Wang, and Haixia Wu

Abstract In this chapter, recent progress in the application of phthalocyanines and
related tetrapyrrole metal complexes in dye-sensitized solar cell (DSSC) is summa-
rized and analyzed. Three categories of phthalocyanines defined by the connecting
positions of anchoring groups, namely symmetrically substituted phthalocyanines,
asymmetrically substituted phthalocyanines and axially substituted phthalocyanines,
are discussed separately. The effects of the distance of the dye molecule from the
surface of the semiconductor nanoparticles, the redox potentials and the direc-
tionality of the anchoring groups on the performance of the dyes were reviewed.
Porphyrins are good sensitizers to wide band semiconductors too. The performance
of these sensitizers is predominantly affected by the nature, the connection position
of the anchoring groups and the central metal ions. Modifications on the molec-
ular structure of porphyrin by introducing different groups at different positions
aimed at extending the absorption spectra, tuning the electronic configuration of
the excited states, and inhibiting the aggregation are reviewed. The application
of natural porphyrins as sensitizers in DSSCs is also discussed at the end of this
chapter.
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Abbreviations

AAS Atomic absorption spectrometry
BMII Butylmethylimidazolium iodide
CNHs Carbon nanohorns
DSSC Dye-sensitized solar cell
H2Pc Metal-free phthalocyanine
HOMO Highest occupied molecular orbital
IPCE Incident-photon-to-current-conversion efficiency
LUMO Lowest unoccupied molecular orbital
MPc Metal phthalocyanine
M-UP Metallo-uroporphyrins
Q-CdSe CdSe nano particle
RRS Resonance Raman spectroscopy
tBu tert-butyl
TCPP Tetra(p-carboxylic acid)phenyl porphyrin
TsPP Tetra(p-sulphonic acid) phenyl porphyrin
UPS Ultraviolet photoemission spectroscopy
XPS X-ray photoemission spectroscopy
ZnCyt-c Zinc-substituted cytochrome c

1 Introduction

Energy is the most important issue for mankind in the twenty-first century because
of the accelerating decrease in the reserves of fossil fuels and the more and more
serious environmental problems (water pollution, green house effect etc.) caused
by the excessive consumption of fossil fuels [1]. Looking for alternative renewable
energy source for the sustainable development of our civilization is currently an
inevitable and emergent assignment for scientists. Solar energy, which is an inex-
haustible power flow from the sun carried by electromagnetic radiation, has already
sustained the development of our civilization for several thousands of years in the
form of fossil fuels [2]. How we can take full advantage of the extraordinary amount
of energy that the sun supplies us with, by changing it into a directly usable and
environmental friendly form is the main focus of the scientific research in this field
[2–4].

Efforts that have been made so far to change the solar energy into a directly usable
energy form for our daily life include the construction of artificial photosynthesis
systems [5–8], building solar cell to convert light energy directly into electricity
[9–13], and synthesis of molecular machine to convert light energy into mechan-
ical energy at the molecular level [14–17]. It is worth noting that the research on
artificial photosynthesis and molecular machine has led only to hopes, not fruits
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so far, while the solar cell has already powered more than two million households
around the world in areas where we do not have access to the central power net-
works [2]. The commercialized solar cells so far have been built from crystalline or
amorphous silicon. There is an increasing awareness, however, that devices based
on mesoscopic inorganic or organic semiconductors might show improved prop-
erties because of the interconnected three-dimensional structure. A device based
on this interpenetrating network junctions has been developed by Grätzel and co-
workers in the early 1990s, which demonstrated laboratory conversion efficiencies
of up to 10.4% and represented a promising method for the large-scale conversion of
solar energy into electricity. The key component of this device is a nanocrystalline
wide-band-gap semiconductor electrode, which is associated with a sensitizer as a
light-absorbing material. This device is called dye-sensitized solar cell (DSSC) or
Grätzel cell [18–21].

To achieve high power conversion efficiency, the sensitizer in the DSSC should
be a dye, which absorbs across the entire visible spectrum, binds strongly to the sur-
face of the semiconductor nanoparticles, has high redox potential for regeneration
after excitation, and most importantly is stable enough to exposure to sunlight for
many years. The ruthenium polypyridyl complexes utilized by Grätzel come close to
fulfilling these requirements, although sensitization at longer wavelength could be
improved because of the low optical absorbance in the red/near IR region [22, 23].
As several chlorophyll molecules with different structure are involved in the light
collection in light-harvesting arrays of photosynthesis, it is likely that better pho-
tosensitization in DSSCs could be achieved by co-sensitization of several different
dyes. In addition, the ruthenium complexes are expensive because of the increasing
demand in industry. Therefore, a wide variety of dyes with different structures have
been developed and tested as sensitizers in the DSSCs. Among these dyes, phthao-
cyanine and porphyrin compounds are particularly attractive because of their similar
molecular structures and photophysical properties to chlorophylls [24–26]. In the
present review, we discuss on the light-harvesting and the electron-injection proper-
ties of some phthalocyanine and porphyrin compounds, which have been tested as
sensitizers in DSSCs.

2 Phthalocyanine Sensitizers

2.1 Phthalocyanines with Anchoring Groups
at Peripheral Positions

Phthalocyanies are well known for their high stabilities toward heat and light, large
extinction co-efficient in the near IR region, the controllable redox potentials, and
most importantly, the semiconducting properties [27, 28]. They were employed in
the study of photo-to-electron conversion long before. For example, the research
conducted by Armstrong on the photovoltaic properties of metal free, copper,
cobalt, titanyl, and vanadyl phthalocyanines in the 1980s has revealed that the pack-
ing structure affects the photoelectrochemical performance of the phthalocyanine
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films [29–32]. Bard and co-workers had demonstrated that the behavior of the
sensitized photocurrent by metal-free phthalocyanine .H2Pc/ thin films on several
single-crystal n-type semiconductors correlated well with the relative positions of
the energy levels of the semiconductors, H2Pc, and the redox couples in solution.
The sensitization of different metal phthalocyanines (MgPc, ZnPc, AIClPc, TiOPc,
CoPc, FePc, H2Pc) to TiO2 and WO3 was tested in a sandwich type cell. The
efficiencies of the sensitized photooxidation of several redox couples are strongly
dependent on the oxidation potential of MPc [33, 34]. All these researches revealed
that phthalocyanines are promising sensitizers for semiconductor electrode in solar
cell with different structures.

2.1.1 Symmetrically Substituted Phthalocyanines

After the invention of Gräztel cell in 1991, the importance of the binding of sen-
sitizer on the surface of the nano-crystalline semiconductor electrode was realized
and therefore phthalocyanines with anchoring groups were prepared and employed
in the sensitization of nano-crystalline semiconductor electrode. The first report on
the sensitization of titanium dioxide nanoparticles by phthalocyanine functional-
ized with carboxylic acid groups appeared in 1995 [35]. Shen and Xu prepared a
zinc phthalocyanine (ZnPc) substituted with four carboxylic groups at the peripheral
positions (1). After the adsorption of this phthalocyanine onto the surface of elec-
trode, the absorbance of the titanium dioxide electrode was extended successfully
to the visible region. At the maximum absorption band of phthalocyanine (690 nm),
the incident-photon-to-current-conversion efficiency (IPCE) is about 4%, one of the
highest ever reported for phthalocyanine-based photovoltaic devices. The improve-
ment on IPCE is attributed to the fact that almost all the ZnPc molecules are in
direct contact with the TiO2 surface because of the extra large surface area of the
nano-crystalline electrode. Later, the same research group modified the structure
of the electrode further by introducing a layer of CdSe nano particle (Q-CdSe)
onto the titanium dioxide electrode before phthalocyanine 1 was deposited. Since
the optical absorption spectra of Q-CdSe particles and phthalocyanine molecules
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are different, a better spectral match to solar spectrum was achieved for ZnTCPc–
CdSe/TiO2 electrode. The IPCE was therefore increased to ca. 10% at the point of
the maximum absorption peak at 690 nm [36, 37].

Sensitization of nano-crystalline electrode by sulphonated phthalocyanine (2)
with different central metals was also tested. Absorption spectroscopy of tetra-
sulphonated Zn, Co, Ga, In, TiO and metal-free phthalocyanine on a transparent
titanium dioxide film electrode, which is made up of interconnected particles and
pores has revealed the formation of aggregates of phthalocyanines at the sur-
face of the electrode. Comparison of the photocurrent action spectra with the
absorption spectra of the electrode reveal that the photocurrent generated only
from the absorption of monomeric phthalocyanines. The aggregated phthalocya-
nine molecules do not contribute to the photocurrent generation. The rapid internal
conversion in the molecular aggregates of phthalocyanines, which causes rapid
deactivation of the excited states, hindered the electron injection from the excited
phthalocyanine molecules to TiO2 [38, 39]. In order to reduce the aggregation
of phthalocyanines at the surface of the electrode, the same group has intro-
duced a doping process for the solid films of 2 (GaTsPc) with tetrasulphonated
Zn porphyrin 3 (ZnTsPP). The doping has successfully extended the absorption
of GaTsPc-sensitized TiO2 electrode and thus enhanced the light-harvesting effi-
ciency probably because of the spectral complementarities of GaTsPc and ZnTsPP.
More importantly, the photocurrent response at the Q band of GaTsPc is remark-
ably enhanced with 20- or 60-fold improvement, while the photocurrent response
at the Soret band of ZnTsPP is markedly decreased eight-fold. This photoelec-
tric behavior is attributed to the possible formation of phthalocyanine/porphyrin
heteroaggregates during the cosensitization of the TiO2 electrode, which prevents
the formation of GaTsPc aggregates on the one hand and leads to a low-lying
charge separated state between porphyrin and phthalocyanine on the other hand.
The latter quenches the photogenerated charge carriers of the Soret band of ZnTsPP
[40, 41].
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An extensive study on the sensitizing properties of phthalocyanines to TiO2

nano-crystalline electrode was reported by Grätzel and co-workers in 1998. They
connected carboxylic groups to the zinc(II) or aluminum(III) phthalocyanine ring
with different linkages and prepared a series of phthalocyanine compounds which
can anchor to the surface of TiO2 nanoparticles (4 and 5). To get an efficient elec-
tron injection from phthalocyanines to the electrode, the anchoring groups should be
connected to the phthalocyanine ring as close as possible. Both sulphonyl and car-
boxylic acid groups could achieve a stable binding to the surface of TiO2, which did
not present significant influence on the electron injection. The ZnPc presented peak
IPCE as high as 45%, whereas aluminum phthalocyanine under identical conditions
gave only 15% IPCE. This result suggested that the central metal of phthalocya-
nine played an important role in the sensitizing process. By introducing small
organic molecules, which can coordinate to the central metal ions of phthalocya-
nine along the axial direction, the aggregation of phthalocyanines can be harnessed
efficiently. Similarly, the aggregation of phthalocyanines on the surface of TiO2

nanoparticles can also be reduced efficiently by introducing tert-butyl groups at the
peripheral positions. This provides a facile way to improve the sensitizing efficiency
of phthalocyanines. The most notable finding of this research is that phthalocyanines
are strikingly stable on the surface of TiO2 under continuous light exposure. It is
expected that phthalocyanines could be applied in the solar cells which can transmit
some visible light but absorb strongly in the near IR region [42].
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Anchoring groups in the ruthenium (II) polypyridyl complexes are proven to
be essential for the sensitization [20, 43]. The carboxylate groups establish good
electronic coupling with the Ti (3d) conduction band orbital manifold. However,
phthalocyanines with carboxylic acid groups have poor solubility in organic sol-
vents and are difficult to be purified. Therefore, He and co-workers have developed
an alternative anchoring method for phthalocyanines. This new method includes
a deprotonation step of the surface of TiO2 with .CH3/3COLi and then followed
with a reaction of ester groups of phthalocyanine with the deprotonated surface
of TiO2. With this method, He and co-workers had successfully deposited free-
base and zinc 2,9,16,23-tetra(n-butoxycarbonyl)phthalocyanines (6) onto the TiO2

nano-crystaline electrode. The IPCEs measured for the metal free and ZnPc were
0.30% and 4.3% respectively, indicating that ZnPc is a better sensitizer for TiO2

than metal free phthalocyanine [44]. Later, He and co-workers connected tyro-
sine (7) and glycine (8) groups to the peripheral positions of phthalocyanine and
successfully prepared a Grätzel type cell with high IPCE (24%). Incorporation of
tyrosine groups makes the dye ethanol-soluble and decreases considerably surface
aggregation of the sensitizer due to the steric effects and as a result improves the
solar cell performance. The transient absorption spectra revealed that the electron
injection from phthalocyanine to the conduction band of TiO2 occurred in � 500 fs
while the charge recombination happened in � 300 ps. Comparing with those of
bipyridyl ruthenium complexes, the faster charge recombination is the dominating
factor, which encumbers a better sensitization [45].

In order to clarify the electron injection and recombination process, the alignment
of the energy levels at the interface between phthalocyanine 8 and TiO2 were stud-
ied by the combination of X-ray photoemission spectroscopy (XPS) and ultraviolet
photoemission spectroscopy (UPS) measurements. The results indicate that energy
of the LUMO of 8 (0.1 eV above that of the conduction band of TiO2) fits well with
the energy requirements for efficient electron injection into the conduction band of
TiO2 from the excited state of the molecule. However, the fast charge recombination
caused the low conversion efficiency. Tuning the redox potential matching between
the dye and the redox couple in the electrolyte or adding electron donating groups
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around phthalocyanine to suppress the charge recombination process are expected
to be efficient ways to improve the conversion efficiency of the solar cell [46].

With the help of transient absorption spectra, Durrant and coworkers had sys-
tematically examined the dependence of the charge recombination kinetics upon the
dye oxidation potential and spatial separation of the dye HOMO orbital from the
metal oxide surface. The dyes they used include a series of ruthenium bipyridyl
dyes in addition to porphyrin and phthalocyanine dyes (9–12). A strong correlation
is observed between the recombination dynamics and the spatial separation, which
is found to be in agreement with electron tunneling theory. However, the recom-
bination dynamics were not insensitive to the variations in redox potential of dyes
because the free energy changes of the recombination reaction lying near the peak
of the Marcus free energy curve. This research has pointed out for the first time that
to get a better conversion efficiency, the distance between the dye and the nanopar-
ticle surface is crucial and the shorter distance between the dye and the surface of
the nanoparticle will not definitely lead to higher conversion efficiency [47].
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2.1.2 Asymmetrically Substituted Phthalocyanines

In order to achieve efficient sensitization of a nano-crystalline TiO2 electrode, the
sensitizer requires not only proper energy levels but also directionality for their
excited states. The directionality should be arranged to provide an efficient elec-
tron transfer from the excited dye to the TiO2 conduction band by good electronic
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coupling between the lowest unoccupied molecular orbital (LUMO) of the dye and
the Ti(3d) orbital. The energy levels of LUMO of phthalocyanines can be tuned
by incorporation of electron donating or withdrawing groups at bay or peripheral
positions. The directionality of LUMO can be varied by changing the relative orien-
tation of phthalocyanine ring toward the surface of TiO2 nanoparticle. Therefore,
the substituents around the phthalocyanine ring are endowed with two different
functionalities, tuning the energy level of LUMO and the orientation of the phthalo-
cyanine aromatic plane at the same time. This requirement leads to the development
of phthalocyanine sensitizers with asymmetrically distributed substituents.

In 1999, Nazeeruddin and co-workers reported the first example of the appli-
cation of asymmetrical phthalocyanine in DSSC. They have tested several asym-
metrically substituted phthalocyanines (see 4 and 5 for the structures) with both
alkyl groups and –COOH or SO3H anchoring groups and zinc or aluminum central
metals. But the results revealed that these compounds do not show any advan-
tages over the corresponding symmetrically substituted compounds under identical
conditions [42]. However, the continued efforts on the research of asymmetrical
phthalocyanines have seen a large progress recently. Nazeeruddin designed a novel
asymmetrical phthalocyanine (13) with three tert-butyl groups and one carboxylic
acid anchoring group attached at the peripheral positions. The tert-butyl groups
together with the carboxylic acid groups act as “push–pull” groups, which tune the
energy levels of LUMO. The carboxylic acid groups graft the dye molecules onto
the surface of TiO2 to provide intimate electronic coupling between its excited-
states and the conduction-band manifold of the semiconductor. The bulky tert-butyl
groups can also minimize the aggregation due to the large steric hindrance. The
IPCE of the standard Grätzel solar cell based on 13 is as high as 75% at 680 nm and
an overall power conversion efficiency of 3.05% is achieved. The most impressive is
that this compound presents high IPCEs in solid state cell as well. This research has
successfully demonstrated the importance of creating directionality of the excited
states in the design of new phthalocyanine sensitizers [48].
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On the basis of the same “push–pull” strategy, Giribabu and co-workers designed
a series of phthalocyanine compounds (14) with electron donating groups connected
at the bay positions of phthalocyanine and the same anchoring groups with that of
compound 13 at peripheral positions. But the IPCE of the solar cell made from
14 is significantly smaller than that made from compound 13. The low IPCE can
be certainly attributed to a low electron-injection yield, because a residual fluores-
cence emission was detected upon adsorption of the dye on TiO2. This suggests
that the radioactive process competes with the electron injection, thus decreasing
the branching ratio between these two deactivation channels [49].

The “push–pull” strategy has also been employed in the design of a series of
asymmetrical metal free (15) or ZnPc (16) with large steric hindrance. In this
series of phthalocyanines, the aryl groups (phenyls) were connected directly to the
peripheral positions. Since the two neighboring peripheral positions are occupied
by the same functional groups, these compounds can be isolated free of regioiso-
mers. The large steric hindrance of the phenyl groups at the peripheral positions
are expected to reduce the tendency of aggregation remarkably. The carboxylic acid
groups could guarantee stable immobilization of the dye molecule on the surface of
TiO2 nanocrystalline. The Grätzel cell based on 15 does not show any photocurrent
response because of the low laid first excited state. However, the ZnPc 16 presents
0.57% power conversion efficiency and 4.9% peak IPCE. Introduction of axial coor-
dination compound (chenodeoxycholic acid) do not show noticeable difference on
the cell performance, indicating the aggregation of 16 has been suppressed by the
large steric hindrance effectively. The performance of the cell based on 16 is not
as good as that based on 13. This could be attributed to the small driving force for
the electron injection from the dye molecule to TiO2 as well as the poor electronic
coupling between the LUMO of phthalocyanine and the conduction band of TiO2

due to the larger distance between the surface of TiO2 nanoparticle and sensitizer
molecule [50].
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A ruthenium phthalocyanine complex with peripheral linked carboxylic groups
and axial coordination (17) has been tested as sensitizer for TiO2 nanocrystalline
electrode. The phthalocyanine molecules were anchored onto the surface of TiO2

with the macrocyclic plane assumed to be perpendicular to the semiconductor sur-
face while the 4-methylpyridine axial ligand served to prevent aggregation. An IPCE
of 23% at the absorption peak and overall conversion efficiency of 0.40% were
recorded for the testing DSSCs. However, the Zn analog, without the axial picol-
ine ligands, exhibited poorer efficiency and was attributed to the aggregation. This
finding has revealed the high efficiency of the axial coordinated groups on reducing
the aggregation of phthalocyanines and provided a promising way to improve the
sensitization performance of phthalocyanines [51].

