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METAL COMPLEXES FOR MOLECULAR
ELECTRONICS AND PHOTONICS

BENJAMIN J. COE
NAOMI R. M. CURATI

Department of Chemistry, University of Manchester,
Manchester, UK

Within the fields of coordination and organometallic chemistry there has
recently been much interest in the design, synthesis and study of novel com-
plexes having potential for applications in the nascent technologies of mol-
ecular electronics and photonics. Here we provide an overview of the
current status of research involving organotransition metal complexes in
the following important areas: liquid crystalline materials, nonlinear optical
materials, molecular wires and switches, chromophore-quencher complexes,
dye-sensitized photovoltaic cells and organic light-emitting diodes. Cover-
age is selective, generally focusing on highlights and the most recent deve-
lopments, with the broad aim of conveying the essence and excitement of a
group of related research topics at the forefront of modern inorganic
chemistry.

1. INTRODUCTION

Coordination and organometallic complexes of transition metals have for
many years found widespread uses in homogeneous catalysis and also
niche applications in other areas such as metallopharmaceuticals. How-
ever, recent interest in the emerging sciences of molecular electronics
and photonics has inspired many studies with metal complexes as the
basis of potential new functional materials. The well-documented
inherent limitations of current semiconductor-based electronic devices

Address correspondence to Benjamin J. Coe, Department of Chemistry, University
of Manchester, Oxford Road, Manchester, UK M13 9PL. E-mail: b.coe@man.ac.uk

147



12:13 15 January 2011

Downl oaded At:

148 B. J. COE AND N. R. M. CURATI

in terms of both speed and scale of operation are the principle motivation
behind much molecular electronics and photonics research. Such investi-
gations can involve either the exploitation of the bulk properties of mol-
ecular materials or the tantalizing longer-term prospect of using
molecular-scale devices for electronic and/or photonic data processing.
From both of these perspectives, organotransition metal complexes offer
many exciting possibilities due to their diverse structural, electronic and
optical properties.

In this review, we describe the current state of the art relating to the
development of organotransition metal complexes in a range of impor-
tant fields, ie. liquid crystalline materials, nonlinear optical materials,
molecular wires and switches, chromophore-quencher complexes, dye-
sensitised photovoltaic cells and organic light-emitting diodes. Each of
these particular areas has been reviewed thoroughly on several previous
occasions, but concise works which deal with all of these topics together
are rare. Our coverage is obviously somewhat subjective and heavily
selective, but the overall aim is to convey the essence and excitement of
much recent and current research. References more than 5 years old
(i.e. prior to 1999) are only included in a few instances. Each of the topics
chosen for discussion is very broad, so we will focus on highlights and
especially the most recent developments. The relative lengths of the dif-
ferent sections reflect to some extent the level of very recent publishing
activity. Although they might reasonably be included in a broad defi-
nition of molecular electronics and photonics, molecular magnetic mate-
rials (an area sometimes given the label “spintronics™) are specifically
excluded from the present work.

2. METAL-CONTAINING LIQUID CRYSTALS

The properties of liquid crystalline materials make them particularly use-
ful for photonic applications.! The liquid crystalline state, or mesophase,
lies between the crystalline and liquid phases in terms of order, and liquid
crystals may be considered as fluids with long-range anisotropy. Meso-
phases are classified according to the degree and type of order which they
exhibit. For example, nematic mesophases have orientational but not
positional order, while smectic mesophases have layered structures.
Manipulation of the long-range anisotropy by external magnetic, optical
or electronic fields leads to optical effects that may be exploited in appli-
cations such as liquid crystal displays (LCDs).””! Liquid crystalline metal
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complexes, also known as metallomesogens, are potentially important for
two reasons. Firstly, the introduction of metal center(s) may lead to new
magnetic, photophysical and/or electronic properties. Secondly, the
metal may strongly influence the structure and orientation in the meso-
phase. Because metallomesogens have been the subject of several very
recent reviews,”’! but the number of reports in the last few years is not
overly large, discussion here is kept relatively brief.

Trivalent lanthanide (Ln) ions have been especially thoroughly stud-
ied in the search for metallomesogens with new properties.*! Most such
ions are paramagnetic with high magnetic moments, which may allow
magnetic switching of the mesophase orientation, possibly leading to
applications in magneto-optical data storage. Also, a number of Ln'!
ions exhibit intense visible luminescence, which could be exploited to
produce emissive LCDs. Binnemans and co-workers have reported the
synthesis of high coordination number liquid crystalline tris-f-diketona-
tolanthanide(III) complexes.”>! The first such complexes (1) have the
formula [Ln(bdm);L,] where Ln = La, Nd or Eu; dbm = 1,3-diphenyl-
1,3-propanedione and L is a monodentate Schiff-base, N-alkyl-4-alky-
loxy-2-hydroxy-benzaldimine."! Following this work, complexes of the
type [Ln{(RO),bdm};(L-L)] were reported (2) Ln=Tb or Eu;
(RO),dbm is a para-alkoxy-substituted 1,3-diphenyl-1,3-propanedione
and L-L is an o-diimine such as 1,10-phenanthroline (phen), 2,2'-bipyri-
dyl (bpy) or 5,5-substituted bpy).[”! The key difference between these two
types of Ln"" complex is that in the second case the mesomorphism is
introduced by the f-diketonate ligand itself rather than by the ancillary
ligand. Both types of complex form smectic mesophases on cooling from
a melt, and those of the a-diimine complexes have greater thermal
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stability. Furthermore, the Eu'" a-diimine complexes show characteristic
intense red emissions from the vitrified mesophases.