For the purpose of reducing the aggregation of phthalocyanines on the surface of
TiO2, co-deposition of asymmetrical substituted phthalocyanine with chenodeoxy-
cholic acid has also been employed. The co-deposition of chenodeoxycholic acid
with phthalocyanine 18 is expected to reduce the aggregation further and thus could
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improve the performance of the solar cell. The absorption spectra of the solid elec-
trode revealed that the presence of chenodeoxycholic acid indeed suppresses the
aggregation of phthalocyanine, but reduced the phthalocyanine sensitizer’s load
too, as observed from the absorption and IPCE data. The decrease in the load of
sensitizers induced a significant drop on the IPCEs [52].

Co-adsorption strategy has also been extended to two dye systems with the desire
of expanding the responding spectra of the electrode and improving the overall
conversion efficiency. A successful example was presented by Nazeeruddin and
co-workers in 2007 [53]. They co-adsorbed phthalocyanine 18 and a triaryl amino
dye (JK2) onto the surface of TiO2. An astounding increase on IPCE was observed
for the solar cell based on this co-sensitized electrode. The IPCE at 690 nm was
recorded as high as 80% with an overall energy conversion efficiency of 3.52%
under standard illumination conditions. The time resolved emission spectra revealed
efficient electron injection from the excited states of the sensitizer to the conduction
band of TiO2 with very fast kinetics. The laser transient-absorption spectroscopy
measurement indicates a charge recombination lifetime of 3.2 ms, which is of the
same order of magnitude as that of the standard ruthenium dye used for efficient
DSSC devices. Improving the conversion efficiency by co-sensitization with two or
more dyes with compensated absorption spectra has been highlighted by Robert-
son in 2008 [54]. The co-sensitization strategy may take the overall energy transfer
efficiency beyond the high of 10–11% in the near future [53, 55].

2.2 Phthalocyanines with Anchoring Groups at Axial
Direction

Aggregation of phthalocyanines on the surface of TiO2 nanoparticles always induces
significant drop on the overall energy conversion efficiency because of the rapid
non-radioactive deactivation of the dye excited states in aggregates. Axial coor-
dination has been proved to hinder the aggregation of phthalocyanine efficiently.
Therefore the axial ligand functionalized with carboxylic acid groups are expected
not only to hinder the aggregation, but also to graft the phthalocyanines to TiO2 in
a “face-on” configuration.

Ruthenium phthalocyanine complexes have spectral, electronic, photoelectro-
chemical and redox properties that satisfy the requirement of a good sensitizer for
DSSC and have therefore been targeted for investigation. Nazeeruddin has reported
the first use of a ruthenium phthalocyanine (19) as a sensitizer in a DSSC in 1998.
In this compound, eight methyl groups were connected at the bay positions while
3,4-dicarboxypyridine was connected at the axial direction by coordination. The
carboxylic acid groups help anchoring the dye molecule on the surface of TiO2.
The resulting DSSC had an IPCE of over 60% in the near IR region (660 nm). This
research established an efficient new pathway for adsorption of phthalocyanines
onto the surface of TiO2 [56].
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Yanagisawa had compared the sensitization properties of an axially anchoring
phthalocyanine (20) with that of a peripherally substituted phthalocyanine (21)
in the identical conditions. Phthalocyanine 20 with axially connected carboxylic
acid groups can sensitize the TiO2 electrode efficiently with an IPCE of 21% at
640 nm and an overall conversion efficiency of 0.61% was found for the standard
testing DSSC. When pentyloxy groups were introduced at the peripheral positions
and extra axial coordination groups introduced to prevent the aggregation, phthalo-
cyanine 21 showed a less efficient sensitization to the TiO2 electrode relative to
phthalocyanine 20 with the IPCE decreased to 6.6% at 640 nm and an overall energy
conversion efficiency reduced to 0.58%. The reduced sensitization performance of
21 was attributed to the pentyloxy groups at peripheral position, which may reduce
the stability of the adsorption of phthalocyanine 21 on the surface of TiO2 [57].

The X-ray and UV-photoemission spectroscopy study has revealed that ruthe-
nium (II) phthalocyanine 20 has similar HOMO and LUMO energy with that of cis-
bis(4,4-dicarboxy-2,2-bipyridine)-bis-(isothiocyanato)-ruthenium(II), ŒRu.dcbpy/2

.NCS/2�, the most efficient sensitizer so far. The oxidation potentials for both



242 X. Li et al.

ground and excited states are also similar for these two complexes. The energy dif-
ference between the LUMO of phthalocyanine 20 and the TiO2 conduction band was
favorable for an efficient electron injection from phthalocyanine to TiO2. This result
suggests that ruthenium phthalocyanines, like 20, are principally very promising
sensitizers for DSSC [58].

The electron injection from ruthenium phthalocyanine with axially connected
anchoring group to TiO2 was further investigated by Durrant and co-workers with
transient absorption experiments. They employed a ruthenium phthalocyanine with
two axially coordinated pyridine groups (22). One of the axially connected pyridine
bears a carboxylic acid group, which serve as a binding site, while the other one
is substituted with a CN. The research reveals surprisingly that the electron injec-
tion is from the triplet states of ruthenium phthalocyanine. The long lifetime of the
triplet states leads to efficient electron injection occurred in hundreds of nanosec-
onds and an IPCE magnitude of 45%. This finding suggests clearly that the ultrafast
electron injection from the singlet states is not a prerequisite for high IPCEs. Opti-
mizing the kinetics of the triplet states of ruthenium phthalocyanines might be a
key factor to achieve a high IPCE for the ruthenium phthalocyanine-sensitized solar
cell [59].

Compared with the ruthenium polypyridyl complexes (N719), most of phthalo-
cyanine dyes used for the sensitization of TiO2 gave significantly lower output
voltages. For a deep understanding of this output voltage reducing, O’Regan and
co-workers has investigated the electron injection and recombination process of a
ruthenium phthalocyanine (23) with different axial coordinated groups at the inter-
face of TiO2 or SnO2. Compared with the polypyridyl ruthenium complexes, the
charge recombination processes are accelerated by the ruthenium phthalocyanine
probably because of the binding of phthalocyanine with I2 which causes significant
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increase on the local concentration of I2 close to the surface of the TiO2. This accel-
erated charge recombination process induces the drop of output voltage of DSSC.
The problem with these ruthenium phthalocyanines is inherent in the structure and
is shared with other organic dyes with large aromatic rings, including porphyrins,
coumarins, perylenes, cyanines, merocyanines, and azulene. Uncovering the mys-
tery between the structure and charge recombination rate is a key step to improve
the sensitization of organic dyes to the TiO2 nano particle further [60].

Durrant and co-workers has also prepared a novel titanium phthalocyanine (24)
with the anchoring groups attached at the axial direction. The choice of Ti as a cen-
tral metal allows axial ligation to the metal center, which is expected to reduce the
aggregation efficiently. The carboxylic acid group on the axial ligand can anchor the
dye to the nanocrystalline particles with the plane of the phthalocyanine ring parallel
to the surface of the nanoparticle. The bulky peripheral tert-butyl groups help to sol-
ubilize the dye in conventional organic solvents as well as to avoid dye aggregation.
Moreover, the distance between the HOMO orbital of the chromophore and the TiO2

surface can be controlled by the axial ligation. The absorption spectra of the elec-
trode revealed a large dye molecule loading and the absence of aggregation for the
dye molecules adsorbed. The quick electron injection from phthalocyanine to TiO2

is suggested by the strong quenching of the fluorescence of phthalocyanine and it is
further confirmed by the transient absorption studies. However, the electron injec-
tion is wavelength dependent. The efficient electron injection happened after Soret
band excitation, but only negligible electron injection occurred after the Q-band
excitation. The observation has shown for the first time the potential of titanium
phthalocyanine for the sensitization of nanocrystalline TiO2 films. The combination
of catechol axial attachment to the TiO2 surface and tert-butyl peripheral groups
allows efficient sensitization with no dye aggregation. These titanium phthalocya-
nines represent an attractive route to the development of efficient, red absorbing
sensitizer dyes for DSSC [61].
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2.3 Phthalocyanines Without Specific Anchoring Groups

Although plenty of researches revealed that anchoring groups on phthalocyanine
are essential for the sensitization, several phthalocyanines without anchoring groups
can indeed sensitize the TiO2 electrode with reasonable efficiency. Aranyos and co-
workers have reported that a series of metal free phthalocyanines (25, 26) with aryl
groups connected at the peripheral positions show surprising sensitization to TiO2

nano-crystalline electrode. Despite the absence of conventional anchoring groups
in compound 25 and 26, such as –COOH or SO3H, the DSSC based on these
compounds show reasonable IPCEs in the range of 5–9%. It is the aryl groups con-
nected at the peripheral positions that are designated to facilitate the absorption
of dyes at the surface of the nanoparticles. More interestingly, these compounds
show sensitization even in aggregated states. Although without further discussion
on how the aggregated phthaloycyanines inject electrons to TiO2, one should sus-
pect a quicker electron injection from these aryl substituted phthalocyanines than
that from phthalocyanines with –COOH or SO3H. The results also indicate that not
only the directly adsorbed monolayer of dye injects electrons into the oxide, but also
the molecules aggregated on top of this layer contribute to the photocurrent [62].
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In 2003, another phthalocyanine (27) with aluminum in the center but without
–COOH or SO3H as anchoring groups attached has been successfully applied in
the Grätzel type cell. To prevent the aggregation of the phthalocyanine molecules
on the surface of the electrode, an alkyl carboxylic acid with long alkyl chain
(myristic acid) has been deposited to the surface of the electrode simultaneously.
The peak IPCE of the electrode sensitized by 27 and myristic acid has been pro-
moted for 1.7 times relative to that sensitized by pure 27. The results indicate
that the addition of myristic acid can suppress the aggregation of phthalocyanine
significantly and thus improve the performance of the solar cell [63]. The suc-
cessful sensitization of TiO2 nano-crystalline electrode by phthalocyanine 25–27
strongly suggests that the aryl groups connected at the peripheral positions might
be efficient anchoring groups too. Careful design on the connection position and the
functionality on the aryl groups might lead to unpredictable results. More attention
should be paid to these non-carboxylic acid anchoring phthalocyanines in the near
future.

3 Porphyrin Sensitizers

The use of porphyrins as sensitizers for the nano-crystalline electrode in DSSC is
particularly attractive given their important role in photosynthesis and the relative
ease modification on molecular structure. Not only the porphyrin monomers, but
also the large porphyirn arrays have been tested extensively as sensitizers of wide-
band-gap semiconductors like NiO, ZnO and TiO2 in the past several decades. The
focus of this section is the various molecular structure modification of porphyrins
for the purpose of applying as sensitizer in DSSCs.
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3.1 Porphyrin Monomers

3.1.1 Porphyrins with Anchoring Groups Connected at Meso-Phenyls

The most commonly used porphyrins in DSSC are free-base and zinc derivatives of
the meso-benzoic acid substituted porphyrin TCPP (28). Grätzel and co-workers
had investigated the sensitization of 28 to TiO2 in 1987. The energy levels of
LUMOs reside right above the conduction band of the TiO2, which ensure an effi-
cient electron injection from the excited states to the conduction band as revealed by
the steady state fluorescence and transient absorption spectra. The electron injection
process was found to be very sensitive to the PH of the solution. No sensitization
was observed in alkaline solution because of lack of adsorption of the anionic dye
on the negatively charged surfaces of TiO2. The electron injection can occur only
from the adsorbed porphyrin molecules [64]. The efficient electron injection was
further proved by the work of Fox and co-workers in 1988 [65]. In a DSSC with 28
as sensitizer, Goossens and co-workers found that the electron traps at the interface
of dye=TiO2 affected the energy conversion efficiency significantly. The electronic
traps can be filled by a negative potential applied at the interface and therefore
enlarge the active region where charge separation takes place, which finally leads
to an enhanced collection efficiency [66].

The sensitization behavior of porphyrin with or without carboxylic acid groups
was compared by Waclawik and co-workers. Their results indicate that the presence
of carboxylic acid groups indeed generated higher IPCE values compared to that
without carboxylic groups. The difference is ascribed to poor electronic coupling of
the sensitizer without carboxylic acid groups to the titania conduction band [67].

Wamser and co-workers have investigated the nature of the binding of 28 onto
the TiO2 electrodes by using X-ray photoelectron spectroscopy (XPS) and Reso-
nance Raman Spectroscopy (RRS). The XPS spectra of TiO2 revealed the changes
of the binding energy of both O (1 s) and Ti (2p3/2) upon adsorption of 28.
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Similarly, the peaks of O (1 s) and N (1 s) of 28 were also shifted to a higher binding
energy. All these changes suggest the efficient binding of 28 on the surface of TiO2.
The RRS results indicated that for cases in which 28 was adsorbed onto TiO2 films
from a much diluted solution, the porphyrin molecules interact mainly with the TiO2

surface. Contrarily, if porphyirn were adsorbed onto the TiO2 films from a concen-
trated solution, the RRS spectra were similar to that of TCPP powder, indicating the
dominance of porphyrin–porphyrin interactions in this film. The optimized Grätzel
cells with 28-sensitized TiO2 and deoxycholic acid as co-adsorbent gave good solar-
energy conversion efficiencies. The IPCE was 55% at the Soret peak and 25–45%
at the Q-band peaks and an overall energy conversion efficiency of about 3% [68].
The chemical adsorption of TCPP on the surface of TiO2 nanoparticle was also con-
firmed by XPS, atomic absorption spectrometry (AAS), Fourier transform infrared
spectroscopy (FT-IR) and UV-vis spectroscopy, etc. [69].

Durrant and co-workers have compared the electron injection and recombination
processes of 28 or Zn-28 with that of N3 (a famous ruthenium polypyridyl complex
with very high IPCE). Their experiments revealed that the electron injection and
recombination kinetic for these three dyes on the surface of TiO2 are almost identi-
cal. The high IPCE for N3 dye probably originates from the electron transfer from
the iodide redox couple to the dye cations. It is also possible that the lower efficiency
of porphyrin sensitizers was caused by the annihilation of the excited states between
the neighboring porphyrin molecules because of the closed proximity [70].

For the purpose of determining the ion potentials of both TiO2 and dyes adsorbed
under working conditions, Inoue measured the UV photoemission yield under an
atmospheric condition by using a surface analysis apparatus. The results suggested
that the adsorption of dyes on the surface of TiO2 caused significant shift on the
LUMO energy levels. This finding suggests that the energy level alignment at the
interface, which is estimated from the vacuum levels or oxidation and redox poten-
tial that are independently measured, is inappropriate and these shifts must be taken
into account in the discussion on the energy levels of DSSC [71]. The overall energy
conversion efficiency of the DSSC sensitized by monocarboxylic acid substituted
porphyrin can be improved further by doping of TiO2 nanoparticle with Nb, Ge,
or Zr. The improvement is attributed to the negative shift on the conduction band
of TiO2 electrode. The Ge-doping of TiO2 electrode sensitized by porphyrin could
promote the over all energy conversion efficiency to as high as 3.5% [72].

As the anchoring groups in the dye molecules have been proved to play a key
factor on the sensitization performance, different anchoring groups with different
numbers have been investigated for the porphyirn sensitizers. Ma and co-workers
have compared the sensitization properties of porphyrin with only one carboxylic
group (29) to that of the porphyrin with four carboxylic groups (28). Their research
revealed that the number of carboxylic acid groups does not vary the binding behav-
ior dramatically, but it indeed influences the fluorescence spectra of the adsorbed
porphyrin. The IPCE and the overall energy conversion efficiency for 28 are higher
than that of 29 probably because of the more stabilized adsorption on the surface of
TiO2 nanoparticles by the four carboxylic acid groups [73]. A comparison on the
binding ability between carboxylic acid and sulphonic acid group has been made by
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the same group. Ma and co-workers have prepared a series of metal free porphyrins
connected with carboxylic acid groups (28), sulphonic acid groups (30) or hydro-
gen respectively. The binding strength of the porphyrin on the surface of TiO2 was
found to drop following the order of –COOH > SO3H > H while the ICPE and the
overall energy conversion efficiency decreased following the same order [74].

Giribaru has prepared a novel porphyrin sensitizer (31) by connecting two rho-
danine acetic acid groups at para position of meso-phenyl groups. The IPCE of
the solar cell fabricated from this dye is 45% at Soret band and 20% at Q band;
both of them are higher than that of the porphyrin with only one rhodanine acetic
acid group. This may be due to the more stable binding of 31 on the surface of TiO2

nanoparticle, which induces more efficient electron injection to the conduction band
of TiO2 [75].
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Odobel’s research on the application of a series of new free base porphyrins
(32–36) as photo-sensitizers in DSSC indicates that the anchoring groups seem to
have no effect on the sensitization performance. However, the substituted position
of anchoring group has great influence on the overall performance of the DSSC.
This can be interpreted as due to differences in the orientation and distance of the
dye molecules with respect to the TiO2 surface imposed by the directionality of the
anchoring groups, which lead to significant difference on the electronic coupling
between porphyrin and TiO2. Compared with porphyrin 32 and 33, compound 34
presents a significant higher IPCE (21% vs. �10%) due to the face-on configura-
tion of porphyrin ring on the surface of TiO2. Although porphyrin 36 and 28 exhibit
quite similar excited state, oxidation potentials and similar absorption and emis-
sion characteristics, they lead to very different IPCE values in identical standard
DSSCs. Porphyrin 36 bears the –COOH anchoring group directly on the aromatic
core, which allows stronger electronic coupling with TiO2 [76].

The effects of the connecting position of anchoring groups on the sensitization
behavior of porphyrin compounds were further examined by Galoppini in 2007.
They tested the sensitizing properties of a series of porphyrin with carboxylic acid
or ammonium salt groups attached at different positions with linkages of different
length. Both –COOH and COOEt3NC H derivatives were employed for the bind-
ing studies as well as solution studies. When anchoring groups were connected at
meta positions on the meso-phenyl rings (37), the porphyrin molecules preferred
a planar binding mode to the metal oxide surfaces with no obvious aggregation.
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But the porphyrin with carboxylic groups connected at para position on the meso-
phenyl rings presented aggregation, suggesting close packing of the dye molecules
on the semiconductor surface. Greater sensitizing efficiencies were found for the
meta-substituted porphyrins and were explained in terms of a more efficient charge
injection into the TiO2 conduction band from rings that lie flat, and closer to the sur-
face. The length of the bridge between the carboxylic acid groups and the porphyrin
ring was found to affect the sensing efficiency significantly because it determined
the distance between the porphyrin and TiO2 nanoparticle surface. Porphyrin with
two phenyl ring as bridge (37b) presented the highest IPCE. The longer or shorter
bridge led to significant drop on the IPCEs. Ammonium salt groups were revealed
for the first time to be good anchoring groups with similar binding abilities to that
of carboxylic acid groups [77].

Porphyrin 37a and 37b have also been employed as sensitizer for a TiO2 nan-
otube electrode. For comparison purpose, asymmetrical porphyrin sensitizer with
two carboxylic acid groups (38, 39) and 28 have also been tested under identi-
cal conditions. The DSSC fabricated from these sensitized TiO2 nanotube presents
enhanced charge-collection efficiency respect to the nanoporous TiO2 film built
from TiO2 nanoparticles. All the tested five porphyrin sensitizers exhibited effi-
cient sensitization to TiO2 nanotube as revealed by the photocurrent action spectra.
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Among these five porphyrin senstizers, 37b is the best performer. The next is 39,
then 37a and 38 behave similarly, and finally 28 is the worst performer. The better
IPCE performance of 37b with respect to 37a was attributed to the hindered back
electron transfer by the longer bridge. The lower performance of 28 could be linked
to its lower extinction coefficient [78].

COOH

N N

N

40 41

42

43

N
Zn

N N

NN
Zn

N N

NN
Zn

N N

NN
Zn

COOH

COOHCOOH

Very recently, the effects of distance between the sensitizer and the surface of
TiO2 on the sensitization process were further addressed by Lin and co-workers.
They prepared a series of porphyrin compounds (40–43) with only one anchoring
group. The anchoring group was connected with the porphyrin ring by phenylethyl-
nyl bridges of different lengths [79]. The efficiencies of power conversion of the
devices fabricated from these porphyrin dyes decreased systematically along with
the increase in the length of the phenylethylnyl bridges. But the transient absorp-
tion studies revealed that the kinetics of fluorescence quenching of porphyrin was
not affected by the length of he bridges, suggesting similar electron injection rate for
these porphyrins. It was the back electron transfer from the conduction band of TiO2

to the dye molecule that was responsible for the decreasing sensitization efficiency.
Meyer has tested the sensitization performance of porphyrins with only one func-

tional group .–COOH; PO3H2/ and different central metal ions (44). Methyl groups
were introduced to the 2,4,6 positions of phenyl group which help to keep a per-
pendicular configuration for the four phenyl groups relative to the macrocycle plan.
Their results indicate that all these porphyrins can anchor to the surface of TiO2

with high stability. The photocurrent and IPCEs were found to be not affected by
the nature of anchoring groups. However, they were found to be pH dependent due
to the variation on the TiO2 conduction band edge potential along with the changes
of pH. The sensitization of porphyrin to TiO2 was “turn-off” when the electrolyte
pH rose above 10. This finding is important because it reveals the origin of the
pH-dependent behavior of the sensitizer for the first time [80].
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Another interesting work conducted by Wamser and co-workers in the field of
porphyrin monomer sensitizers is the functionalization of tetraphenylporphyrin at
the para positions of meso-phenyl with one amino group and three carboxylic acid
groups. The resulted asymmetrical porphyrin (45) can be successfully fabricated
into a modified solid Grätzel type cell with polyaniline as the solid electrolyte.
The overall energy conversion efficiency of this cell is about 2% with a number
of opportunities to optimize the efficiency remaining [81].

The sensitization properties of porphyrin compounds have also been improved
by introducing dendron groups to the cyano substituted meso-stilbene moieties (46,
47). The aggregation of porphyrin was efficiently suppressed by the bulky dendrons
while the electron injection to the conduction band of TiO2 was improved by the
cyano groups. The overall energy transfer efficiency was promoted remarkably to
2.76% for a solid DSSC. This is an encouraging result for a porphyrin dye and it
offers the potential for porphyrins as alternatives to ruthenium-based dyes in the
DSSC [82].
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Another interesting attempt worth noting is the combination of porphyrin sen-
sitized solar cell with a fuel cell made by Moore and Gust. The hybrid cell can
realize an open circuit voltage of 1.2 V. The energy conversion efficiency of this
photoelectrochemical biofuel cell can, in principle, produce more power than either
a photoelectrochemical cell or a biofuel cell working individually [83].

3.1.2 Porphyrins with Anchoring Groups Connected
at “-Pyrrolic Positions

Anchoring groups of the porphyrin sensitizers mentioned above are exclusively con-
nected at the meso-phenyl groups. Since the directionality of anchoring groups can
change the electronic coupling between the porphyrin excited states and the conduc-
tion band of TiO2, synthetic research on connection of anchoring groups directly at
different positions of the porphyrin macrocycle are attractive due to the perspec-
tive of tuning the electronic couplings. Nazeeruddin and co-workers have prepared
a series of porphyrin sensitizers (48–52) with a benzoic acid or phenylphosphonic
acid group connected at the “-pyrrolic position (2,3,7,8,12,13,17,18 positions) of
porphyrin ring by a double bond. The binding of carboxylic acid group onto the
surface of TiO2 particle was confirmed by the ATR-FTIR spectra. The porphyrin
with carboxylic acid group presents higher IPCEs than that with phosphoric acid
probably because of the larger electronic coupling through carboxylic acid groups.
The zinc porphyrins are better sensitizers than copper porphyrins as expected due to
the longer lifetime of the excited state of zinc porphyirn with respect to copper por-
phyrin. The methyl groups at 3,5 positions also promote the IPCEs significantly by
harnessing the aggregation of porphyrin molecules. The best sensitizer in this series
of porphyrins was 49, which presented IPCE at the Q band as high as 75% with an
overall energy conversion efficiency of 4.8%. This finding opens up new avenues
for improving further the efficiency of solar cells by engineering the structure of
porphyrins [84].
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Systematic and comprehensive research on porphyrin sensitizers (53–67) with
the anchoring group connected at “-pyrrolic positions have also been performed
by Officer and co-workers [85]. Their results revealed that free acid form of the
anchoring group exhibited the best adsorption on the surface of TiO2, which is in
accordance with the previous report [80]. The zinc porphyrins show more efficient
sensitization than copper and metal free porphyrins. Their results also suggest that
“-pyrrollic substituted porphyrin styryl carboxylic acids are superior to meso-aryl
porphyrin carboxylic acids as light harvesters. Porphyrin 53 had been shown to be
the most efficient porphyrin photosensitiser in this series of compounds with an
overall energy conversion efficiency of 4.2%. Moreover, they found that the close
proximity of porphyrins might not significantly diminish light harvesting. They had
also demonstrated that either the sulphonic or phosphonic acid porphyrins bound to
TiO2 tightly, but this stable binding did not bring better cell performance. This tends
to suggest that electronic coupling between the dye and TiO2 surface through the
binding group plays an important role in the efficiency of light harvesting. For the
conjugated linkers, the number of double bonds, or the presence of the phenyl moi-
ety, made no significant difference in overall cell performance. However, when the
conjugation was interrupted, there is a significant fall in the cell performance [85].
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Officer and co-workers have also successfully connected carboxylic acid groups
at the “-pyrrolic position of porphyrin with one or two double bonds (68, 69) [86].
Compared with the tetraphenyl porphyrin (TPP), these two compounds show red
shifted absorption spectra with larger extinction coefficiency. The IPCEs of the liq-
uid junction solar cell based on these sensitizers are 90% at Soret band and 60% at
Q band. The overall energy conversion efficiency of the cell based on 68 and 69 are
2.44% and 3.0% respectively. It is worth noting that sensitizing efficiency seems not
affected by the length of the linkage as also revealed in the previous research [85].
The nano-crystalline TiO2 electrode sensitized by these sensitizers would remain
transparent to the eye, while absorbing enough solar photons in the NIR region.
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The same research group has also compared the sensitization properties of a
series of novel green porphyrins (70–72) containing a “-pyrrolic substituent with
that of 68 later. Because of the presence of electron withdrawing CN group at the
substituent, the frontier molecular orbitals are stabilized and extended out onto
the substituent by  -conjugation. The extension of the conjugation of porphyrin to
the substituents provides the possibility of electron transfer from porphyrin to TiO2

through the substituent. Significant improvement on the solar cell performance had
been achieved by using these porphyrins as sensitizers. The 72-sensitized solar cell
demonstrates an IPCE close to 85% and an overall conversion efficiency of 5.6%
under standard AM 1.5 sunlight [87].

The effects of the substituent at the para-position of meso-phenyl on the sensi-
tization properties of porphyrins (73) were also examined by the same group. All
these novel darkgreen porphyrins yield IPCE values of up to 75% and overall power
conversion efficiencies in the range of 5.1–7.1% under one sun in a liquid electrolyte
cell. 73b presented the best performance in this series of porphyrins. More impres-
sively, a solid-state cell utilizing 73b as the sensitizer performed a peak IPCE value
as high as 63% and overall power conversion efficiency 3.6%. These record effi-
ciencies demonstrate the exciting potential of porphyrins as light-harvesting green
dyes [88].

Very recently, the effects of the connection position of anchoring groups on
the sensitization performance of porphyrins (74–83) were further addressed in the
research of Diau and co-workers. The carboxylic acid groups were selectively con-
nected to the meso or “-pyrrolic positions by different conjugated linkages. Electron
donating biarylamino groups introduced onto the opposite meso position of the
anchoring group tend to enhance the charge separation capability. The results indi-
cate that both the position and nature of the linkages show significant influences on
the spectral, electrochemical, and photovoltaic properties. However, the advantages
of the “-pyrrolic position connection of anchoring groups over the meso position
connection as revealed by the pervious research was not exhibited by these series of
porphyrin sensitizers. The phenylethynyl bridge at meso position could efficiently
red-shift the absorption spectrum. The red shift became more pronounced when a
conjugated electron donating group was connected at meso position opposite to the
anchoring group. The DFT calculation revealed that the oxidized state was stabilized
by the electron donating group and thus improved the sensitization performance
dramatically. An overall energy conversion efficiency of 6.0% was achieved by
compound 76, which was comparable to the performance of the famous N3 dye [89].
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Although plenty of results support that the anchoring groups connected at the
“-pyrrolic positions will benefit the sensitization of porphyrin to TiO2, but there is
also a few of researches which do not support this point. It is the overall electronic
configuration of the porphyrin macrocycle that determines the coupling between the
excited states of porphyrin and the conduction band of TiO2, which then influences
the sensitization performance of the dye. When the directionality of the anchoring
group at “-pyrrolic position could enhance the coupling and stabilize the charge
separated states, the sensitization will be promoted. In order to get a better sensitizer,
the whole electronic configuration of the excited states of porphyrin must be taken
into consideration.

3.1.3 Porphyrins Fused with Other Small Aromatic Rings

Besides to introduce substitutents onto the meso-phenyl ring or the “-pyrrolic posi-
tions, modification of the molecular structures by fusing a small aromatic ring to
the porphyrin ring has also been an attractive way to extend the absorption spectra
and tune the electrochemical properties of porphyrins in the prospect of improv-
ing the sensitization behavior. Imahori has investigated the application of a fused
five-membered porphyrin (84) as sensitizer in DSSC. Compared with the reference
porphyrin, the fused porphyrin shows broaden and red-shifted absorption spectra
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as expected and the photocurrent response extends to 800 nm for the first time.
The oxidation potentials of the fused porphyrin have positive shifted for about
0.07 V relative to that of the standard porphyrin. However, the DSSC with this
fused porphyrin as sensitizer show significantly lower IPCE and overall energy
transfer efficiency relative to that made of the reference porphyrin. This has been
attributed to the insufficient driving force for an efficient electron injection for this
fused porphyrin [90].
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Later, Imahori has synthesized a series of new porphyrins (85, 86) fused in
different ways with naphthyl moieties to improve the light-harvesting abilities in
porphyrin sensitized solar cells. As the results of  -elongation with low symme-
try, Soret and Q bands of the fused porphyrins were red-shifted and broadened, and
the intensity of Q-band relative to that of Soret band was enhanced. The DSSC
sensitized with 85 showed overall power conversion efficiency of 4.1% under stan-
dard AM 1.5 condition while the cell of 86 gave a power conversion efficiency of
1.1%. The better sensitization performance of 85 was attributed to the extension
of the LUMO to the carboxylic acid group as revealed by the DFT calculation,
which was not found for the LUMO of 86. Accordingly, the larger electronic cou-
pling between the porphyrin and the TiO2 surface in the 85-sensitized cell may be
responsible for the high cell performance. More interestingly, the performance of
the 85-sensitized solar cell can be further improved by co-sensitization of 85 and
other porphyrins with complementary absorption properties. An overall power con-
version efficiency of 5% under standard 1.5 AM condition was achieved by this
co-sensitization method [91].
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Another important work performed by the group of Imahori is the fusing of
a quinoxaline ring with one or two carboxylic acid groups to the porphyrin ring
(87, 88). The XPS, FTIR spectroscopy, and cyclic voltammetry studies for the
adsorbed porphyrins revealed that the carboxylic acid group in 87 employed biden-
tate binding mode to anchor itself onto the TiO2 surface, whereas the two binding
groups in 88 utilized one bidentate and one monodentate binding modes. The pho-
tovoltaic measurements on the DSSCs sensitized by 87 or 88 have revealed power
conversion efficiencies of 5.2% and 4.0% respectively. Since the absorption spec-
tra of these two porphyrins are similar, the difference on the power conversion
efficiency is dominantly determined by the binding model [92].

3.2 Porphyrin Arrays

To harvest photons more efficiently in DSSCs, construction of chromophore arrays
and attaching them to the semiconductor surface have been studied extensively. By
connecting carefully designed series of chromophores in a branched or linear way,
using appropriate spacers, the excited energy of chromophores can be tunneled to a
selected chromophore, from which the electrons were injected into the conduction
band of the semiconductor. The efficiency of the intramolecular energy and electron-
transfer processes in chromophore arrays will depend on the bridge and the spatial
orientation of individual chromophore units. The most popular chromophore arrays
investigated so far are covalent bonded systems due to their high stabilities [93].

Koehorst and co-workers had tested the sensitizing properties of a porphyrin het-
erodimer (89) to TiO2, which represented the first example of the application of
porphyrin arrays in DSSC [94]. This porphyrin heterodimer was composed of one
free base porphyrin and one zinc porphyrin with one of them functionalized with
carboxylic acid groups. Because of the binding of carboxylic acid groups at the
surface of TiO2, the porphyrin unite functionalized with carboxylic acid groups
was in direct contact with the substrate. For the DSSC fabricated from the por-
phyrin dimer with the carboxylic acid groups functionalized at metal free porphyrin
(89a), the photocurrent action spectrum reproduced the absorption spectrum, i.e.,
both porphyrin unites contributed to the photocurrent, indicating efficient energy
transfer from zinc porphyrin to metal free porphyrin followed with efficient elec-
tron injection from the latter to TiO2. However, when the carboxylic acid groups
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were functionalized at zinc porphyrin (89b), the photocurrent action spectrum of
the solar cell presented only the contributions of zinc porphyrin. This is reason-
able because the energy transfer from metal free porphyrin to zinc porphyrin was
theoretically unfavorable. This result also suggested that the energy transfer from
zinc porphyrin to metal free porphyrin was slower than that of the electron injection
from zinc porphyrin to TiO2. This research revealed a promising way to enhance
the absorption of light and thus improve the performance of DSSC by constructing
a supramolecular lighting antenna as sensitizer.

Sereno prepared a porphyrin dimer by connecting a metal free porphyrin to a zinc
porphyrin with amid bond. The resulted porphyrin dimer was tested as a sensitizer
for SnO2 electrode. Even without anchoring groups, this porphyrin dimer showed
sensitization to SnO2 electrode with an IPCE value of 10% at 420 nm [95].

CH3

CH3

CH3

CH3

CH3

H3C

NH

N
N

N N

N

N

HN

H
N

O
Zn

90



Phthalocyanines and Their Analogs Applied in Dye-Sensitized Solar Cell 261

In a later research, Sereno and co-workers found efficient energy transfer from
zinc porphyrin to metal-free porphyrin in the dyad (90) even in the adsorbed states.
The fact that the dimer is less effective in comparison with metal free porphyrin
monomer in the generation of photocurrent is explained as that the metallized
porphyrin enhances the back electron-transfer process [96].
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A comprehensive study on the photosensitization behavior of porphyrin arrays
to TiO2 has been conducted by Campbell and co-workers. The porphyrin dimers
(91 and 92) with one carboxylic acid group as binding site present weak surface
adhesion and therefore low efficiency on sensitization. The DSSC with these two
porphyrin arrays as sensitizers exhibit lower IPCEs relative to that with porphyrin
monomer. To strengthen the adsorption of these porphyrin arrays on the surface of
TiO2 nanoparticle, multi carboxylic acid groups were introduced to the porphyrin
moieties and compounds 93–98 were prepared. The binding of these porphyrin
arrays on the surface of TiO2 is indeed enhanced and stabilized. Yet here also
the monomeric porphyrin outperforms these dyes, with no apparent antenna effect
observed in spite of the strong binding. This result was attributed to the lack of
directionality of the binding groups in the porphyrin arrays, but it is also highly
likely that the small porosity of the TiO2 nanocrystalline layer may be preventing
adsorption of these very bulky dyes [85].

Lindsey and co-workers have prepared a series of rod like porphyrin arrays (99)
for the DSSC application. The triad, tetrad, and pentad porphyrin arrays, each is
comprised of a terminal magnesium porphyrin bearing one carboxyl group (for sur-
face attachment); the remaining porphyrins in each array are present as the zinc
chelate. The steady absorption spectra reveal weak coupling between these por-
phyrins at ground state, while the fluorescence spectra indicate the obvious excited
energy migration along the porphyrin array to the terminal magnesium porphyrin
with the efficiency as high as 99%. These design and synthesis strategies should
be useful for the construction of materials for molecular-based solar cells. Unfortu-
nately, the sensitization properties of these porphyrin arrays to TiO2 nanoparticle
electrode were not measured and no data on the photo to current conversion
efficiency were reported so far [97].
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A porphyrin-C60 dyad (101) has been used as a sensitizer in DSSC by Durantini
and co-workers in 2002. The fluorescence quenching of porphyrin was observed
in the dyad, indicating efficient electron transfer from porphyrin to C60. The test
on the sensitization properties of this dyad to SnO2 electrode revealed that the
absorption of C60 contributed to the photocurrent generation. The dyad produced a
higher photoelectric effect than the corresponding amidoporphyrin model. An alter-
native photoelectric mechanism, which involves a charge separated state, other than
direct electron injection from the excited porphyrin to SnO2, was suggested to be
responsible for this improved photoelectrical response [98].
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Another porphyrin–C60 dyad (102) connected by a bithiophene bridge was pre-
pared by Shiga very recently. Carboxylic acid groups were introduced to C60 moiety
as anchoring groups. The DSSC fabricated from this dye exhibited IPCEs at 420 nm
larger than 40% with an overall photocurrent conversion efficiency over 0.53% at
100 mW cm�2. The contribution of C60 to the photocurrent generation was obvi-
ously observed in the photocurrent action spectra. The introduction of C60 between
the porphyrin unit and TiO2 is effective in improving photosensitization [99].