Various d-block transition metals have also been used to impart new
properties to liquid crystals. For example, Chan and co-workers have
prepared bpy-containing polyamides by condensation of 2,2'-bipyridyl-
5-5'-dicarboxylic acid with a range of diamines./! Of these, the flexible
polyamides have thermotropic liquid crystalline properties, while the
more rigid ones give lyotropic mesophases when dissolved in suitable sol-
vents. Polymeric Ru" complexes were prepared either by direct com-
plexation of the bpy-containing polyamide, or by polymerization of
Ru'-containing monomers. The alignment of the molecules in the meso-
phase is disturbed by the bulky Ru'' centers, such that only polymers
with a low metal loading (below 50%) show lyotropic mesophases. The
complexes show red metal-to-ligand charge-transfer (MLCT) emissions
at ca 700 nm and have been incorporated into thin-layer light-emitting
devices (see also section 7 below).

Porphyrin complexes have also been exploited as metallomesogens.
Shimizu and co-workers have compared the properties of a liquid crystal-
line tetraphenylporphyrin oxovanadium(IV) complex with those of the
free-base porphyrin.”! These compounds were sandwiched between
indium-tin oxide (ITO)-coated glass electrodes and their photoconductiv-
ity measured. The photocurrent observed with the metallated porphyrin
is approximately two orders of magnitude higher than with the free-base
analogue. Qi and Liu have reported the liquid crystalline properties
of tetraalkyl tetrabenzoporphyrin and its Mn''Cl, Ni"! and Cu'"' com-
plexes (3).®! All of these materials exhibit hexagonal columnar (coly)
mesophases at room temperature and are p-type semiconductors, as indi-
cated by surface photovoltage spectroscopy. These compounds also all
show fluorescence, and at low temperatures the metal complexes exhibit
phosphorescence at 725 nm.

Because the photonic properties of liquid crystals depend on the align-
ment of molecules, structural control at the molecular level is of key impor-
tance. Fanizzi and co-workers have prepared the first enantiomerically pure
liquid crystalline complexes with the chiral center directly bound to the metal
(4).”! These complexes consist of a Pt" dichloride stilbazole center bearing a
chiral sulfoxide ligand. Interestingly, a difference in thermal behavior
between the racemic and enantiomerically pure forms is observed: both
forms exhibit smectic F mesophases, but the racemic forms also have a more
ordered crystal smectic G phase at lower temperatures.
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Work by Ziessel and co-workers has focused on liquid-crystalline Cu'
complexes."” In particular, binuclear helical complexes of bpy!"!! and
2,2":6'"-terpyridyl (tpy)''? Schiff-base ligands have been reported.
Notably, these complexes are liquid crystalline at room temperature.
A more recent report describes a wedge-shaped Cu' complex that forms
a hexagonal columnar mesophase.!'*! The number of molecules in a
length of column equal to the molecular thickness is temperature depen-
dent, ie. eight molecules at 40°C and six at 120°C.

A particularly significant report by Serrano and co-workers describes
the careful design of metal complexes which form helical columnar meso-
phases (5).'Y Pd" and Cu'' complexes of oxazoline-derived ligands were
prepared, which have stercogenic centers in the coordination environ-
ment of the metal. This chirality is transferred to the mesophase, which
consists of stacks of molecules that rotate with respect to one another
along the column. One full helical turn occurs every six molecules, and
the S-isomer of the ligand leads to left-handed helices, whilst right-
handed helices are formed with complexes of the R-ligand.

3. COMPLEXES FOR NONLINEAR OPTICS

Nonlinear optical (NLO) materials are of great technological importance
in areas such as optical data processing and storage. Molecular organic
materials,!'”! including organotransition metal complexes,!'® have been
extensively investigated as potential alternatives to the traditional inor-
ganics such as lithium niobate (LiNbOs3). Metal complexes often exhibit
intense charge-transfer transitions associated with large molecular NLO
responses, and are especially attractive for the creation of multifunctional
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materials due to their structural and electronic diversity. This field is still
relatively young, so most studies to date have focused on chromophore
design and the derivation of molecular structure-activity correlations
for both quadratic and cubic NLO effects. The former are generally char-
acterized by first hyperpolarizabilities §, and the latter by second hyper-
polarizabilities y and bulk susceptibilities 3.