Liu prepared a sandwich type coordination compound (103) from porphyrin
and phthalocyanine with the assistance of a microwave. The resulted compounds
showed good solubility in conventional organic solvents. The photoelectric conver-
sion properties have been tested with a Grätzel type cell. The results revealed that the
sandwich type compound showed better photo-electric conversion efficiency than
the corresponding monomeric porphyrin or phthalocyanine precursors. The short-
circuit photocurrent of the solar cell with this sandwich type compound as sensitizer,
was, as high as 691:31 A cm�2, which was much better, than those of porphyrin or
phthalocyanine monomers [100].
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Very recently carbon nanohorns (CNHs) covalently functionalized at the con-
ical tips with metal free porphyrin moieties (104) were tested as sensitizer in a
photoelectrochemical solar cells. A nanostructured SnO2 electrode deposited with
porphyrin functionalized CNH exhibited an IPCE of 5.8%; it is greater than the one
observed for the sum of the single components. The fluorescence lifetime measure-
ment reveals that photoinduced electron transfer from porphyrin to the nanohorns
takes place followed by the direct electron injection from nanohorns to the conduc-
tion band of SnO2. The results obtained demonstrate the potentiality and applied
utility of CNHs in directing efficient charge transport in photoelectrochemical
devices [101].

Controversial results have been deduced from the researches of different groups
on the sensitization behavior of porphyrin arrays as mentioned above. Some of them
revealed that porphyrin arrays have advantages over porphyrin monomers in the
sensitization of wide band gap semiconductor while the rest showed the opposite
results. The porphyrin dimer composed of a metal free porphyrin and a zinc por-
phyrin seems the most successful porphyrin array sensitizer so far. Programing the
photoinduced energy and electron-transfer sequence in a porphyrin array is the key
step toward a good porphyrin array sensitizer.

4 Natural Porphyrin Sensitizers

The important role of chlorophylls in photosynthesis inspired people looking for
ways to apply these natural porphyrins in DSSC as light harvesting sensitizers. The
use of zinc and antimony metallo-uroporphyrins M-UP (105) as photosensitizers
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for TiO2 colloid was investigated by Kalyanasundaram et al. The flash photolysis
studies revealed that the electron injection to TiO2 conduction band happened from
both singlet and triplet excited states of Zn uroporphyrin [102].

Grätzel has investigated the sensitization behavior of chlorophylls and related
natural porphyrins to nano-crystalline TiO2 electrode. The natural porphyrins they
employed include chlorophylls (106), Pheophorbids (107), H2–, Zn–, or Cu–
chlorin–e6 (108), Cu–2–a–Oxymesoisochlorine e4 (109) and H2–, Zn–, Cu–
Mesoporphyrin IX (105). The photosensitization of colloidal TiO2 electrodes by
these chlorophyll derivatives gave high IPCEs, approaching the unity efficiency
of primary charge separation in natural photosynthesis. More interestingly, even
the nonfluorescent Cu chlorophyllin present efficient sensitization to TiO2 colloid
electrode due to the fast electron injection from the excited states of Cu chloro-
phyllin into the conduction band of TiO2. However, the realistic application of these
chlorophyll derivatives is limited because of the low efficiency of the overall energy
transfer as well as the low stability of these compounds [103]. The study on the
mechanisms of the photosensitization by electrochemical and transient absorption
studies revealed that the electron injection to the conduction band of TiO2 hap-
pened from singlet excited states for the fluorescent chlorine e6 and from triplet
states for the non-fluorescent copper 2’-oxymesoisochlorin e4. The recombination
of the injected electron with the oxidized dye is relatively slow and leads to a high
charge separation yield [104].
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The sensitization of H2-chlorine e6 (108) was also tested by Amao and co-
workers. Their results indicate that chlorine–e6 present efficient sensitization to
TiO2 with an overall energy transfer efficiency of 0.40% under light intensity of
100 mW cm�2 [105, 106].
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Tamiaki prepared a series of zinc chlorine with methyl carboxylate groups.
The sensitization of these compounds to carbon past was investigated. The exper-
imental results revealed surprisingly that the aggregates of zinc chlorine on the
carbon past were responsible for the photocurrent generation, and even more sur-
prising, the sensitization of chlorine aggregates was more efficient than that of zinc
chlorine monomer. This result was opposite to most of the others obtained from
porphyrin or phthalocyanines. O2 was suggested to get involved in the photocurrent
generation [107].

Polı́vka had investigated the co-adsorption of carotenoid and pheophytin (111)
on the surface of TiO2 electrode and the photophysical properties of pheophytin
in this film. The results demonstrated that the fluorescence of 111 was efficiently
reductive quenched by carotenoid in this co-assembled film, suggesting similar
mechanisms to that in the natural photosynthetic systems. The radical anion of 111
formed during the electron transfer recovered to the neutral state quickly before
the charge recombination between carotenoid cation and pheophytin anion took
place. It is suspected that the electron injection from the pheophytin anion to the
conduction band of TiO2 was responsible for this quick recovery. This result indi-
cated that such a “self-assembling” strategy may be also considered for novel DSSC
constructions [108].

Durrant have investigated the photoinduced electron-transfer reactions of zinc-
substituted cytochrome c, ZnCyt-c, immobilized on the surface of nanocrystalline
TiO2 electrodes. Efficient electron injection from the triplet state of ZnCyt-c into
TiO2 electrodes is revealed by transient absorption studies, which resulted in a long-
lived charge separated state. The previous research on the light-induced electron
injection into TiO2 electrodes has typically focused on achieving strong electronic
coupling between TiO2 nanoparticles and the dye molecules, this leading to fast
electron injection into the conduction band of TiO2 from the singlet excited states
of the dyes. In this ZnCyt-c sensitized system, the protein matrix acts as a spacer
between the Zn-porphyrin and the nanoparticle surface, which hindered the fast
electron injection from the singlet excited states. Due to the high efficiency of the
intersystem crossing from singlet to triplet states of ZnCyt-c, the relative slow elec-
tron injection from the triplet states of ZnCyt-c presents a high efficiency too. This
sensitization pathway requires only relatively weak electronic coupling between the
sensitizer and the electrode surface and may be a promising way to improve the
energy conversion efficiency in DSSCs [109].
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Koyama has examined the sensitization behavior of a series of pheophorbide
sensitizers (112–117) with similar structure. The results indicate that the short-
circuit current density as well as the overall solar energy-to-electricity conversion
efficiency increased with the increasing Qy absorption and with the decreasing one
electron-oxidation potential. Two empirical models are built based on the experi-
mental results. One model suggests a parallel electron injection from both excited
and ground states to the conduction band of TiO2 whereas the other one supports
an electron injection via the excited state only, in which both the Qy absorption and
the Qy-state one electron-oxidation potential can contribute [110].

5 Conclusion

Both phthalocyanines and porhyrins are very promising sensitizers for wide band
gap semiconductors. DSSCs fabricated from these kind of sensitizers present overall
power conversion efficiency as high as 7%, which is still smaller than that achieved
by the ruthenium polypyridyl complexes though, but higher than most of other dyes.
The multiplicity on the molecular structure modification of these compounds pro-
vides a great potential for further promotion on their sensitization properties. The
research in this field is still far from systematic and comprehensive and quanti-
tatively much less than the researches on polypyridyl ruthenium complexes. But
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from the limited researches as mentioned above, several important aspects should
be taken into account during the design of novel sensitizers.

1. To achieve an efficient sensitization of TiO2 nanocrystaline electrode, anchoring
groups connecting with phthalocyanine or porphyrin are necessary. The anchor-
ing groups help not only to immobilize the dye molecule on the surface of the
semiconductor electrode but also to keep a strong coupling between the excited
states of the dye molecules and the conduction band of the semiconductor.

2. The electron injection from the excited states of the dyes to the conduction
band of the electrode is predominately affected by the oxidation potential of the
dye molecules as well the distribution of the LUMO over the whole molecule.
Tuning the redox potentials and the LUMO distribution by functionalizing the
aromatic ring asymmetrically with different groups at different positions seems
a promising way towards a better sensitizer.

3. Aggregations of the porphyrin or phthalocyanine molecules on the surface of the
nano-crystalline electrode always induce massive non-radioactive decay of the
excited states and thus reduce the efficiency of the electron injection. Therefore,
preventing the aggregation of the dye molecules on the electrode surface will
be a foremost issue during the design of new sensitizers, which can be achieved
normally by axial coordination, bulky substituents at peripheral positions or the
co-adsorption with other materials.

4. Although with some disagreements, sensitization with two kinds of co-adsorbed
dyes or with molecular arrays of different chromophores has proved to be advan-
tageous to the overall power conversion efficiencies of DSSCs. New molecular
arrays based on porphyrin or phthalocyanine molecules with carefully programed
photoinduced electron or energy transfer sequence are expected to be promising
candidates for good sensitizers in DSSC.

The application of phthalocyanine or porphyrin analogs as sensitizers in DSSC
has been explored for more than 10 years up to now. From the point of overall
power conversion efficiency, these tetrapyrolle macrocyclic compounds are not as
successful as polypyridyl ruthenium complexes. However, the recent great improve-
ment on the performance of the phthalocyanine- or porphyrin-based DSSCs and the
deeper understanding on the sensitization mechanisms revealed large potentials for
further development for this kind of sensitizers. Given that many new porphyrin
or phthalocyanine compounds exhibit excellent light-harvesting properties in arti-
ficial photosynthetic systems, we anticipate that many new sensitizers based on
phthalocyanine or porphyrin will be forthcoming.
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6:217
58. Liu G, Klein A, Thissen A, Jaegermann W (2003) Surf Sci 539:37
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Organic Semiconductors of Phthalocyanine
Compounds for Field Effect Transistors (FETs)

Yuexing Zhang, Xue Cai, Yongzhong Bian, and Jianzhuang Jiang

Abstract Various functional phthalocyanines as well as their tetrapyrrole analogs,
porphyrins, have been extensively studied as organic semiconductors since the
first report of organic field effect transistors (OFETs) in 1986. The large conju-
gated   system, excellent photoelectric characteristics, intriguing and unique optical
properties, high thermal and chemical stability, and most importantly the easy
functionalization of phthalocyanines render them ideal organic semiconductor mate-
rials as active layers for OFETs. In this chapter, the semiconducting properties of
monomeric phthalocyanines as well as monomeric porphyrins, bis(phthalocyaninato)
rare earth double-deckers, and tris(phthalocyaninato) rare earth triple-deckers in
terms of their semiconducting nature (p-type, n-type, or ambipolar), carrier mobil-
ity, and current modulation reported in the past two decades have been summa-
rized. Theoretical studies toward understanding the relationship between molecular
structures as well as molecular electronic structures of phthalocyanines and their
semiconducting properties have also been included.

Keywords Field effect transistors (FETs) � Organic semiconductor � Phthalocya-
nine � Porphyrin � Tetrapyrrole
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Abbreviations
TC/BG Top contact/bottom gate
BC/BG Bottom contact/bottom gate
SC/BG Sandwich contact/bottom gate
BC/TG Bottom contact/top gate
PR-TRMC Pulse-radiolysis time-resolved microwave conductivity

technique
ITO Indium tin oxide
OTS Octadecyltrichlorosilane
GMA Glycidyl methacrylate
PBMA Poly(butyl methacrylate)
PMMA Poly(methylmethacrylate)
P(MMA-co-GMA) Poly(methylmethacrylate-co-glycidylmethacrylate)
PVP Poly(4-vinylphenol)
C6 1,6-bis(trichlorosilyl)hexane
CPVP-C6 Poly[1,6-(4-vinylphenol)-bis(bichlorosilyl)hexane]
Parylene-C Dichloro-[2,2]-paracyclophane
Parylene-N [2,2]-paracyclophane
CyEPL Cyanoethylpullulan
HMDS Hexamethyldisilazane
PZT PbZr0:5Ti0:5O3

P1 Polyimide-1
P2 Poly(amic acid)
PI Polyimide-2
PVC Poly(vinylchloride)
PVDF Poly(vinylidenefluoride)
PAN Poly(acrylonitrile)
PNVP Poly(N-vinylpyrrolidone)
PS Poly(styrene)
PVPy Poly(4-vinylpyridine)
PVK Poly(N-vinylcarbazole)
p-6P Para-sexiphenyl
MPc Monomeric phthalocyaninate metal complex
H2Pc Metal free phthalocyanine
VOPc Vanadyl phthalocyanine
TiOPc Titanyl phthalocyanine
H2PcAmBu 2(3)-amino-9(10),16(17),23(24)-tri(tert-butyl)-

phthalocyanine
H2PcNT 2(3)-(1,8-naphthalimide)-9(10),16(17),23(24)-tri(tert-

butyl)-phthalocyanine
CuPc-i-Pro Tetra-iso-propoxy-phthalocyaninato copper (II)
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CuPcTSNa Copper phthalocyanine tetrasulfonic acid tetrasodium salt
ZnPcTO Tetra-f4-[5-(4-tert-butyl-phenyl)-[1,3,4]oxadiazol-2-yl]-

phenoxyg-zincphthalocyanine
H2PcT(t-Bu)(OCOH) 2,9,16-tri(tert-butyl)-23-(10-hydroxydecyloxy)

phthalocyanine
CuPcT(t-Bu)(OCOH) 2,9,16-tri(tert-butyl)-23-(10-hydroxydecyloxy) copper

phthalocyanine
M.Pc/2 Bis(phthalocyaninato) rare earth complex
MPcŒPc.OC8H17/8� Heteroleptic (phthalocyaninato) [2,3,9,10,16,17,23,24-

octakis(octyloxy)-phthalocyaninato] rare earth
double-decker complex

MOEP 2,3,7,8,12,13,17,18-octaethyl-porphyrinate metal
complex

H2OEP 2,3,7,8,12,13,17,18-ocataethyl-21H,23H-porphyrin
H2TPP 5,10,15,20-tetra-phenyl-21H,23H-porphyrin
H2TBP Tetrabenzoporphyrin
NiTBP Nickel tetrabenzoporphyrin
CuTBP Copper tetrabenzoporphyrin
H2EP-I Etioporphyrin-I
MEP-I Metal etioporphyrin-I
H2TPrP 2,7,12,17-tetra-(n-propyl)-porphycene
PtTPrP 2,7,12,17-tetra-(n-propyl)-porphycene platinum
H2TBuP 5,10,15,20-tetra-(n-butyl)-porphyrin
PtTBuP 5,10,15,20-tetra-(n-butyl)-porphyrin platinum
MPcF16 Metal hexadecafluorophthalocyanine
FePcCl16 Iron hexadecachlorinphthalocyanine
FePc.CN/16 Copper hexadecacyanophthalocyanine
SnCl2Pc Phthalocyanato tin(IV) dichloride
SnOPc Tin (IV) phthalocyanine oxide
DH-’6T ’, ’’-dihexylsexithiophene
TCNQ 7,7,8,8-tetracyano-p-quinodimethane
BBL Poly(benzobisimidazobenzophenanthroline)
BP2T 2,5-bis(4-biphenylyl) bithiophene
AB Copper(II) phthalocyanine tetrakis(methyl pyridinium)

chloride

1 Introduction

Organic field effect transistors (OFETs) have attracted increasing research interests
because of their great potential applications in the field of flexible displays, inte-
grated circuits, and low-cost electronic devices since their first report in 1986 [1].
To achieve good OFET performance, organic semiconductor as the most important
part of OFET devices should possess the following characteristics: large conju-
gated  -system, enough chemical purity, good film-forming properties, and good
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intermolecular electronic overlap. In general, organic oligomers, polymers, and
some small molecules with conjugated electronic structures are among the most
intensively studied organic semiconductors for OFET applications.

Phthalocyanines and porphyrins, as the most common and important tetrapyr-
role derivatives, have been at the focus of multidisciplinary interests for more
than one century [2–7]. Both series of tetrapyrrole macrocycles are able to form
complexes with almost all the metals in the Periodic Table. These tetrapyrrole
macrocycles and their metal complexes have been emerging as an important class
of novel advanced functional materials in molecular electronics, molecular magnet,
molecular information storage, nonlinear optics, and OFET because of their unique
electronic structures and properties. Associated with the large conjugated   system,
excellent photoelectric characteristics, intriguing optical properties, high thermal
and chemical stability, and the easy functionalization of tetrapyrrole compounds,
both porphyrin and in particular phthalocyanine derivatives have been extensively
studied for OFET applications since the first demonstration of organic semiconduc-
tors. The present chapter summarizes the progress made in the field of tetrapyrrole
semiconductors with the emphasis on phthalocyanine complexes for OFETs.

Despite the extensive experimental studies of phthalocyanine semiconductors for
OFETs since 1987, theoretical investigations on the OFET properties of these com-
pounds are very scarce. Designing and synthesizing new semiconductor materials
with high charge transfer mobility, high current modulation value, high ambient sta-
bility, and good solubility in common organic solvents as the active layer of OFETs
is still a challenge for manufacturing OFETs, especially for those toward prepar-
ing ambipolar devices. Using theoretical scheme to predict the carrier mobility of
phthalocyanine semiconductors is therefore carried out and included in this chapter.

Due to the great potential applications and the widespread interests of OFETs,
several review articles with emphasis on different aspects of OFETs have been
published [8–13]. However, despite the extensive studies and increasing research
interests in phthalocyanine as well as porphyrin semiconductors, there is still no
review article that systematically generalizes the research achievements in the field
of tetrapyrrole organic semiconductors for OFETs. Thus, the present contribution
should interest scientists in both industrial and theoretical fields. The main con-
tents of this chapter is as follows: Firstly, some basic introduction of the structure
and characteristics of OFET is provided; then theoretical factors that influence the
performance of OFET devices is discussed; finally, the progress in phthalocyanine-
based OFETs in the order of p-type, n-type, and ambipolar semiconductors is
summarized.

2 Basics of Organic Field Effect Transistors (OFETs)

As the structures and current-voltage characteristic of OFETs have been well
described in many other articles [8–13], herein we only give a very simple intro-
duction on the basics of phthalocyanine-based OFET devices.
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2.1 Device Structure

Figure 1 shows the structures of types of OFET devices arising from the relative
position of the source-drain and gate electrodes in relation to the semiconduc-
tor layer. Most of the reported OFET devices have five components: substrate,
gate electrode, insulator layer, semiconductor layer(s), and source-drain electrodes.
Commonly, the substrate is at the bottom of the device as solid support, gate
electrode is joined with the circuit to provide gate voltage, insulator layer locates
between gate electrode and semiconductor layer to insulate the charge of gate elec-
trode from injecting the semiconductor layers, semiconductor layer(s) is the active
layer of OFET device in contact with the source-drain electrodes and separated from
the gate electrode by the insulator layer, and the source and drain electrodes provide
injection charge and drain voltage, respectively. As for the chemical composition,
the gate electrode is often composed of highly doped silicon, which can also serve
as substrate in some OFET devices. Some metals or conducting polymers can also
work as gate electrode. The insulator layer is either an inorganic insulator such as
SiO2 (thermally grown on Si), Al2O3, SiNx, and Ta2O5 or some polymeric insulator
such as PMMA and PVP. Figure 2 shows the molecular structures of some polymers
used as insulator layer of phthalocyanine-based OFET devices. Multiple insula-
tor layers composed of both inorganic and polymeric insulators are also used. The

Fig. 1 Schematic drawing of the structures of four kinds of typical OFET devices (a) Top
contact/bottom gate (TC/BG); (b) Top view of (a), W : channel width, L: channel length; (c) bot-
tom contact/bottom gate (BC/BG); (d) sandwich contact/bottom gate (SC/BG); and (e) bottom
contact/top gate (BC/TG)
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Fig. 2 Molecular structures of some polymers used as insulator layer in the reported
phthalocyanine-based OFET devices
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semiconductor layer can be made by vacuum depositing, spin-coating, drop-casting,
or LB film technique depending on the properties of semiconductor materials. The
source and drain electrodes are usually high work function metals such as gold,
palladium, platinum, and silver, while conducting polymers are used as well. To
achieve efficient charge injection, asymmetry electrodes (using different metals as
source and drain electrodes respectively) and some low work function metals such as
calcium are also used in OFET devices. Although top contact/bottom gate (TC/BG)
OFET is most widely used because of the facility of fabrication, the choice of OFET
device structure actually depends on the requirement of the physical nature of the
semiconductor and insulator materials.

2.2 OFET Performance Characterization

The performance of OFET device is usually characterized by three important param-
eters: threshold voltage (VT=V ), on/off current ratio (Ion=Ioff), and charge transfer
mobility (�=cm�2 V�1 s�1). Threshold voltage reflects the minimum gate voltage
applied to fill the deep traps in semiconductor layers in order to make the charge
be mobile. It should be as small as possible. On/off current ratio is the ratio of the
drain current in the on-state of a particular gate voltage and the drain current in the
off-state. For clean switching behavior of the transistor, on/off current ratio should
be as large as possible. Charge transfer mobility as the most important parameter in
determining the performance of OFET devices quantifies the average charge carrier
drift velocity per unit electric field, which should be as high as possible for OFET
applications.

Usually, the source electrode is grounded while negative or positive voltage is
applied to the drain electrode and gate electrode. By increasing the applied gate
voltage and sweeping the drain voltage between some voltage region at a given
gate voltage, one can get current-voltage characteristics as shown in Fig. 3. When
negative gate and drain voltage is applied, the positive charge (hole) gathered at the
insulator/semiconductor interface will work as charge carriers. If high drain current

Fig. 3 Schematic diagram of current-voltage characteristics of (a) p-type, (b) n-type, and (c)
ambipolar OFET device
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and filed-effect behavior can be observed, this kind of OFET device is called p-type
OFET and the corresponding semiconductor(s) is called p-type semiconductor(s)
(Fig. 3a). In contrast, if positive gate and drain voltage is applied and negative charge
(electron) works as charge carriers, n-type OFET is achieved (Fig. 3b). Nevertheless,
if semiconductors display field-effect behavior in both negative and positive gate
and drain voltage, that is, both hole and electron carriers can be observed, they are
showing ambipolar semiconducting nature (Fig. 3c). As can be seen from Fig. 3,
when gate voltage is low, only negligible drain current is detected, which almost
does not change with increasing the drain voltage. The device is at off-state. When
gate voltage (VG) is higher than the threshold voltage (VT), the device will be turned
on. In this case, drain current .ID/ firstly increases with increasing drain voltage
.VDS/ when VDS < .VG–VT/. This region is called linear region. At the linear region
with VDS << VG, current can be simply given by:

ID D .W Ci=L/�lin.VG � VT/VDS

Where �lin is the field-effect mobility in linear region, W and L are channel width
and length (Fig. 1b), respectively, and Ci is the capacitance per unit area of the insu-
lating layer. Thus the field-effect mobility in the linear region can be extracted from
gradient of ID versus VG at constant VDS (also applicable for gate voltage dependent
mobility). When VDS > .VG–VT/, the drain current will then keep almost unchanged
with increasing drain voltage. This region is called saturation state. At the saturation
region, current can be given by:

ID D .W Ci=2L/�sat.VG � VT/2

Therefore, the device mobility can be calculated in the saturation region from the
slope of a line drawn of an ID

1=2 vs. VG plot through the linear part.

3 Theoretical Studies on Phthalocyanine Semiconductors

In addition to the intensive experimental studies over the preparation and fabrication
techniques of OFET devices in the past two decades, great efforts have been paid in
theoretical and computational aspects toward understanding the nature of organic
semiconductors and the relationship between OFET performance and molecular
as well as solid state structures and toward designing novel molecular materials
with high OFET performance. For example, as early as in 1997, Demanze and
co-workers have studied the effect of cyan substitution on tuning the electronic
properties of oligothiophenes and the substitution pattern required for designing
efficient electron-transporting (n-type) oligothiophene derivatives by calculating the
reorganization energy [14]. On the basis of density functional theory (DFT) calcu-
lations, di-fluronated boron substituted hexathienoacene was designed as ambipolar
semiconductors recently by our group. The intrinsic charge transfer mobility was
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calculated to be as high as 5.07 and 5:76 cm2 V�1 s�1 for hole and electron,
respectively [15].

Design and synthesis of new materials with high charge transfer mobility, high
ambient stability, and good solubility in common organic solvents as the active layer
of OFETs is still a great challenge, especially for those toward preparing ambipo-
lar devices. Theoretically, (a) HOMO and LUMO energy, (b) ionization potential
(IP) and electron affinity (EA), (c) reorganization energy for hole .œC/ and elec-
tron (œ�), (d) transfer integral for hole .tC/ and electron .t�/, and (e) corresponding
charge transfer distance (r) all have influence on the intrinsic semiconducting prop-
erty of OFET materials. The first two factors (a and b) determine the easiness of
charge injection from the source electrode to the semiconductors and thus the nature
of semiconductor materials, while the last three factors (c–e) combine together to
determine the charge transfer mobility of the organic semiconductors and thus the
performance of the OFET device fabricated with these semiconductors. To ensure
large charge transfer mobility, semiconductors should have small reorganization
energy and/or large transfer integral even for far transfer distance. On the other
hand, p- and n-type semiconductors should possess high HOMO and low LUMO
energy, respectively, which in turn results in small ionization potential and large
electron affinity (at least 3.0 eV). Both ionization potential and electron affinity
should actually be close to the work function potential of the source-drain elec-
trodes (5.1 eV for Au electrode) to yield small charge injection barrier for hole and
electron, respectively and therefore ensure the effective charge injection from the
source electrode. As expected, ambipolar semiconductors are those materials simul-
taneously with high HOMO and low LUMO energy as well as small ionization
potential and large electron affinity. Among the five factors (a–e) mentioned above,
the former three (a–c) are clearly determined by the intrinsic property of single
molecule while the latter two factors (d and e) by interaction between neighbouring
molecules and thus closely associated with the solid state structure of corresponding
compounds. As a consequence, molecular design toward ambipolar organic semi-
conductors should aim for compounds with both high HOMO and low LUMO, small
ionization potential and large electron affinity, and small intrinsic hole and electron
reorganization energy in nature in terms of both injection barrier and charge transfer
mobility. Functionalizing p-type semiconductors, including replacing the func-
tional atom(s) and/or substituting the hydrogen atom(s) with electron-withdrawing
group(s), has been revealed as one of the most effective methods in tuning the semi-
conductor nature from p-type to n-type or ambipolar semiconductors, as revealed
by the groups of Chao and Jiang [15, 16].

In the two models treating carrier motion in solid state (coherent band model and
incoherent hopping model), the hopping mechanism has been proved to be the dom-
inant mechanism in organic semiconductors at high temperature and is advocated by
Brédas and other scientists [17–20]. In the hopping model, charge transfer can be
described as a self-exchange electron-transfer reaction between a neutral molecule
and a neighboring radical cation (p-type) or radical anion (n-type). The rate constant
for charge transfer (W ) thus can be modeled by classical Marcus theory [21, 22]:
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W D .t2=„/.�=�˙kBT /1=2exp.��˙=4kBT /

where t is the transfer integral, �˙ the reorganization energy, kB the Boltzmann
constant, and T the temperature. Neglecting the influence of intermolecular interac-
tion on the molecular deformation, the reorganization energy œC or œ� for hole or
electron transfer, respectively, is calculated as the sum of the energy required for the
reorganization of the vertically ionized neutral to the cation or anion geometry and
the energy required to reorganize the cation or anion geometry back to the neutral
equilibrium structure on the ground state potential energy surface. To achieve high
charge carrier mobility, the reorganization energy needs to be minimized. The trans-
fer integral t depends on the relative arrangement of the molecules in the solid state
and describes the intermolecular electronic coupling which needs to be maximized
to achieve high charge carrier mobility. The direct dimer Hamiltonian evaluation
method [23] was used in evaluating charge transfer integrals:

t D
D
ˆ

0;site1
HOMO/LUMO

ˇ
ˇF 0

ˇ
ˇ ˆ

0;site2
HOMO/LUMO

E

which has been proved simple, efficient, and reliable [24] in comparison with the
site energy and overlap corrected splitting scheme of Valeev and co-workers [25].
Given the rate constant for charge transfer (W ) between two neighboring molecules,
the diffusion coefficient can be evaluated as [20, 26, 27]:

D D 1

2d

˝
x.t/2

˛

t
� 1

2d

X

i

r2
i WiPi

In the above equation i represents a specific transfer path way with ri being the
transfer distance (intermolecular center to center distance), 1=Wi the transfer time,
and d the spatial dimension, which is equal to 3 for crystal, and Pi is the relative
probability for the i th pathway:

Pi D Wi=
X

i

Wi

The basic assumption is that the charge transfer is a slow process in which the
molecules have enough time to become equilibrium. This is pertinent for soft
organic system. The drift charge transfer mobility, �, is then evaluated from the
Einstein relation:

� D e

kBT
D

According to the above methodology, theoretical studies over bis(phthalocya-
ninato) metal complexes have been carried out in our group recently for further
understanding the relationship between molecular structure and local charge transfer
mobility and the rational designing of phthalocyanine-based organic semiconduc-
tor materials with good performance for OFET devices [28]. The results indicate
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that the intrinsic delocalized hole in M.Pc/2.M D Y, La) induces the high energy
level of HOMO and low energy level of LUMO in the sandwich double-decker
molecules as well as the small ionization potential and large electronic affinity,
leading to very small injection barrier relative to Au source-drain electrode for both
hole and electron and rendering these double-decker compounds as good potential
ambipolar semiconductor. This is in line with the experimental findings by Simon
and co-workers that bis(phthalocyaninato) rare earth complexes display both p- and
n-type semiconducting properties [29]. Associated with the very small reorganiza-
tion energy for hole and electron and large transfer integral in crystal, these two
complexes M.Pc/2.M D Y; La/ are revealed to display charge transfer mobility
of 0.034 and 0:17 cm2 V�1 s�1 for hole and 0.031 and 0:088 cm2 V�1 s�1 for
electron in crystal, respectively, according to calculation results. In addition, the
charge transfer mobility in the dimers composed of two Y.Pc/2 molecules in terms
of molecular packing mode is systematically studied, which rationalizes the good
charge mobility for hole observed experimentally of sandwich-type heteroleptic
phthalocyaninato rare earth complexes in thin solid films. Our theoretical studies on
phthalocyanine semiconductors will be helpful in understanding the charge transfer
properties of phthalocyanine materials and developing novel phthalocyanine-based
semiconductor materials for OFET applications.

4 p-Type Phthalocyanine Semiconductors

Similar to the cases in other small molecules and polymers, most materials com-
posed of phthalocyanine compounds are revealed to work as p-type semiconductors
for OFET applications with only few phthalocyanine materials as n-type semicon-
ductors and even less as ambipolar ones. Among the p-type tetrapyrrole semicon-
ductors, monomeric phthalocyanine compounds hold all the trumps with only a few
double- and triple-deckers together with some porphyrin derivatives having been
reported.

4.1 Monomeric Phthalocyanine Semiconductors

Figure 4 shows the molecular structures of the monomeric phthalocyanines used as
the active layer of p-type OFET devices, and Table 1 organizes the performance
of these phthalocyanine-based OFETs. As can be seen, unsubstituted metal-free
phthalocyanine and its metal complexes, axial substituted metal phthalocyaines, and
peripheral tetra-substituted phthalocyanines all can work as p-type semiconductors
for OFET devices. Most of the semiconductors composed of peripheral unsubsti-
tuted and axial substituted phthalocyanine derivatives are prepared through vacuum
deposition method with a few exceptions being made of corresponding single
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Fig. 4 Molecular structures of the monomeric phthalocyanines used as semiconductors of p-type
OFET

crystals, while the peripheral tetra-substituted phthalocyanine semiconductors are
prepared through LB or spin-coating film-formation techniques.

The semiconducting behavior of metallo phthalocyanines was first observed in
1948 and then attracted research interest in advance of prototype organic semicon-
ductors [30]. However, the transistor properties of these compounds have received
less attention probably because of their low reported charge mobilities. Three years
after the first report of OFET in 1986 [1], OFET devices with vacuum deposited
NiPc thin film of different thickness as active layer and SiO2 previously deposited on
Si wafers (gate electrode) as insulator were fabricated by Guillaud and co-workers
[31]. As the first reported monomeric phthalocyanine-based OFET, hole transfer
mobility in the range of 1:5–7:0 � 10�4 cm2 V�1 s�1 and VT ranging from �3 to
�10 V were recorded for different thickness of NiPc films. The hole transfer mobil-
ity of NiPc-based OFETs was significantly improved (to 0:02 cm2 V�1 s�1/ through
thermally activating the transistor at 100ıC [32]. The effect of room atmosphere on
the OFET performance of NiPc-based OFET devices was also studied by Guillaud
and co-workers in 1994 [33]. In 1995, they reported their NiPc-based OFETs with
hole mobility of 1:14 � 10�3 cm2 V�1 s�1, which was the highest mobility among
all the reported NiPc-based thin-film transistors at that time [34]. Ben Chaabane and
co-workers studied the effect of annealing on the properties of NiPc-based OFETs
in 2003 and found that annealing could significantly improve the mobility from
1:15 � 10�5 to 8:9 � 10�3 cm2 V�1 s�1 [35].
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Despite the delayed investigation over CuPc-based OFET devices in compari-
son with NiPc-based ones, the much higher transfer mobility of CuPc-based OFETs
makes CuPc among the most widely studied phthalocyanine semiconductor materi-
als. In 1996, Bao et al. first manufactured CuPc into OFETs [36]. The mobility of
these OFETs was found to strongly depend on the substrate temperature for deposit-
ing semiconductor films. The highest mobility of 0:02 cm2 V�1 s�1 with on/off
current ratio of 4 � 105 was achieved when the material was deposited at 125ı C.
Antohe et al. prepared CuPc-based OFETs in 1998 and presented a model for obtain-
ing the typical characteristics of the drain current versus drain voltage at different
gate voltages [37]. In 2000, non-crystalline ordered CuPc films made by vacuum
sublimation were used as active layers in OFET devices by ordering film in stacks
parallel to the substrate through choosing proper substrate and annealing tempera-
ture as well as the thickness of the films [38]. The highest mobility achieved in those
OFETs was 3�10�4 cm2 V�1 s�1 and on/off current ratio reached 107, which were
several orders of magnitude higher than those fabricated from unordered films. Kudo
et al. comparatively fabricated lateral and vertical type OFETs using evaporated
films of CuPc and recorded the basic static and dynamic characteristics of these
OFETs in 2001 [39]. The vertical type OFETs showed high-frequency, high-current
characteristics, and high hole transfer mobility under relatively low-voltage condi-
tions compared with those of lateral type OFETs, 4�10�6 vs. 6�10�7 cm2 V�1 s�1,
because of the short length between the source-drain and gate electrodes in the
vertical type device [39]. Gundlach et al. found that chemically modifying SiO2

insulator with vapor-deposited OTS monolayer can greatly improve the performance
of thin-film OFET devices with small organic molecules such as CuPc as semicon-
ductor materials [40]. Hoshino and co-workers studied the thickness dependence of
semiconducting properties of CuPc-based OFET devices in 2002, and found that
the devices with 80-nm thick of CuPc layer showed the highest hole mobility of
3:5 � 10�3 cm2 V�1 s�1 [41]. The electrical characteristics of OFET devices with
CuPc film prepared by electrophoretic deposition as active layer was also studied
by Takada et al. in 2002, which displayed p-type characteristic with mobility of
1:4 � 10�5 cm2 V�1 s�1 [42].

Seven years after the first report of CuPc-based OFET devices by Bao et al.
[36], Liu and co-workers investigated again the influence of the substrate tempera-
ture during deposition on the characteristics of CuPc films and the OFET properties
[43]. Hole mobility of 3:75 � 10�3 cm2 V�1 s�1 was obtained this time when the
substrate temperature of 120ıC was adopted. It is worth noting that despite the
one order of magnitude smaller value of the highest mobility recorded by Liu than
that measured by Bao and co-workers, the OFET device deposited at room temper-
ature by Liu showed better OFET performance than that of Bao’s because of the
better film quality deposited at room temperature with a hole transfer mobility of
4:13�10�3 cm2 V�1 s�1 [44]. To further improve the OFET performance, Yan and
co-workers introduced a low-dielectric PMMA polymer layer between gate insu-
lator and source/drain electrodes in 2003 [45]. Due to the improved electric-field
distribution between source-drain electrodes and semiconductor layer, the enhanced
charge injection in the bottom-contact device, the improved growth behavior of
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CuPc thin films, and the enhanced physical connection between source-drain elec-
trodes and semiconductor channel associated with the PMMA polymer layer, the
OFET performance of this bottom-contact device was significantly improved with
leakage current being reduced by roughly one order of magnitude and on-state
current enhanced by almost one order of magnitude. The hole mobility of this
bottom-contact OFET device reached 0:01 cm2 V�1 s�1, which is comparable with
that of top-contact device but much higher than that of normal bottom-contact device
without polymer layer [45].

In 2004, Yan and co-workers further improved the performance of CuPc-based
bottom-contact OFETs by introducing low dielectric constant OTS as second gate
insulator on top of the first tantalum pentoxide (Ta2O5/ gate insulator [46]. The
devices exhibited hole transfer mobility as high as 0:024 cm2 V�1 s�1, on/off cur-
rent ratios as large as 2:0�105, and threshold voltage of only �14 V, demonstrating
the effectiveness of using inorganic/organic double insulator as the gate dielectric
layer in improving the electric characteristics of OFET devices. By depositing CoPc
layer on top of the CuPc semiconductor layer of normal top-contact OFET devices,
Yan et al. fabricated sandwich type OFETs (Fig. 1d) with source-drain electrodes
sandwiched between CuPc and CoPc layers. This sandwich type OFETs exhibited
very high hole transfer mobility of 0:11 cm2 V�1 s�1, large on/off current ratios
at the level of 105, and low threshold voltage of �8:9 V [47]. Okuda successively
lowered the driving voltage of CuPc-based OFET to below 2 V by employing a
PbZr0:5Ti0:5O3 film as a high-permittivity insulator layer [48]. The hole carrier
mobility of this device was 0:017 cm2 V�1 s�1 with an on/off current ratio of more
than 103 and threshold voltage of only �0:95 V. Sakai studied the OFET perfor-
mance of thin-film transistors with oriented CuPc crystals fabricated by physical
vapor deposition under DC electric field [49]. High current and a remarkable thresh-
old for the drain voltage were achieved for this device, but the hole transfer mobility
was relatively low .3 � 10�4 cm2 V�1 s�1/ because of the suppression of the drain
current by a nonohmic junction [49].