Complexes of electron-donating ferrocenyl (Fc) and related organome-
tallic units with #°-cyclopentadienyl (Cp) ligands are popular subjects for
NLO studies. Recent highlights include the work of Farrell et al. who have
used hyper-Rayleigh scattering (HRS) experiments to determine f§ values for
Fc polyenes with azulenylium or guaiazulenylium electron acceptors (e.g.
6)"'7%1 and complexes with [(CpFeCO),(u—CO)(u—C=CH-)] donors and
azulenylium acceptors.l'’® Chiffre ez al. have achieved the highest yet second
harmonic generation (SHG) efficiency for a 2-(4-nitrophenyl)ethenylferro-
cene of 140 times that of urea with a 1907 nm laser, which arises from a
perfect dipolar alignment in the noncentrosymmetric space group P1.'%
In rare examples of cubic NLO studies on Fc derivatives, heterotri- and tet-
ranuclear complexes of pyridyl-coordinated Zn", Cd" or Hg" centers!'” and
conjugates with oxasmaragdyrin or oxacorrole macrocycles?” have been
investigated via Z-scan measurements.
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Complexes of monodentate pyridyl ligands have been extensively
investigated for their NLO properties. The Ru'' ammine salts studied
by Coe et al. have very large static first hyperpolarizabilities fy (>500 x
1077 esu) and notably provide the first examples of redox-switchable
molecular NLO responses,”!! a phenomenon which has since been
demonstrated for both quadratic and cubic effects in other complexes.!*?!
Coe and colleagues have also applied HRS and electroabsorption (Stark)
spectroscopy to polyene species (e.g. 7) which show highly unusual
optical behavior in that their MLCT bands blue-shift and f§y decreases
as the conjugated chain extends beyond n = 2. Interestingly, electric-
field induced SHG (EFISHG) studies by Tessore et al. have shown
a marked concentration-dependence of f in tetrahedral Zn" pyridyl com-
plexes on replacing acetate by triflate co-ligands.** Various coordination
polymers of metal ions such as Zn"', Cd", Hg" or Pb" with bridging pyr-
idyl or related N-heterocyclic ligands combine SHG with visible trans-
parency, and also substantial cubic NLO effects, as probed by the
Z-scan technique.”™ Han ez al have reported an SHG-active and fluor-
escent Zn"' coordination network bridged via 4-sulfanylmethyl-4'-phenyl-
carboxylate pyridine with two types of homo-chiral helices.!”

Derivatives of [Ru''(bpy)s]*" (RTB) and related octopolar tris-
chelates show interesting quadratic NLO properties. Materials-orientated
work with RTB-based systems has involved a highly thermally stable
polyimide derivative®?* and also a dendrimer containing 7 complex
units.’®><! The larger § response of the latter when compared with the
linear polymer containing an average of 14 chromophores is attributable
to quasi-optimized octopolar ordering in the dendrimer.”®><) HRS-based
data for Zn' complexes show that f, increases monotonically with the
number of coordinated bpy ligands, as the chromophore structure
changes from dipolar to D,, (8) and then D5 octopolar.””! Fave er al.
have applied HRS to some unusual Pd" complexes of chelating
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pyridyl-phosphole ligands in which trans-effects are cleverly used to gen-
erate a favourable dipolar molecular structure.®” The cubic NLO
properties of trinuclear Ru" tris-(a-diimine) complexes have also been
investigated via Z-scan,®! affording reasonably large y values, and tpy-
based complexes of Rul, Os™, Zn", Ru™ and Ir™ also show both quad-
ratic and cubic NLO effects.?*3?!

Complexes of o-bonded acetylide ligands have also been well-
investigated for their NLO properties, especially by Humphrey and
co-workers.*¥ Such studies have recently involved both quadratic
(HRS) and cubic (Z-scan/electroabsorption) NLO measurements on
dipolar and Cs octopolar (e.g. 9) stilbenylethynyl Ru" complexes which
show “dimensional evolution” of NLO responses.***! Z-scan has also
been applied to heterotrinuclear Fc-linked Au' and Ru'" complexes,*"
and HRS and TD-DFT studies with dipolar Fe', Ru" and Os" com-
plexes indicate that f§ increases with the n-donating ability of the metal
center.?*! Work by Humphrey and colleagues has also focused on
redox-switching of quadratic and cubic NLO responses in Ru" complex-
es.?> Studies by Garcia er al. on Fe' g-acetylides indicate that such
complexes have larger NLO responses than their Ru'' analogues, attribu-
table to the greater electron-richness of the first row metal.