Using time-of-flight measurement method, Kitamura got drift mobility of 1:1 �
10�3 � 2:0 � 10�3 cm2 V�1 s�1 in CuPc film, which was comparable to the result
in thin-film transistor [50]. In 2005, Ofuji and co-workers investigated the crystal-
lite size effect on the hole mobility of uniaxially aligned CuPc-based OFETs by
substrate rubbing treatment and revealed higher hole transfer mobility .0:02 cm2

V�1 s�1/ in the rubbing treated OFET device than that of untreated ones [51]. Sim-
ilar to the finding of Yan [46], Liu and co-workers revealed that self-assembling
OTS monolayers on SiO2 substrate (between SiO2 insulator and CuPc semicon-
ductor layers) can effectively enhance the performance of OFET devices because
of the improvement in the quality of both the organic/dielectric interface and the
evaporated CuPc thin films [52]. The mobility of this OFET device was 1:48 �
10�3 cm2 V�1 s�1, 1–2 orders of magnitude higher than that of OFETs with bare
SiO2 insulator. Using Lu.Pc/2 as a buffer layer sandwiched between source-drain
electrodes and organic semiconductor layer, Yan and co-workers fabricated top-
contact CuPc-based OFETs with effectively enhanced performance in comparison
with conventional top-contact ones due to the included difference of the Fermi level
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and interface dipolar between Lu.Pc/2 and Au electrode [53]. The on-state current
and hole transfer mobility increased from 700 nA and 0:7 � 10�2 cm2 V�1 s�1 to
2:5 �A and 1:58 � 10�2 cm2 V�1 s�1, respectively, and threshold voltage down-
shifted from �21 to �11 V for the linear region with the on/off current ratio
improved to a level of 104, indicating the effectiveness of intrinsic molecular semi-
conductor with a high carrier density as a buffer layer in improving the linear region
characteristics of the OFETs and thus making the device suitable for applications in
flat panel display.

On the basis of the previous finding that CuPc–CoPc composites-based OFETs
with source and drain electrodes sandwiched between CuPc and CoPc layers had
different characteristics from that with pure materials [47], Yan and co-workers
investigated the performance of OFET device with composite of CuPc and NiPc
(CuPc:NiPc, 9:1 w/w) as the active layer [54]. The device exhibited high mobil-
ity, up to 0:05 cm2 V�1 s�1, which was probably due to the presence of a new
crystalline phase consisting of two different molecules. In 2006, Puigdollers and co-
workers fabricated CuPc thin-film transistors using PMMA as gate dielectric [55].
Despite the fact that the use of such organic dielectrics can allow the fabrication of
OFETs on plastic substrates and thus open up the possibility to fabricate flexible
devices, this device showed low mobility of 2�10�5 cm2 V�1 s�1. Utilizing Ta2O5

as the insulator layer, the mobility of CuPc-based top-contact OFETs achieved
4�10�3 cm2 V�1 s�1 [56], which is in the high-end of the reported values for CuPc-
based OFETs. The effect of high dielectric constant gate oxide insulator, including
Ta2O5=SiO2; Al2O3, and Ta2O5, on the electrical properties of CuPc-based OFETs
was reported by Itoh and co-workers in 2006 [57]. The results suggested that Ta2O5

was a more suitable material to obtain higher mobility and lower operating voltage
in CuPc-based OFETs than other insulator materials. By applying the copolymer
of methyl methacrylate and glycidyl methacrylate [P(MMA-co-GMA)] as a gate
dielectric with a simple top-contact structure, Du and co-workers fabricated CuPc-
based OFET device [58] exhibiting comparable performance with those devices
with inorganic gate dielectric materials such as silicon dioxide under the same tech-
nical conditions but much higher performance than the previous reported device
with PMMA gate dielectric materials [55]. After annealing, the highest mobil-
ity increased from 2:5 � 10�3 to 4:2 � 10�3 cm2 V�1 s�1 and threshold voltage
decreased from �18 to �10 V [58]. In 2006, Liu and co-workers reported a method
of fabricating noncoplanar channel OFETs by a conventional photolithographic
technique, which was revealed suitable to obtain short channel transistors as well
as transistors using two different metals as drain-source electrodes [59]. The fab-
ricated OFET device with channel length of 6 �m and Au source-drain electrodes
showed hole transfer mobility of 3:2 � 10�3 cm2 V�1 s�1 and on/off current ratio
of 104. It is worth noting that when Al was used as source electrode and Au or Al as
drain electrode, electron transfer behavior was also found in this kind of non-planar
CuPc-based OFETs [59], vide infra.

By introducing Lewis-acid V2O5 thin film between semiconductor and insula-
tor layers, Minagawa et al. fabricated CuPc-based OFETs that can be turned on
by positive gate voltage, which showed improved hole mobility in comparison
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with traditional CuPc-based OFET, 3:6 � 10�3 vs. 2:5 � 10�4 cm2 V�1 s�1 [60].
The author further improved the hole transfer mobility of this kind of OFET to
6:3�10�3 cm2 V�1 s�1 in another work and attributed the interesting OFET behav-
ior to the charge transfer complexes formed between CuPc layer and the V2O5

Lewis-acid on the basis of the comparative results of XRD, UV-vis spectra, and
ionization potential of CuPc monolayer, V2O5 monolayer, and CuPc–V2O5 co-
evapored films [61]. Ikeda and co-workers studied the influence of active layer
thickness on transport characteristics of a CuPc thin-film transistor by using the
in situ FET measurement system, in which the film was continuously deposited up
to several hundred nanometers in thickness [62]. It was found that the drain current
and mobility showed maximum values in the early stage of film growth and then
decreased with increasing the film thickness [62]. Yan et al. investigated the air sta-
bility of CuPc-based OFETs in 2006 [63]. It was found that the threshold voltage
positive-shifted and the on/off current ratio lowered because of O2 doping to CuPc
thin film assisted by water when the device was stored in water-humidified O2 and
room air despite the almost unchanged mobility. However, the OFET devices were
revealed to exhibit excellent stability when a cross-linked polyvinyl alcohol film
was used as encapsulation layer to prevent the permeation of O2 and water, which
would help to push the development of OFETs for practical applications.

Thin-film OFETs with MoO3/Al electrode and OTS/SiO2 bilayer gate insu-
lator were manufactured by Bai and co-workers in 2007 [64]. In line with the
case in CuPc-based OFET with Au electrode and OTS=Ta2O5 bilayer gate insu-
lator reported by Yan and co-workers [46], the introduction of OTS significantly
improved the performance of this device due to the low energy hydrophobic surface
of OTS, from 6 � 10�4 cm2 V�1 s�1, 103, and �9 V for mobility, on/off current
ratio, and threshold voltage, respectively, in the OFET device without OTS treat-
ment to 1:5 � 10�3 cm2 V�1 s�1, 104, and �6 V in the OTS-treated OFET device
[64]. In addition, the mobility in the OFET device with OTS/SiO2 bilayer gate insu-
lator reported by Bai [64] was more than one order of magnitude lower than that in
the device with OTS/Ta2O5 obtained by Yan [46], corresponding well with the con-
clusion of Itoh et al. [57] that Ta2O5 was a more suitable material to obtain higher
mobility in CuPc-based OFETs than other insulator materials. Videlot-Ackermann
and co-workers fabricated heterojunction OFETs based on p-type CuPc and n-
types CuPcF16 or TCNQ and studied their OFET properties [65]. However, only
p-type behavior was found in the device with hole transfer mobility in the range
of 1–6 � 10�4 cm2 V�1 s�1 and non-ideal ohmic behavior was revealed, associ-
ated with the occurrence of a build-up electrical field self-bias at the CuPc/CuPcF16

interface due to the charge transfer phenomenon between CuPc and CuPcF16.
The thickness dependence of mobility in CuPc-based OFETs on amorphous SiO2

substrate was investigated by Gao et al. in 2007 [66]. The results demonstrated that
the mobility increased with increasing the thickness of CuPc layer and then was sat-
urated at the thickness of 7.8 nm with mobility about 0:008 cm2 V�1 s�1. In 2008,
Du and co-workers fabricated CuPc-based OFETs using PMMA and P(MMA-
co-GMA) as gate insulators, and the difference between devices with different
polymer gate insulators were explained with XRD, AFM, and SEM measuring
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results [67]. The performance of the fabricated OFET devices with both PMMA
and P(PMMA-co-GMA) was improved in comparison with the previously reported
results [55, 58], showing mobility, on/off current ratio, and threshold voltage of
5:89�10�3 cm2 V�1 s�1, 2�103, and �15 V for OFET with PMMA gate insulator
and 1:22�10�2 cm2 V�1 s�1, 7�103, and �8 V for device with P(PMMA-co-GMA)
insulator, respectively [67].

In contrast to the widely conducted investigations of OFET devices with CuPc
as active semiconductor layer, OFET devices based on thin solid films of other
monomeric phthalocyanine compounds are very limited. Bao and co-workers had
demonstrated OFETs using different metallophthalocyanines including CuPc, SnPc,
H2Pc, ZnPc, FePc, PtPc, and NiPc [68]. It was found that the mobility of these mate-
rials changed significantly with substrate temperature and phthalocyanine species.
For example, the mobility of ZnPc-based OFET increased from 2:3 � 10�4 cm2

V�1 s�1 for device fabricated at substrate temperature of 30ı C to 2:8 � 10�3 cm2

V�1 s�1 for device fabricated at substrate temperature of 200ıC, and that the
mobility of OFET devices fabricated at substrate temperature of 125ıC decreased
from 0:02 cm2 V�1 s�1 for CuPc semiconductor to 3 � 10�5 cm2 V�1 s�1 for
NiPc semiconductor. Kudo et al. fabricated OFET devices with H2Pc, CuPc, and
PbPc evaporated films as semiconductor layer and measured their OFET perfor-
mance [69]. The mobility of these p-type OFETs was found to change significantly
depending on the phthalocyanine semiconductor property and substrate tempera-
ture. Furthermore, the adsorption and desorption of oxygen molecule were also
revealed to show marked effect on their electrical parameters [69]. The carrier
mobility of TiOPc-based OFETs at the presence of electron acceptor gas (NO2)
and electron donor gas (NH3) molecules was studied in 1999 by Touda et al. [70].
The results indicated that the adsorbed gas molecules played an important role
on not only the carrier density but also the carrier transport. In 2004, Ohta and
co-workers fabricated transparent OFETs using molecular-beam-deposited VOPc
film as active layer and (Sc0:7Y0:3/2O3 film heteroepitaxially grown on atomically
epitaxial flat ITO film as gate insulator, which exhibited high carrier mobility of
0:005 cm2 V�1 s�1 [71]. The applicability of different polymers (PVC, PVDF, PAN,
PMMA, PVP, PS, PVPy, PVK, and PI) as dielectric layers for OFETs with phthalo-
cyanines (ZnPc and VOPcF16) as the active semiconductor layers was discussed by
Kelting and co-workers in 2006 in terms of the dielectric behavior and observed
growth characteristics [72]. By growing VOPc on an ordered p-6P layer under
a high substrate temperature, Yan and co-workers fabricated VOPc-based OFETs
with improved mobility as high as 1 cm2 V�1 s�1 due to the weak epitaxial growth
behavior of VOPc on ordered p-6P layer [73]. In 2007, Liu and co-workers fab-
ricated TiOPc-based OFET devices at substrate temperature of 150ı C by using
OTS-modified Si=SiO2 substrates [74]. The OTS layer not only improved the con-
tact between organic semiconductor and SiO2 gate insulator but also induced the
formation of ordered ˛-TiOPc films, which together with the ultra close  -stack of
’-TiOPc and favorable “edge-on” molecular orientation with respect to substrates
resulted in the good OFET performance, with the filed effect mobility, on/off cur-
rent ratio, and threshold voltage being 3:31 cm2 V�1 s�1, 1:2 � 107, and �17:8 V,
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respectively. The hole mobility of this device was among the highest ones for thin-
film OFETs up to date, indicating the great potential of phthalocyanine compounds
as semiconductor materials for OFET devices. Akazawa et al. fabricated top-contact
OFETs using vacuum evaporated MgPc thin films as an active layer in 2007 [75],
the on/off ratio and field-effect mobilities of which were revealed to be greatly
improved by treating the MgPc semiconductor layer and the n-Si substrate surface
with ethanol vapor and HMDS vapor respectively [75].

Molecular packing in single crystal usually reflects the most advantageous molec-
ular arrangement of molecular materials in solid state. As a result, single crystal-
based OFETs should exhibit the largest charge transfer mobility comparable with
the intrinsic property of the semiconductor materials. However, due to the limitation
of the experimental method and crystal size, only a few OFET devices with single-
crystal of phthalocyanine compounds as semiconductors have been reported. Kloc
and co-workers fabricated OFET with CuPc single crystals grown through physical
vapor transport in 2005 [76]. As the first p-type OFET based on single-crystal of
CuPc, this device exhibited hole transfer mobility up to 1 cm2 V�1 s�1, on/off cur-
rent ratio larger than 104, and lower threshold voltage around �6 V. After 1 year, Hu
and co-workers synthesized single-crystalline submicrometer-sized ribbons of CuPc
and fabricated OFET devices based on individual submicrometer-sized ribbons [77].
These devices, as the first OFETs based on individual organic submicrometer-sized
single crystals, showed very low threshold voltage lower than �3 V and high carrier
mobility in the range of 0:1–0:2 cm2 V�1 s�1.

The Langmuir–Blodgett (LB) technique allows fine control of both the struc-
ture and the thickness of the film at the molecular level and has been employed in
building films for OFET studies. However, the mobility of LB film-based OFETs,
usually in the range of 10�7–10�3 cm2 V�1 s�1, is far behind those of vacuum
deposited films. This, together with the fact that the LB technique is a difficult
method for rapid manufacturing, has suppressed interest in using the LB technique
for OFET studies. LB technique was firstly used to build film for OFETs in 1990
by the research group of Paloheimo [78]. Since then, several phthalocyanine-based
OFET devices fabricated using LB technique have been reported by Liu’s group
[79–83]. In 2001, they fabricated OFETs with LB films of H2PcAmBu, H2PcNT,
and CuPc-i-Pro as the active semiconductor layer [81], which showed hole mobil-
ity of 2:84 � 10�5, 4:42 � 10�4, and 3:25 � 10�4 cm2 V�1 s�1 for the three
phthalocyanines, respectively. In 2003, they created OFET devices with the LB
films of [H2PcT.t-Bu)(OCOH)] and its copper complex [CuPcT(t-Bu)(OCOH)].
Hole transfer mobility of 1:46 � 10�5 and 9:09 � 10�4 cm2 V�1 s�1 were revealed
for these two devices, respectively [82]. Recently, they synthesized ZnPcTO and
studied their OFET properties [83]. Spin-coated single layer film of CuPcTSNa was
revealed to exhibit semiconductor property for OFET by Nishimura and co-workers
in 2004 [84]. However, the mobility for the OFET device with spin-coating films
of CuPcTSNa was only 1:1 � 10�8 cm2 V�1 s�1, much lower than common OFET
device based on other solution processable methods. Donley et al. studied the direct
current (dc) conductivities and OFET characteristics of a class of octa-substituted
liquid crystalline (discotic mesophase) phthalocyanines in 2004 [85]. The OFETs
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Fig. 5 Molecular structures of sandwich bis(phthalocyaninato) rare earth double-decker com-
plexes used as semiconductors of p-type OFET

prepared from the LB films of these phthalocyanines showed anisotropies in field
effect mobility of approximately 10:1 in the direction of parallel and perpendicular
to the column axis for a variety of W/L ratios (source/drain dimensions and spacing),
which exhibited hole transfer mobility in the range of 1 to 5 � 10�6 cm2 V�1 s�1.

4.2 Sandwich Bis(Phthalocyaninato) Rare Earth Double-Decker
Semiconductors

Figure 5 shows the molecular structures of sandwich bis(phthalocyaninato) rare
earth double-decker complexes for p-type OFETs, and Table 2 organizes the per-
formance of these OFETs. Probably due to the hardness in fabricating highly
ordered films of bis(phthalocyaninato) rare earth complexes, OFETs based on
double-deckers are much less than that on monomeric phthalocyanines. Clarisse
and co-workers fabricated p-type OFET with mixture of NiPc and ScPc2 as
active layer in 1988, which exhibited hole mobility about 10�3 cm2 V�1 s�1 and
threshold of 1V [86]. In 1991, they reported the operation and characteristics
of bis(phthalocyaninato) rare earth field effect transistors [87], which were fab-
ricated with monomeric metal phthalocyanines (MPc, M D 2H, Cu, and Ni) as
the first layer and bis(phthalocyaninato) rare earth complexes (MPc2, M D Sc,
Y) as the active semiconducting layer using two successive sublimations method.
The hole mobility of these OFET devices was revealed changing in the range
of 10�4–10�3 cm2 V�1 s�1 depending on different metallic ions in mono- and
bis(phthalocyaninato) compounds. In 2005, Jiang et al. described the fabrication
of heteroleptic bis(phthalocyaninato) rare earth complexes M(Pc)[Pc(OC8H17/8]
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Table 2 Performance of some bis(phthalocyaninato) rare earth double-decker-based p-type OFET
devices (mEn means m� 10n)
Year Mobility Œcm2 Material �V T Ion= Source- Gate Insulator Reference

V �1s�1� (deposition ŒV � Ioff drain electrode
method) electrode

1988 1E-3 ScPc2–NiPc �1 NR Au Si SiO2 [86]
1991 1E-3 ScPc2–H2Pc (v) �3 NR Au Ag SiO2 [87]

2E-4 ScPc2–CuPc (v) 0
1E-3 ScPc2–NiPc (v) �1

1E-3 YPc2–NiPc (v) NR
2005 6.4E-4 TbPcŒPc 15 5.5E4 Au Si SiO2 [88]

.OC8H17/8� LB film [88]
1.7E-3 LuPcŒPc NR E2

.OC8H17/8� LB film

(M D Tb, Lu) into organic thin-film transistors by LB technique and reported their
field effect mobility, which represented the first report for p-type OFETs based on
bis(phthalocyaninato) rare earth complexes prepared via LB method [88]. Due to
the highly ordered molecular arrangement of M(Pc)[Pc(OC8H17/8] (M D Tb, Lu)
in LB films and the appropriate HOMO energy level of these double-deckers rela-
tive to the Au source-drain electrodes, the OFETs reported in that work exhibited
higher hole transfer mobility of 1:7 � 10�3 cm2 V�1 s�1 in comparison with those
fabricated from monomeric phthalocyanine LB films.