Extensive delocalized n-systems render complexes of porphyrin,
phthalocyanine and related ligands especially attractive for cubic NLO
effects, optical limiting (OL) applications being a strong possibility.
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Time-resolved optical Kerr effect measurements on self-assembled oligo-
meric Zn"' porphyrins by Ogawa et al. yield very large off-resonant cubic
optical non-linearities, with y increasing markedly with the chain length.*®
Oligomeric “ladder” Zn" porphyrins (10) have also been investigated by
Anderson and co-workers, degenerate four-wave mixing (DFWM) data
revealing amplified @ responses.*” HRS studies by Uyeda ez al. on Zn"
porphyrins linked to [M"(tpy),]* ™ (M=Ru or Os) units reveal unusual
frequency dispersion effects of f,°% whilst Z-scan experiments with In""
porphyrins indicate that the NLO absorption is enhanced by axial coor-
dination of osmium carbonyl clusters.*”! The promising OL behavior of
axially-substituted In"" or Ga! phthalocyanines has been investigated by
Hanack and co-workers,[*”! and this technologically important field has
been recently reviewed.*!!

Di Bella and Fragala have reported systematic ZINDO calculations
on Ni"' Schiff base complexes with large off-diagonal components of f,1**
and EFISHG studies by Cariati ef al. on pyridine adducts of Cu" and
Pd" complexes of N-salicylidene-N'-aroylhydrazine ligands (e.g. 11)
afford very large uf (u = dipole moment) values.[**! Infinite 3-D network
complexes such as Zn"'Cd"(SCN), combine bulk quadratic NLO activity
with visible transparency and are hence promising materials for UV
SHG." Complexes of 1,2-dithiolene (DT) and related ligands have
attracted considerable attention for their NLO properties, especially
cubic effects. The OL properties of neutral Ni'! DTs have been investi-
gated by Tan er al,*! whilst Dai et al. have applied DFWM to tetra-
hedral Zn" or Cd" complexes.*® The quadratic NLO properties of Ni'!
DTs were studied by Bigoli ef al. using solvatochromically-determined
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dipole moment changes to estimate f, according to the two-state
model,*”! and TD-DFT has been used to derive po values for Ni'l, pg!t
or Pt DTs.[4¥

Many studies have addressed the cubic NLO and OL properties of metal
cluster complexes with various topologies, such as salts of anionic cubic clus-
ters [EtyN]3[MOS;(u3-1)(Agl);] M = Mo/ W)* and heterotrimetallic phos-
phine-capped linear clusters.”” Planar “open” heterothiometallic clusters,
MY'S,Cu',X5(py)s (M = Mo/W; X = Cl/Br/1, py = pyridine; e.g. 12), show
superior OL properties when compared with those of the benchmark material
Ceo, even on an ultrafast timescale.”'! Impressive OL properties are also
exhibited by cluster polymers such as the 3-D cross-framework compound
{[NEty],[W"'Se,Cu's(CN)4]},, which contains pentanuclear planar
clusters.’? Zhang er al. have reported efficient OL from an unusual polyico-
sahedral cluster Ag,oClj4Au;3(PPhs);,, in doped PMMA thin films.*

The strongly Iluminescent, 2-D sheet coordination polymer
{[Eu(cda);(H,0);]-H,0} . (13, cda = carbamyldicyanomethanide anion)
provides a rare example of an Ln-based NLO material, which crystal-
lizes non-centrosymmetrically and combines a high SHG activity with
good visible transparency.® Xie er al have reported 2-D chiral {UY!
0,}>" coordination polymers which show modest SHG activities and also
ferroelectric behavior in one case.” Z-scan studies carried out by Hou

et al. on some interesting octameric ellipsoidal complexes of La'™ or

Ce'" reveal contrasting NLO absorptive and refractive behavior.”®
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4. MOLECULAR WIRES AND SWITCHES

There is widespread current interest in compounds that might behave as
components in nanoscale electronic or photonic devices. In particular,
pseudo one-dimensional molecules that are capable of electronic trans-
port between redox-active metal centers have been widely studied.>”
Such “molecular wires” fall broadly into two categories: complexes where
two or more metal centers are linked by a conjugated organic bridge, and
those containing metal-metal bonds supported or unsupported by bridg-
ing ligands. A wider definition might also include metal-containing con-
ducting polymersP® and metal-functionalized DNA.”