4.3 Sandwich Tris(Phthalocyaninato) Rare Earth Triple-Decker
Semiconductors

Figure 6 shows the molecular structures of sandwich tris(phthalocyaninato)
rare earth triple-decker complexes used as semiconductors of OFETs, and
Table 3 organizes the performance of these OFETs. Similar to the case of
bis(phthalocyaninato) rare earth complexes, OFETs based on tris(phthalocyaninato)
rare earth triple-decker complexes are very scarce. The OFETs with LB
films of amphiphilic tris(phthalocyaninato) rare earth triple-decker complexes
(Pc0/M.Pc0)M[Pc(OC8H17/8] (M D Eu, Ho, Lu) as active semiconductor layers
were fabricated recently by Jiang’s group showing unexpectedly good OFET per-
formance with carrier mobility reaching 0:24–0:60 cm2 V�1 s�1. This is among
the highest mobility achieved so far for LB film-based OFETs [89]. Such high
hole transfer mobility was ascribed to the intramolecular �–� stacking and
the intermolecular J aggregation in the LB films, which had also been theo-
retically rationalized according to the DFT calculated results [28]. Excited by
the high OFET performance of these triple-decker semiconductors, a series of
amphiphilic heteroleptic tris(phthalocyaninato) europium complexes with differ-
ent lengths of hydrophobic alkoxy substituents on one outer phthalocyanine ligand
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Fig. 6 Molecular structures of sandwich tri(phthalocyaninato) rare earth triple-decker complexes
used as semiconductors of p-type OFET

(Pc0)Eu(Pc0)Eu[Pc(OCnH2nC1/8] (n D 4, 6, 10,12) were designed and prepared,
and the OFETs based on the LB films of these complexes were fabricated to
investigate the effect of peripheral hydrophobic alkoxy substitution on the OFET
performance [90]. These OFET devices displayed hole transfer mobility in the range
of 0:0032–0:21 cm2 V�1 s�1 in the direction parallel to the aromatic phthalocyanine
rings depending on the length of the hydrophobic alkoxy substituents. At the same
time, a series of amphiphilic heteroleptic tris(phthalocyaninato) europium com-
plexes with hydrophilic poly(oxyethylene) heads and hydrophobic alkoxy tails
[Pc(OCnH2nC1/8]Eu(Pc00)Eu(Pc00) (n D 6, 8, 10, 12) were designed and prepared
[91]. BC/BG OFETs fabricated using the LB films of this series of triple-deckers
as semiconductor layers displayed good OFET performance with high carrier
mobility for holes in the direction parallel to the aromatic phthalocyanine rings,
which showed dependence on the length of the hydrophobic alkoxy side chains
decreasing from 0.46 to 0:014 cm2 V�1 s�1 along with the increase of the carbon
number in the hydrophobic alkoxy side chains. Recently, two amphiphilic het-
eroleptic tris(phthalocyaninato) europium complexes with hydrophilic crown ether
heads and hydrophobic octyloxy tails [Pc(mCn/4]Eu[Pc(mCn/4]Eu[Pc(OC8H17/8]
(m D 12; n D 4I m D 18; n D 6) were designed, prepared, and then
fabricated into TC/BG type OFET devices with bare SiO2/Si substrate, HMDS-
treated SiO2/Si substrate, and OTS-treated SiO2/Si substrate, respectively, with
the help of LB technique [92]. It was revealed that the device performance was
dependent on the species of crown ether substituents and substrate surface treat-
ment. The triple-decker substituted with 12-crown-4 [Pc(12C4/4]Eu[Pc(12C4/4]
Eu[Pc(OC8H17/8] showed hole transfer mobility and current modulation of
0:03 cm2 V�1 s�1 and 2:32 � 103 on the bare SiO2/Si substrate, 0:31 cm2 V�1 s�1

and 8:59 � 104 on HMDS treated SiO2/Si substrate, and 0:33 cm2 V�1 s�1 and
7:91 � 105 on OTS treated SiO2/Si substrate, respectively, while triple-decker sub-
stituted with 18-crown-6 [Pc(18C6/4]Eu[Pc.18C6/4]Eu[Pc(OC8H17/8] had hole
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transfer mobility and current modulation of 0:002 cm2 V�1 s�1 and 5:5 � 103

on the bare SiO2/Si substrate and of 0:28 cm2 V�1 s�1 and 1:73 � 105 on
HMDS treated SiO2/Si substrate [92]. By replacing the [Pc(OC8H17/8] ring
of (Pc0)Eu(Pc0)Eu[Pc(OC8H17/8] with meso-5,10,15,20-tetra-n-decylporphyrin and
meso-5,10,15,20-tetrakis(4-pentyloxyphenyl)porphyrin groups, the OFET perfor-
mance fabricated from the LB films of these two novel sandwich triple-decker
complexes fEu2ŒPc.15C5/4�2ŒT.C10H21/4P� and Eu2ŒPc.15C5/4�2ŒTPOPP�g were
found to be greatly improved [93]. The devices displayed good OFET performance
with a carrier mobility in the range 0:03–0:78 cm2 V�1 s�1 and showed a low thresh-
old voltage ranging from �1:19 to �4:34 V. The mobility of the former compound
reached 0:78 cm2 V�1 s�1, which was the highest value so far achieved for LB film-
based OFETs, as a result of the narrow energy gap (1:04 eV) of this compound
[93].

4.4 Monomeric Porphyrin Semiconductors

As the natural analogs of phthalocyanines, porphyrin compounds have also been
proposed for use in conducting materials and as conductive and capacitive elements
in molecular electronic devices. However, in contrast to the most intensively studied
phthalocyanine derivatives among various organic semiconductors, porphyrins as
the most important tetrapyrrole derivatives occurring in nature have been relatively
less investigated for their semiconducting properties. Despite the fact that Schouten
and co-workers have studied the charge migration in supramolecular stacks of
peripherally substituted porphyrins with PR-TRMC as early as in 1991 and max-
imum hole transfer mobility in the range of 0:060–0:081 cm2 V�1 s�1 for the Dh

phase and of 0:27 cm2 V�1 s�1 for the K phase have been reported [94–96], fab-
rication of OFET devices from porphyrin compounds still remains rare, limited to
very few types of porphyrins such as 2,3,7,8,12,13,17,18-octaethyl-porphyrin (OEP)
and tetrabenzoporphyrin (TBP) derivatives with planar molecular structure. Figure 7
shows the molecular structures of monomeric porphyrins used as semiconductors of
OFETs and their performance is organized in Table 4.

The first porphyrin-based OFETs characterized with electrical characteristics
measurement was fabricated from metal free 2,3,7,8,12,13,17,18-octaethyl-porph-
yrin (H2OEP) and its metal derivatives MOEPs. Yase et al. grew PtOEP crystals
on the surface of potassium bromide (KBr) or potassium chloride (KCl) crystals by
thermal evaporation at various substrate temperatures and then fabricated the films
into OFETs by wet-transferring method [97]. AFM and XRD analysis results on
the morphology and crystal orientation of the films indicated that PtOEP molecules
were deposited vertical and parallel to the substrates when the substrates were kept
at room temperature and heated to 50ıC, respectively, which resulted in the much
higher charge transfer mobility of OFET devices with these films as active layers
for the former than the latter, 1:3 � 10�4 vs. 1:5 � 10�6 cm2 V�1 s�1 [97]. The
work of Yase et al. demonstrated that the molecular alignment of PtOEP crystals
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Fig. 7 Molecular structures of monomeric porphyrins used as semiconductor of OFETs

and thus the mobility of the fabricated OFET devices with these crystals can be
reasonably tuned by changing the substrate temperature [97]. They further reported
the preparation and characteristics of OFETs from the epitaxially grown film of
PtOEP crystals at room temperature fabricated by a wet-transferring process [98].
In 2007, Minari et al. fabricated OFET devices with single crystal of a series of
MOEP (M D Co, Cu, Zn, Pd) and studied the effect of crystal structures on the
performance of these OFETs [99]. It was found that the charge transfer mobility
increased with decreasing intermolecular distance due to the increased overlap of
  orbitals among close-packed molecules and the consequent promotion of charge
transport in the crystals, from 0:014 cm2V�1 s�1 for PdOEP to 0:036 cm2 V�1 s�1

for ZnOEP, 0:068 cm2 V�1 s�1 for CuOEP, and 0:200 cm2 V�1 s�1 for CoOEP.
OFETs with spin coated film of H2TPP from a chloroform solution as active

semiconductor layers, Al as gate electrode, and Cd as source-drain electrodes were
fabricated by Checcoli and co-workers in 2003 [100]. This device exhibited zero-
bias hole transfer mobility of 0:007 cm2 V�1 s�1 with a threshold of �7:5 V and
field-dependent mobility, as high as 0:012 cm2 V�1 s�1.

In comparison with MOEP and H2TPP, the increased planarity and   conju-
gate system associated with the attached benzene rings on the pyrroles of por-
phyrin core render tetrabenzoporphyrins (TBPs) the most widely studied molecules
among porphyrin derivatives for OFET devices. In 2004, Ono and co-workers
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fabricated H2TBP-based OFETs by spin-coating the chloroform solution
of 1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphine (H2TCP)
onto the channel region of SiO2 substrate and then heating the obtained film at
210ıC for 5 min to convert H2TCP into H2TBP [101]. The device exhibited good
p-type OFET properties with the mobility of 0:017 cm2 V�1 s�1, threshold volt-
age of �3:4 V, and on/off ratio of 1 � 105. They also fabricated H2TBP-based
OFET device with staggered source and drain electrode using the same method
as described above and characterized the devices using linear and nonlinear best-fit
methods [102]. A possible relation between a thin-film microstructure and behavior
of a thin-film OFET device was discussed in terms of nonlinearity in the extraction
of the electrical parameters of the device [102]. At the same time, the electrical per-
formance of these solution-processed polycrystalline H2TBP OFETs with staggered
source and drain contacts was also characterized and analyzed [103]. The device
showed saturation field-effect mobility about 10�2 cm2 V�1 s�1 with threshold volt-
age of �15 V and on/off current ratio exceeding 105 [103]. Furthermore, Ono
et al. fabricated solution-processed OFETs of H2TBP on a thermal silicon oxide
gate insulator patterned with nanometer-scale trenches in 2007 [104]. The results
revealed that the field-effect mobility with channels parallel to trench growth direc-
tion was about one order of magnitude higher than that with the channel oriented
perpendicular to trench growth direction, 2:0 � 10�3 vs. 2:5 � 10�4 cm2 V�1 s�1

[104]. Additionally, nickel and copper complexes of H2TBP were also fabricated
into OFET devices. Using similar method in fabricating H2TBP-based OFETs,
they successfully fabricated NiTBP thin-film field-effect transistors from spin
coated films in 2006, which demonstrated hole transfer mobility around 0.1 and
0:2 cm2 V�1 s�1 and accumulation threshold voltages of �19 and �13 V in the lin-
ear and saturation regions, respectively [105]. In 2007, they fabricated OFETs using
polycrystalline CuTBP thin films by thermal converting the precursor (CuTCP) film
at 165ı C in vacuum [106]. The device exhibited charge transfer mobility about
0:1 cm2 V�1 s�1, accumulation threshold voltages around �5 V, and on/off current
ratio of approximately 104. Meanwhile, the low-temperature carrier transport prop-
erties of CuTBP-based OFET devices were also studied by Dhoot et al., using a
four-probe measurement in order to separate the channel resistance from any contact
resistance [107].

Recently, Che and co-workers described a series of field-effect transistors made
from thin films of metal-free porphyrins and related macrocyclic compounds
together with their metal complexes including MEP-I, MOEP, MTPrP, and MTBuP
[108]. The peripheral substituents on porphyrin core were revealed to have a signifi-
cant effect on the film structure and charge mobility. The OFET made from annealed
PtEP-I film exhibited excellent overall charge transport properties with mobility as
high as 0:32 cm2 V�1 s�1, low threshold voltage of �9 V, and on/off current ratio
of 103, due to the robust and efficient molecular packing with extensive lateral
aggregation and  –  stacking interaction caused by the unique molecular shape
and peripheral substituents of PtEP-I.
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Fig. 8 Molecular structures of some phthalocyanines used as semiconductors of n-type OFETs

5 n-Type Phthalocyanine Semiconductors

Air-stable n-channel semiconductor materials are important components in fabricat-
ing p–n junction diodes, bipolar transistors, and complementary circuits. However,
despite the extensive studies of phthalocyanine semiconductors for OFETs, only
very few phthalocyanine compounds have been found to function as n-channel
semiconductors, most of which are molecules with strong electron-withdrawing
groups at the peripheral and non-peripheral positions. Figure 8 shows the molecular
structures of some phthalocyanines used as n-type semiconductors for OFETs and
Table 5 summarizes the performance of these n-type OFET devices. The earliest
reported n-type semiconductors for phthalocyanine-based OFETs are hexadeca-
halogenated metallophthalocyanines MPcR (M D Cu, Zn, Fe, Co; R D F16, Cl16,
.CN/8, Py) by Bao and co-workers in 1998 [109]. A maximum electron field-effect
mobility of 0:03 cm2 V�1 s�1 was achieved for the OFET device with CuPcF16 as
semiconductor layer, which was deposited at substrate temperature of 125ıC with
a 12 �m channel. In 1999, Tada and co-workers investigated the electron mobility
of CuPcF16 film-based OFETs in vacuum and various gas atmospheres including
NH3, NO2, and O2 [110]. The results revealed that the electron mobility increased
when measured in NH3 while it decreased in O2. However, the performance of the
OFET device recovered quickly when gas molecules were evacuated, indicating
the low capability of gas adsorption. By using Teflon as dielectric material, indium-
tin-oxide as source-drain electrode, and Ag as gate electrode, the vacuum deposited
CuPc-based OFET was found to show n-type characteristic with electron mobility
of 1:1 � 10�6 cm2 V�1 s�1 and on/off current ratio of 500 according to Qiu et
al. [111]. Yuan and co-workers investigated the effects of positive and negative
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gate-bias stress on the performance of CuPcF16-based OFETs with Ta2O5 as the
insulator at various stress time, stress voltage, and temperature in 2004 [112],
revealing that changing deposition method or optimizing deposition condition was
beneficial in reducing gap trap site concentration and hence improving the stabil-
ity of OEFT devices. Using ultrathin cross-linked polymers as gate dielectrics, the
CuPcF16-based OFETs exhibited very low threshold voltage of only 0.5 V with
electron mobility of 5 � 10�3 cm2 V�1 s�1 and on/off current ratio of 104 [113].
Enhanced field-effect mobility of CuPcF16 transistors made by soft contact lami-
nation was reported in 2006 [114]. Due to the avoidance of the damage to organic
semiconductor during conventional vacuum deposition of metal electrodes and the
improvement for the injection of charge carrier from metal electrodes into semi-
conductor layer together with the surface chemical treatment of the dielectric layer
in soft contact lamination method, the CuPcF16-based OFET device showed greatly
enhanced electron transfer mobility of 0:08 cm2 V�1 s�1 in comparison with devices
made by direct metal deposition method. At the same time, Yan and co-workers
reported another way to improve the performance of CuPcF16-based n-type OFET
devices [115]. By adding p-type CuPc as buffer layer between the CuPcF16 semi-
conductor layer and the Au source-drain electrodes during the fabricating process,
the electron transfer mobility was improved to 0:076 cm2 V�1 s�1 for this kind of
sandwich type OFET. This provides an effective way to improve the performance
of n-type OFET devices. Using Al as source electrode and Au or Al as drain elec-
trode, the non-planar CuPc-based OFETs also exhibited electron transfer behavior
with the mobility of 1:0 � 10�6–1:2 � 10�6 cm2 V�1 s�1 and on/off current ratio
of 102 [59]. Pyo and co-workers fabricated n-type OTFTs with CuPcF16 as active
semiconductor and polymeric blend as gate insulator [116]. This device exhibited
improved performance with electron transfer mobility of 0:006 cm2 V�1 s�1 and
on/off current ratio of 5:4 � 103 in comparison with the device with bare SiO2

and HMDS treated SiO2 as insulator. Ye et al. reported the correlation between
morphology and electronic properties of CuPcF16 thin films deposited on SiO2/Si
substrate at different substrate temperatures [117]. It was found that the mobility
was strongly dependent on the substrate temperature and the maximum mobility
of 4:25 � 10�3 cm2 V�1 s�1 was obtained when deposition of CuPcF16 was con-
ducted at a substrate temperature of 100ıC. In addition to the peripheral substituted
phthalocyanines with electron-withdrawing groups, Yan et al. showed that the axial
oxygen and axially dichloro substituted tin phthalocyanines also exhibited high n-
type OFET performance with good air stability [118, 119]. An electron mobility
of 0:30 cm2 V�1 s�1 along with a current on/off ratio of 106 was realized in air
for SnCl2Pc-based device with p-6P modified substrate [118]. The SnOPc-based
OFET device fabricated on p-6P modified substrate exhibited high electron transfer
mobility of 0:44 cm2 V�1 s�1 and excellent air stability, rendering SnOPc a good
candidate for widely applicable n-type material [119]. Furthermore, the work pro-
vided a new way to design n-type semiconductors by incorporating a suitable metal
connected with electron-withdrawing group into  –  conjugated system.

As expected, n-type OFET devices fabricated from single crystals display higher
performance than those made from thin solid films because of the more
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close-grained structures in crystals than in solid films. Schön and co-workers inves-
tigated the electrical properties of CuPcF16 single crystals in air as functions of
time and temperature, and the mobility in thin-film devices as functions of gate
bias and temperature [120]. Mobility as high as 1:7 cm2 V�1 s�1 estimated from
the trap-free space charge limited current (SCLC) regime at room temperature
was found for CuPcF16 single crystals. High-performance air-stable n-type OFETs
based on single-crystalline submicro- and nanometer ribbons of CuPcF16 were fab-
ricated by Liu et al. in 2006 [121]. The intimate contact between the crystal and
the insulator surface generated by the “in situ” growing process and the asym-
metrical drain/source (Au/Ag) electrode configuration rendered the OFET device
displaying air stable and reproducible high performance with electron mobility of
0:2 cm2 V�1 s�1 and on/off ratio of 6 � 104.

6 Ambipolar Phthalocyanine Semiconductors

The development of p- and n-type OFETs together with their potential application
in organic integrated circuits makes ambipolar OFETs become the research focus of
this field recently. In fact, the first reported phthalocyanine-based OFETs by Simon
and co-workers in 1987 showed ambipolar properties [122]. Ambipolar OFETs can
be divided into two types according to the composition of semiconductor layer: (a)
those with a single semiconductor material having high charge transfer mobility
for both hole and electron as active layer and (b) those with separate p-type and
n-type semiconductor materials with balanced high mobility combined together as
semiconductor layers (Fig. 9 and Table 6).

Despite the intrinsic ambipolar nature for both hole and electron transfer of the
organic materials in terms of theory, few single-component organic semiconductors
have been found to exhibit ambipolar transfer property because of the high injection
barrier for at least one charge carrier, either hole or in particular electron, of gen-
eral organic OFET materials relative to the work function potential of source-drain
electrodes. Among all the phthalocyanine semiconductors, only LuPc2, SmPc2,
TiOPc, CuPc, and PbPc have been reported to show ambipolar property. Simon
et al. described the electrical characteristics of the field effect transistor based on
LuPc2 in 1988 [123]. The OFET device showed p-type characteristic in the negative
source-drain voltage region with mobility of 10�4 cm2 V�1 s�1 and threshold volt-
age of �2 V, while space-charge-limited current (SCLC) behavior was observed in
the positive source-drain voltage region with mobility calculated from SCLC model
of 6 cm2 V�1 s�1. In 1990, they fabricated OFETs with the intrinsic semiconductors
LuPc2 and SmPc2 as active layer and purely inorganic materials as insulating
layers [29]. Both p- and n-type electronic properties were found ranging from
2 � 10�4 cm2 V�1 s�1 to 1:5 � 10�2 cm2 V�1 s�1 depending on the ambient atmo-
sphere. In 2000, Tada and co-workers found that the n-type OFET of TiOPc could
converse to p-type when the film was exposed to oxygen, with the mobility for elec-
tron of 9 � 10�6 cm2 V�1 s�1 conversed to hole mobility of 1 � 10�5 cm2 V�1 s�1

[124]. On the contrary, the p-type conduction was found to disappear in an NH3
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Fig. 9 Molecular structures of the reported compounds forming ambipolar OFETs with phthalo-
cyanines

atmosphere. Strict control of atmosphere made it possible to obtain a quasi-intrinsic
state where both p- and n-type conductions appeared simultaneously, and hole and
electron mobilities of 2:0 � 10�6 and 2:7 � 10�6 cm2 V�1 s�1, respectively, were
evaluated using SCLC method [124].