Perhaps the most interesting and widely studied ligand-bridged com-
plexes contain metal centers linked by linear elemental carbon chains
(C, where x >2).7% Gladysz and co-workers have reported a series
of polyalkyne-bridged dinuclear Re' complexes, ReC,Re (Re = {Cp*
Re(NO)(PPhy)} *, Cp* = i°-CsMes; x = 4-20).1°/] With increasing chain
length, the visible absorptions become red-shifted and gain intensity, and
the separation between the first and second reduction potentials (from
cyclic voltammetry) decreases. The complex ReC,gRe exhibits only a sin-
gle oxidation process, and may be considered the point at which the two
metal centers behave electrochemically independently. Further studies by
Gladysz and co-workers describe the preparation and structural charac-
terization of dinuclear Pt complexes [(CgFs){P(CsH4-4-Me);},Pt],C,
where x = 4, 6, 8, 12 or 16 (14).1°” The crystal structure of the C;» com-
plex shows very pronounced curvature of the carbon chain, whilst the Cy¢
complex is surprisingly straighter than its C;, counterpart in the solid
state, having a slight S-shape. Despite their curvature, all of these com-
plexes are highly stable, with decomposition temperatures between 234
and 288°C. Other very recent related reports involve luminescent
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Pt''(4,4’ 4"-tri-tert-butyl-tpy) species®” and detailed TD-DFT studies on
Fe'" and Re' complexes with butadiyndiyl bridges.[**!

Since the preparation of extended C, chains can be challenging, alter-
native related bridging units have also attracted attention. For example,
Lapinte and co-workers have compared the properties of mixed-valence
complexes [Cp*(dppe)Fe(C=C-X-C=C)Fe(dppe)Cp*] where X is a 2,5-
thiophenyl (15) or butadiyndiyl spacer. Notably, the inclusion of the
thiophenyl spacer greatly facilitates the synthesis of the complex without
affecting the extent of electronic conduction. Hong and co-workers have
prepared a series of dyads based on cis-{M"(bpy),CI} © (M=Ru or Os)
units linked by diphosphines Ph,PC=CPPh, (C,P,) and Ph,PC=CC=
CPPh, (C4P,).[®! Electrochemical studies on these homobinuclear com-
plexes unsurprisingly show that the shorter bridge C,P, permits stronger
metal-metal electronic communication than does the longer C4P, unit.
These heterodinuclear complexes show fast photoinduced Ru'' to Os'
energy-transfer that occurs via the Dexter (double electron exchange)
mechanism. Another photoactive molecular wire based on Ru'' polypyr-
idyls has been reported by Shiotsuka et al.'”! This trinuclear complex
contains a Au' bis(acetylide) center with terminal {Ru''(bpy)(phen)}*"
units, and undergoes 95% efficient Au' to Ru'' energy-transfer.

An interesting variation on polyacetylide-bridged complexes is pro-
vided by polyynes containing metal-metal bonded spacers.[***! A pio-
neering study by Lehn and co-workers involves a tetranuclear complex
containing two Ru,(dpf); units (dpf = N,N’-diphenylformamidine)
linked by a bis(acetylide) bridge.’®” The crystal structure of this complex
shows a partially bent structure in which the phenyl groups of the dpf
ligands provide an insulating sheath, protecting the conjugated chain.
Electrochemical analysis indicates predictably strong electronic delocali-
zation within the molecule.

High nuclearity metal-metal bonded chains are also important synthetic
targets in the search for molecular wires. Jiang et al. describe the synthesis
of an air-stable chain of five osmium atoms unsupported by bridging ligands,
0s5(CO);5(CNBu'),Cl,"” which is almost linear and contains strong Os-Os
single bonds. An interesting study by Tejel et al. concerns a hexanuclear
iridium complex, Irg(-OPy)slo(CO);» (OPy=2-pyridonate),’"! which is
made up of a nearly linear metal-metal bonded chain of Ir atoms in oxidation
state +1.33. Murahashi, Kurosawa and co-workers have combined metal-
metal bonded chains with conjugated organic molecules in a series of organo-
metallic sandwich complexes.’” These complexes comprise two conjugated
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polyenes, —(CH),,—, sandwiching a palladium chain Pd,> . A tetranuclear
complex [Pda(u-n>n*n*n’-1,8-diphenylocta-1,3,5,7-tetraene),]* = (16) was
prepared by reaction of [Pd(CH3CN)4]2+and Pdy(dba); (dba =
dibenzylideneacetone) with the polyene, whilst a subsequent report describes
an alternative preparation using [Pd,(CH;CN)gJ* .13

Metal complexes with electrochemically or photochemically switchable
properties are of interest as components of molecular devices.”* For
example, compounds with electrochromic near infrared (NIR) absorptions
have potential for communications and data storage applications.””” Ward
and co-workers have studied a range of electrochromic NIR dyes based on
molybdenum and ruthenium.[’® A notable example is a bridged dinuclear
oxomolybdenum(V) complex {MoCl(O)Tp*},L (17, L = {4,4-OC4H4(2,5-
C4H,8),CcH,0}", Tp* = hydrotris(3,5-dimethylpyrazolyl)borate)./”” uv/
Vis/NIR spectroelectrochemistry shows that the neutral starting Mo(V)/
Mo(VI) complex is transparent in the NIR region, whereas the oxidized
Mo(V)/Mo(VI) species has a strong absorption maximum at 1340 nm. An
optically transparent thin-layer electrode (OTTLE) cell was used to monitor
the NIR absorbance as the applied potential was stepped between 0 and
1.5V, and the absorbance was reversibly switched over several thousand
cycles. The complex behaves as a variable optical attenuator (VOA), since
the optical power of a 1300 nm laser passed through a solution of the com-
plex varies as a function of the applied voltage.

Another class of redox-active molecular switches has been termed
“molecular machines”, i.e. catenanes and rotaxanes where the interlocked
molecular components move with respect to one another in response to an
electrochemical stimulus.”® Sauvage and co-workers have described a
copper rotaxane (18) comprising an axis with two bidentate ligands; and
two wheels, each containing one bidentate and one tridentate ligand.!””’
The two complexed copper ions can be tetra- or pentacoordinated.
Rotation of the wheels about the axis is achieved electrochemically since
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Cu! is more stable when four coordinate, whilst the five-coordinate con-
figuration is favored with Cu'". The axes have central disulfide bridges
which allow the rotaxanes to be adsorbed onto the surface of gold electro-
des via Au-S bonds.

MacDonald, McGimpsey and co-workers have also investigated the
photoswitchable properties of copper complexes self-assembled onto gold
surfaces.’®*#!1 300 nm irradiation of a Cu' complex of 2,2'-dipyridylethy-
lene results in irreversible conversion of the ligand from the chelating cis
isomer to the trans form, which is unable to form a bidentate complex.[gl]
Contact angle measurements reveal a difference in surface wettability
between the cis and trans adsorbed species, with the cis isomer giving a
more hydrophobic surface. The authors are currently investigating the
use of such photochromic molecules to provide reversible switching of
wettability, which is of interest in the field of nanofluidics.

5. CHROMOPHORE-QUENCHER COMPLEXES

The interaction of sunlight with biological systems is responsible for
many important natural processes such as photosynthesis. An important
target for synthetic chemists is the creation of photochemical molecular
devices (PMDs) capable of performing related useful functions such as
the conversion of sunlight into electrical or chemical energy.®* Chro-
mophore-quencher (CQ) systems based on organotransition metal
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complexes have been widely exploited in this field, most being derivatives
of metal polypyridyls or metalloporphyrins.® Such complexes have low
energy excited states that may be quenched by energy or electron-
transfer. A primary objective of current PMD research is the creation
of simple systems capable of efficient, long-lived photoinduced charge-
separation (PICS). As well as being fundamental to photosynthesis, PICS
is the key to the functioning of Gritzel-type photovoltaic cells (see
section 6 below). Both organic and metal-based species can behave as
electron-accepting or donating quenchers.

The most commonly used organic electron acceptor moieties are the vio-
logens (N,N'-dialkyl-4,4'-bipyridinium cations) and related species such as
N-methyl-4,4'-bipyridinium (MeQ ). These have been incorporated into
many covalently-linked CQ complexes,® including polymeric systems.®4!
Non-covalently assembled CQ systems incorporating Viologens are also
widespread,®® including species involving cyclodextrins,® catenanes®”!
and crown ethers.® A fascinating example of such an assembly is provided
by Ballardini et al. who have described a three-component supramolecular
system that mimics an electrical extension cable (19).%! This system com-
prises an RTB unit bearing a pendant dibenzyl-substituted crown ether
(A): a wire-type component (B—H>") composed of a dialkylammonium
and a bipyridinium unit; and a dinaphthyl-functionalized crown ether (C).
In solution, A binds to B due to interaction between the dialkylammonium
moiety and the crown ether, whilst B binds to C through 7-n interactions
between the bipyridinium and naphthyl units. Both of these interactions
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are reversible: deprotonation leads to the dethreading of A from B, and
reduction of the bipyridinium unit of B disrupts the interaction between B
and C. In the fully assembled system, photoinduced electron-transfer occurs
between the RTB moiety and the bipyridinium unit with a rate constant
k=2.8x10%s".

Anthraquinones have also been widely used as electron acceptors in
CQ systems,”*®! including dendrimeric®"! and polymeric®? species.
A notable report by Ito, Fukuzumi and co-workers describes a ferroce-
nyl-anthraquinone (Fc-AQ) dyad that exhibits PICS resulting from
Fc to AQ electron-transfer.”®! The charge-separated (CS) state has a
lifetime of 12ps, but in the presence of Y'(OTF);, this lifetime is
extended to 83 us. The authors suggest that strong binding between the
CS state and Y"'(OTF); results in a large solvent reorganization energy
barrier (4) to charge recombination.