By using the insulator hysteresis method, Mizuno et al. fabricated ambipolar
OFET with the common reported p-type CuPc as semiconducting layer and cya-
noethylpullulan as insulating layer in 2005, and the temperature dependence of the
mobility was studied [125]. The OFET devices exhibited field-effect mobility of
4:1 � 10�3 and 3:5 � 10�6 cm2 V�1 s�1 for hole and electron, respectively, with the
on/off ratio of 6�104 and 70 at VSG D ˙10 V. Ambipolar OFETs based on vacuum-
evaporated CuPc film were also reported by Yasuda and co-workers in 2005 [126].
Different from the strategy of Mizuno et al., Yasuda and co-workers attained the
ambipolar properties by reducing the electron injection barrier through using low
work functional Ca instead of Au as source-drain electrodes and at the same time by
eliminating extrinsic traps in CuPc through avoiding ambient air. The hole mobil-
ity of 2:5 � 10�4 cm2 V�1 s�1 and electron mobility of 1:0 � 10�3 cm2 V�1 s�1



Organic Semiconductors of Phthalocyanine Compounds 313

T
ab

le
6

Pe
rf

or
m

an
ce

of
so

m
e

pt
ha

lo
cy

an
in

e-
ba

se
d

am
bi

po
la

r
O

FE
T

de
vi

ce
s

(m
E

n
m

ea
ns

m
�1

0
n
)

Y
ea

r
M

ob
il

it
y

M
at

er
ia

l(
de

po
si

ti
on

�V
T

I
on

=
I

of
f.

p=
n/

W
=
L

So
ur

ce
-d

ra
in

G
at

e
In

su
la

to
r

R
ef

er
en

ce
Œc

m
2
V

�
1
s�

1
�

m
et

ho
d)

ŒV
�.

p
=
n

/
el

ec
tr

od
e

el
ec

tr
od

e

19
88

1E
-4

/6
a

L
uP

c 2
–Z

nP
c.

v/
N

R
/-

2
N

R
N

R
A

u
A

u
Si

O
2

[1
23

]
19

90
/2

E
-4

L
uP

c 2
(v

)
/8

N
R

N
R

A
u

Si
Si

O
2
–.

Si
N

x
/

[2
9]

2E
-3

/
L

uP
c 2

.v
;1

5
0

ı

C
/

1.
5/

3E
-3

/
L

uP
c 2

.v
;1

5
0

ı

C
;a

ir
/

1/
/3

E
-4

Sm
Pc

2
(v

)
/1

0
/1

.4
E

-3
Sm

Pc
2
.v

;1
5
0

ı

C
/

/1
0

5E
-3

/
Sm

Pc
2
.v

;1
5
0

ı

C
;a

ir
/

4/
1.

5E
-2

/
Sm

Pc
2

(v
,1

5
0

ı

C
,a

ir
,

an
ne

al
in

g
1
5
0

ı

C
2

da
ys

)
4/

20
00

/9
E

-6
T

iO
Pc

(v
,u

lt
ra

hi
gh

va
cu

um
)

N
R

N
R

24
0

A
u/

C
r

Si
Si

O
2

[1
24

]

1E
-5

/
T

iO
Pc

(v
,O

2
)

2E
-6

/2
.7

E
-6

a
T

iO
Pc

(v
,l

it
tl

e
O

2
)

20
05

4.
1E

-3
/3

.5
E

-6
C

uP
c

(v
)

�0
:1

=
0
:9

6E
4/

70
10

2.
6

A
u

A
u/

T
i

C
yE

PL
[1

25
]

20
05

2.
5E

-4
/1

.0
E

-3
C

uP
c

(v
)

�6
0
=
3
6

5.
1–

22
0/

45
–

1,
00

0

66
.7

C
a/

A
g

A
u

Pa
ry

le
ne

-C
[1

26
]

20
05

0.
3/

0.
03

Fe
Pc

cr
ys

ta
l

N
R

N
R

N
R

A
u

Si
Si

O
2

[1
27

]
0.

3/
E

-3
C

uP
c

cr
ys

ta
l

20
06

7.
1E

-4
/8

.3
E

-4
Pb

Pc
(v

,g
lo

ve
bo

x)
�5

8
=
3
1

N
R

66
.7

A
u

A
u

Pa
ry

le
ne

-C
[1

28
]

4.
7E

-4
/1

.3
E

-3
�6

0
=
3
6

C
a–

A
g

4.
2E

-3
/1

.3
E

-3
Pb

Pc
(v

,g
lo

ve
bo

x,
an

ne
al

in
g)

�2
7
=
4
5

A
u

1.
8E

-3
/2

.0
E

-3
�2

2
=
3
1

C
a–

A
g

20
03

1.
41

–1
6.

0E
-5

/4
.4

–1
11

E
-6

C
uP

cT
SN

a/
A

B
b

N
R

N
R

10
–1

67
,5

.5
A

u
Si

Si
O

2
[1

29
]

20
04

6–
20

0E
-6

/6
–3

0E
-6

B
B

L
-C

uP
cc

N
R

N
R

20
A

u
Si

Si
O

2
[1

30
]

(c
on

ti
nu

ed
)



314 Y. Zhang et al.

T
ab

le
6

(c
on

ti
nu

ed
)

Y
ea

r
M

ob
il

it
y

M
at

er
ia

l(
de

po
si

ti
on

�V
T

I
on

=
I

of
f.

p=
n/

W
=
L

So
ur

ce
-d

ra
in

G
at

e
In

su
la

to
r

R
ef

er
en

ce
Œc

m
2
V

�
1
s�

1
�

m
et

ho
d)

ŒV
�.

p
=
n

/
el

ec
tr

od
e

el
ec

tr
od

e

20
05

0.
04

2/
N

R
C

uP
cF

1
6
–A

u–
C

uP
c

19
/N

R
N

R
7.

5
A

u
Si

Ta
2
O

5
[1

31
]

20
05

E
-6

/E
-6

(/
1.

47
E

-2
)

C
uP

c–
A

u–
C

uP
cF

1
6

(v
)

N
R

/-
29

N
R

7.
2

A
u

Si
Si

O
2

[1
32

]
20

05
1.

44
E

-3
/9

.9
7E

-4
C

uP
c–

C
uP

cF
1
6

N
R

N
R

71
.4

A
u

Si
Si

O
2

[1
33

]
20

05
3.

26
E

-3
/3

.3
4E

-3
C

uP
c–

C
uP

cF
1
6

�1
:2

5
=
3
:2

5
N

R
71

.4
A

u
Si

Si
O

2
[1

34
]

20
06

3.
8–

7.
8E

-4
/1

.4
–4

.6
E

-4
2
5

ı

C
C

uP
cF

1
6
-

-A
u–

2
5
0

ı

C
C

uP
c

N
R

N
R

7.
2

A
u

Si
Si

O
2

[1
35

]

20
06

/6
.2

–1
1.

2E
-3

C
uP

c–
A

u–
C

uP
cF

1
6

/-
33

N
R

N
R

A
u

Si
Si

O
2

[1
36

]
20

06
0.

04
/0

.0
36

C
uP

cF
1
6
–B

P2
T

�1
2
=
7

N
R

7.
5

A
u

Si
Si

O
2

[1
37

]
20

07
1E

-4
/3

.1
E

-4
C

uP
c–

C
6
0

d
�1

7:
7
=
3
5
:1

N
R

25
0,

50
0

T
i/

A
u

Si
Si

O
2

[1
38

]
20

07
3E

-3
/3

E
-3

C
uP

c–
C

uP
cF

1
6
(5

nm
,v

)
�2

=
2

N
R

71
.4

A
u

Si
Si

O
2

[1
39

]
/2

.6
E

-2
C

uP
c–

C
uP

cF
1
6

(1
2

nm
,v

)
/-

7.
4

20
08

1.
77

E
-3

/8
.1

8E
-3

D
H

-’
6T

–C
uP

cF
1
6

3.
3/

6.
82

N
R

71
.4

A
u

Si
Si

O
2

[1
40

]
a M

ea
su

re
d

w
it

h
th

e
pu

ls
e-

ra
di

ol
ys

is
ti

m
e-

re
so

lv
ed

m
ic

ro
w

av
e

co
nd

uc
tiv

it
y

(P
R

-T
R

M
C

)
te

ch
ni

qu
e

b
L

ay
er

by
la

ye
r

fil
m

aq
ue

ou
s

so
lu

ti
on

,B
C

/B
G

c Sp
in

-c
oa

te
d

fil
m

,B
C

/B
G

d
R

in
g-

ty
pe

ge
om

et
ry

de
vi

ce
,C

uP
c:

C
6
0
D

3
W1



Organic Semiconductors of Phthalocyanine Compounds 315

were estimated from the saturation currents above the threshold voltage [126]. In
2005, Morpurgo et al. reported the observation of ambipolar transport in FETs fab-
ricated with single crystals of CuPc and FePc, using gold as a high work-function
metal for the fabrication of source and drain electrodes [127]. Room temperature
mobility for hole as high as 0:3 cm2 V�1 s�1 for both FePc and CuPc was achieved,
while the highest electron transfer mobility was about 0:03 � 10�3 cm2 V�1 s�1 for
FePc and CuPc, respectively. Another promising way to reduce injection barriers
for both carriers and thus achieve ambipolar properties with single semiconductor
was demonstrated by Yasuda et al. in 2006 [128]. They fabricated high-performance
ambipolar OFETs with PbPc as active layer and Parylene-C as insulator layer. Both
Ca and Au were used as source and/or drain electrodes. Due to the low band gap
energy of PbPc (1.2 eV) and the usage of polymer insulator, the devices with Au
source-drain electrodes showed hole mobility of 7:1 � 10�4 cm2 V�1 s�1 at thresh-
old voltage of �58 V and electron mobility of 8:3 � 10�4 cm2 V�1 s�1 at threshold
voltage of 31 V, while those with Ca source-drain electrodes exhibited charge mobil-
ity of 4:7 � 10�4 and 1:3 � 10�3 cm2 V�1 s�1 for hole and electron, respectively.
After annealing the device for 12 h at 100ı C, the mobility was improved to the order
of magnitude of 10�3 cm2 V�1 s�1 for both hole and electron [128].

Fabricating ambipolar OFET devices with combined p-type and n-type semi-
conducting materials as active layers is a more common and widely used method
than that with single molecular material as semiconductor. In 2003, Bao et al. fabri-
cated ambipolar OFETs for the first time by layer-by-layer depositing water-soluble
cationic and anionic phthalocyanine derivatives [129]. Although the mobility of this
kind of devices was only in the range of 10�5 �10�4 cm2 V�1 s�1 for both hole and
electron, the unusual “ambipolar” transistor-like behavior due to an ion-modulated
electrical conduction mechanism which relied on the assistance of mobile ions to
stabilize the oxidized or reduced species in the channel region proved the effective-
ness of fabricating phthalocyanine-based ambipolar OFETs using this method [129].
Due to the nice p-type and n-type properties of CuPc and CuPcF16, respectively,
most of ambipolar OFETs fabricated with this method are based on CuPc and/or
CuPcF16. Ambipolar OFETs based on a series of air-stable, solution-processed
blends of a p-type small molecule CuPc and a n-type polymer (BBL) were reported
by Babel and co-workers in 2004, which exhibited high stability under ambient
conditions [130]. Depending on the blend composition of BBL and CuPc, the
devices showed hole mobility ranging from 6:0 � 10�6 to 2:0 � 10�4 cm2 V�1 s�1

and electron mobility in the region of 2:0 � 10�6 and 3:0 � 10�5 cm2 V�1 s�1

[130]. The results also demonstrated that ambipolar charge transport and carrier
mobility in multicomponent organic semiconductors were intricately related to the
phase-separated nano-scale and crystalline morphology. Yan et al. fabricated het-
erojunction OFET based on p-type CuPc and n-type CuPcF16 in 2005 [131]. This
device not only showed increased hole mobility of 0:042 cm2 V�1 s�1 in com-
parison with CuPc single-layered OFET with mobility of 0:017 cm2 V�1 s�1 but
also exhibited ambipolar electric characteristics. At the same time, by deposit-
ing CuPcF16 on the SiO2 gate insulator and CuPc on CuPcF16 as the second
active layers, the fabricated OFET device exhibited typical n-type semiconductor
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characteristic with electron mobility of 1:47 � 10�2 cm2 V�1 s�1 [132]. However,
ambipolar properties were found with mobility at the level of 10�6 cm2 V�1 s�1

for both hole and electron by tuning the thickness of the two-layer thin film, prob-
ably because of comparable concentrations of the two carriers under various gate
voltages. These results indicate that combining p- and n-type semiconductors with
balanced mobility is an effective method toward ambipolar OFETs. In 2005, Ye and
co-workers fabricated ambipolar OFET with CuPcF16 as the first layer and CuPc
as the second layer, which showed high performance air-stable ambipolar charac-
teristics with hole mobility of 1:44 � 10�3 cm2 V�1 s�1 and electron mobility of
9:97 � 10�4 cm2 V�1 s�1 [133]. They reported afterward improved OFET property
with hole mobility of 3:26 � 10�3 cm2 V�1 s�1 and electron mobility of 3:34 �
10�3 cm2 V�1 s�1 in another work [134]. By carefully controlling the morphology
of the interpenetrating network structure, the fabricated ambipolar OFET with 5-nm
thick CuPc deposited at high temperature .250ıC) as the first p-type component
layer and 25-nm thick CuPcF16 deposited at room temperature as the second n-type
component layer exhibited typical ambipolar charge transport with symmetric hole
and electron mobility of the order of magnitude of 10�4 cm2 V�1 s�1 [135], which
was two order of magnitude higher than the previous reported results of the same
group [132]. This group also studied the interfacial electric structures of OFETs with
CuPc and CuPcF16 as active layers and determined the thickness of the charge accu-
mulation at both sides of the heterojunction interface by varying the thickness of the
active layer in OFETs in 2006, which supplied a physical method by utilizing the
heterojunction-effect to optimize the threshold voltage of organic transistors in order
to meeting different requirements [136]. The ambipolar OFETs based on the organic
heterojunction of CuPcF16 and 2,5-bis(4-biphenylyl)bithiophene (BP2T) were fab-
ricated in 2006 by Yan’s group, which were revealed to show high air stability, high
mobility, and balanced transport. High field-effect mobility of 0:04 cm2 V�1 s�1

for hole and 0:036 cm2 V�1 s�1 for electron were obtained, and the hole and elec-
tron were revealed to transport at BP2T and CuPcF16 layers, respectively [137].
In 2007, Opitz et al. studied the ambipolar properties of OFETs with mixed lay-
ers of CuPc and C60 in different ratio as active layers [138]. Hole and electron
transport was observed for all analyzed mixing ratios and deposition temperature,
which decreased exponentially with decreasing volume percentage of the respec-
tive conducting material. The variation of mobility and threshold voltage along
with the mixing ratio and ambipolar inverters as a leadoff application were dis-
cussed. A mixing ratio of CuPc to C60 of 3:1 was found to yield balanced hole
and electron mobility with the value of 1:0 � 10�4 and 3:1 � 10�4 cm2 V�1 s�1,
respectively [138]. Ye and co-workers found that CuPcF16/CuPc-based OFETs
exhibited ambipolar transport performance at the thickness between 4 and 12 nm
of CuPcF16 film layer and showed balanced transport mobility for hole and elec-
tron of about 3 � 10�3 cm2 V�1 s�1 at CuPcF16 thickness of 5 nm, which however
displayed enhanced n-type operating characteristics but suppressed p-type behavior
with the increase of the thickness for CuPcF16 layer above 12 nm. Electron mobility
as high as 2:6 � 10�2 cm2 V�1 s�1 and threshold voltage of �7:4 V was shown
at CuPcF16 thickness of 15 nm [139]. Ambipolar OFETs with hetero-structured
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thin films of CuPcF16 and ’, ’’-dihexylsexithiophene (DH-’6T) were also fabri-
cated by the same group recently. The devices showed highly air-stable ambipolar
characteristics with hole and electron field-effect mobility of 1:77 � 10�3 and
8:18 � 10�3 cm2 V�1 s�1, respectively [140].

7 Conclusion

We have reviewed the progress in OFETs with various tetrapyrrole materials
including monomeric phthalocyanines, bis(phthalocyaninato) rare earth complexes,
tris(phthalocyaninato) rare earth complexes, and monomeric porphyrins as the
active semiconductors in terms of the semiconducting nature (p-type, n-type,
or ambipolar), carrier mobility, and current modulation reported in the past two
decades. Since the first phthalocyanine-based OFET reported in 1987, about 55 p-
type monomeric phthalocyanine semiconductors, 3 p-type bis(phthalocyaninato)
rare earth double-decker semiconductors, 15 p-type tris(phthalocyaninato) rare
earth triple-decker semiconductors, 14 p-type monomeric porphyrin semiconduc-
tors, 13 n-type phthalocyanine semiconductors, and 19 ambipolar phthalocyanine
semiconductors have been reported so far. The highest hole transfer mobility of
3:31 cm2 V�1 s�1 for vacuum-deposited film of TiOPc, 1 cm2 V�1 s�1 for sin-
gle crystal of CuPc, and 0:78 cm2 V�1 s�1 for LB film of tris(phthalocyaninato)
rare earth complexes, electron transfer mobility of 0:44 cm2 V�1 s�1 for vacuum-
deposited film of SnOPc and 0:2 cm2 V�1 s�1 for single-crystalline submicro- and
nanometer ribbons of CuPcF16, and ambipolar charge transfer mobility in the order
of magnitude of 10�3 cm2 V�1 s�1 have been achieved. Altering and modifying
the insulator layer, source-drain electrodes, and gate electrode and tuning the fab-
ricating condition of semiconductor layers were demonstrated useful methods in
improving the OFET performance. Theoretical studies toward understanding the
relationship between the molecular and electronic structures of phthalocanines and
their semiconducting properties in the viewpoint of OFETs have also been included.

Despite the vast amount of reported OFETs with tetrapyrrole compounds as
active semiconductors, the OFET performance of tetrapyrrole semiconductors is
still very poor compared with the traditional inorganic semiconductors. On the
basis of great potential applications of OFETs and the high theoretical charge
transfer mobility of phthalocyanines, improving the OFET performance of existing
phthalocyanine semiconductors and fabricating OFETs with novel phthalocyanine
compounds will continue to draw the interests of scientists in future.
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