Fullerenes have also become popular as components of CQ
systems,”* 1% because they are good electron acceptors® ' and can
also undergo energy-transfer.”® % Guldi er al have reported a Ru'!
porphyrin bearing an axially-coordinated fulleropyrrolidine ligand
(RuPorph-Cgy, 20).'°! The RuP triplet state that results from photoexci-
tation of the molecule is quickly deactivated in solution. The quenching
mechanism is solvent dependant: in non-polar media such as toluene,
triplet energy-transfer is thermodynamically favored. However, in more
polar solvents such as benzonitrile or THF, the driving force for RuP
to Cg electron-transfer is greater than that for energy-transfer, and is
similar to A. Almost activationless RuP to Cgq electron-transfer occurs,



12:13 15 January 2011

Downl oaded At:

METAL COMPLEXES FOR MOLECULAR ELECTRONICS AND PHOTONICS 163

and the subsequent CS state lifetime is long and decreases with increasing
concentration. The authors propose that the Cg ligand dissociates from
RuP in the CS state and that charge recombination requires the reasso-
ciation of the RuP-Cg, complex.

Other well-studied CQ assemblies include mixed-metal multi-
porphyrin arrays.['®!! Such systems have been shown to exhibit photoin-
duced energy-transfer!°>!1%4-<l and PICS.I'%) A series of recent reports
by Collin, Flamigni, Sauvage and co-workers describes the photophysical
behavior of triads PorphH,-Ir-AuPorph and ZnPorph-Ir-AuPorph, con-
sisting of an Ir'™ bis-tpy complex with a covalently-bound free-base or
Zn" porphyrin electron donor unit (PorphH, or ZnPorph) and Au'™
porphyrin (AuPorph *) acceptor.['*4 Following visible excitation, both
triads exhibit PICS. In the triad with the free-base porphyrin in acetoni-
trile, the CS state (PorphH, "-Ir-AuPorph’) is short-lived (3.5 ns),!!%3<!
but with the Zn'"" porphyrin in toluene, the lifetime of the CS state
(ZnPorph *-Ir-AuPorph’) is 450 ns.'%3*<l A later study has shown that
UV excitation of the Ir'™ bis-tpy unit of PorphH,-Ir-AuPorph leads to

energy-transfer to the porphyrin units, while PICS occurs in ZnPorph-
Ir-AuPorph irrespective of which unit is excited.['%3%
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Hammarstrém, Sauvage and co-workers have studied porphyrin-
containing [2]-rotaxanes (21) in which two ZnPorphs act as stoppers on
the rod and an AuPorph is attached to a macrocycle threaded onto the
rod.'¢! Selective excitation of either ZnPorph or AuPorph leads to
the formation of CS states, ZnPorph'"-AuPorph’, which have lifetimes
of 10-40 ns. Both rod and macrocycle contain phen units, such that a
Cu' or Ag' ion can be coordinated between the ZnPorph and AuPorph
units. Such metal coordination enhances the charge-transfer rate follow-
ing excitation of AuPorph, but has no effect on the kinetics when
ZnPorph is excited. The authors propose that the mechanism of PICS
depends upon the excited porphyrin, with hole-transfer following exci-
tation of AuPorph and electron-transfer resulting from excitation of
ZnPorph. With coordinated Cu', 'ZnPorph to {Cu(phen),}" energy-
transfer competes with PICS as the quenching mechanism.

In a recent study, Campagna et al. have prepared a trinuclear complex
which combines energy and electron-transfer (22).['% This molecule con-
sists of a central Ru" polypyridyl complex bearing a tetrathiofulvalene
(TTF) electron donor unit and two peripheral Ru'' polypyridyl units.
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Following light absorption, the central Ru'' unit is deactivated by fast
energy-transfer to the peripheral ones, with subsequent electron-transfer
from the TTF moiety to the peripheral Ru' centers.

Polypyridyl complexes of d-block metal ions, in particular Os',
have been widely used as energy acceptors in CQ assemblies.['* Very
recently, systems have been reported which combine d- and f-block
metals, where the d-metal sensitizes Ln emission by energy-transfer.
For example, van Veggel and co-workers have prepared m-terphenyl
complexes of Nd'™ and Yb' covalently linked to a RTB center ((Ln,-
Ru)>") or a Fc unit (Ln-Fc).""% Visible excitation leads to NIR lumi-
nescence from the Ln (at 1060 and 1330 nm for Nd™ or 975nm for
Yb'"™). The excitation spectra of (Ln,-Ru)*" and Ln-Fc closely match
the absorption profiles of the RTB or Fc component, confirming that
the d-metal complex is the light-absorbing antenna. In (Nd,-Ru)> ™,
the rise-time of the Nd'"" emission matches the decay-time of the triplet
MLCT state of the Ru'' chromophore. The energy-transfer rates are low
(k ~10°s™! for (Nd>-Ru)** and<10°s™! for (Yb,-Ru)*"), and the
authors propose that the difference in rate is due to better energy match-
ing between the Ln'"" emitting state and the *MLCT state in (Nd,-
Ru)**.

Imbert ez al. have described unusual triple-stranded helicates con-
taining Cr™-Ln™ pairs: CrNd and CrYb.['%” These complexes exhibit
NIR emission from the Ln"" center which is sensitized by energy-transfer
from the Cr'' excited state. The Ln'"-based emission lifetimes are
extended in the complex, and match the shortened lifetime of the Cr'''-

23
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based emission. In a further interesting development, Faulkner and Pope
have reported the first example of Ln-based NIR emission sensitized by
another Ln ion.!""® They describe the preparation of a trinuclear complex
(23) comprising two Tb'™ ions, which occupy 1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triacetic acid-type binding sites, and an Yb'™ ion in
a diethylenetriamine pentaacetic acid-derived site. Selective excitation
of the Tb"! jons at 448 nm results in Yb'"'-based emission at 980 nm.
Since neither the ligand nor the Yb'! absorb at 448 nm, the data indicate
that Tb™ to Yb'™ energy-transfer occurs.

6. DYE-SENSITIZED PHOTOVOLTAIC CELLS

Perhaps the most important technology to exploit the photoexcitation
properties of metal complexes will arise from the development of dye-
sensitized photovoltaic cells. Traditionally constructed solar cells rely
upon the direct absorption of photons by a semiconducting material.
However, the efficiency of such cells is limited because the absorption
of visible light requires narrow band-gap semiconductors, which are
inherently unstable with respect to photodegradation. In a major break-
through in 1991, O’Regan and Gritzel reported efficient photoinduced
sensitization of a nanoparticulate wide band-gap semiconductor by a tri-
nuclear ruthenium bpy-based dye.'””! Since then, there has been wide-
spread interest in this field, and a number of reviews have been
published.[''"]

A dye-sensitized photovoltaic cell contains a nanoparticulate film of
a wide band-gap semiconducting material such as TiO,, coated with a
monolayer of a sensitizing dye. Absorption of light by the dye results
in electron-transfer into the conduction band of the semiconductor.
The oxidized dye is then reduced back to its original oxidation state
by a species in the electrolyte (usually an organic solvent containing
the I'/I3 couple), which is in turn regenerated at a counter electrode
(Figure 1).

Gritzel has defined the properties of an ideal sensitizing dye as fol-
lows:[''% (i) absorbs all light at wavelengths below 920 nm; (ii) functiona-
lized with groups such as carboxylate or phosphonate, which can adhere
to the oxide surface; (iii) undergoes photoinduced electron-transfer into
the semiconductor with a quantum yield of unity; (iv) has an excited-state
well matched in energy with the lower limit of the conduction band of the
semiconductor; (v) has a redox potential high enough to allow it to be
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Figure 1. Schematic diagram showing the operation of a dye-sensitized photovoltaic cell.

regenerated by reduction by the redox electrolyte or hole conductor; (vi)
stable over about 10® turnover cycles.

Probably the most widely studied photosensitizing dye is cis-[Ru
(4,4'-dicarboxy-2,2'-bipyridyl)»(NCS),], known as the N3 dye (24).''!
This complex gives an incident photon-to-current conversion efficiency
(IPCE) of over 80% between 480 and 600 nm. Photovoltaic cells based
on N3 have been the subject of many reports,!''? including time-resolved

11
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photophysical studies.!"'**% In a very recent study by Durrant and
co-workers, the N3 dye has been incorporated into a flexible photovoltaic
cell, which exhibits an overall solar light to electrical energy conversion
efficiency of around 5.3%.1''* A later development of the N3 dye is the
complex [Ru"(tctpy)(NCS);] (tctpy = 4,4',4” -tricarboxy-2,2':6',-terpyr-
idyl), known as the black dye (25).!''3) The absorption spectrum of this
complex is red-shifted compared to that of N3, and its photocurrent
action spectrum extends over the entire visible region and into the
NIR. A further study has explored the effect of the degree of carboxylate
protonation on the solar IPCE of the black dye;!''¥ the monoprotonated
dye is the most efficient form, with an overall conversion efficiency of
10.4%.

In a further extension of the above work, Renouard et al have
developed dyes of the type trans-[RuL(NCS),], where L is a tetraden-
tate imine ligand.!''> Such dyes are designed to absorb more strongly in
the red region of the visible spectrum. Interestingly, Liu and Meyer
recently demonstrated that it is possible to sensitize TiO, to visible light
by using a Ru'! dye containing only a single pyridyl ligand."''®) How-
ever, solar cells containing this dye are inefficient due to slow iodide
oxidation, which allows charge recombination between the dye and
the semiconductor.

Whilst Ru'-based dyes are particularly efficient and well-studied
photosensitizers, other d-transition metals can also function in this role.
Photovoltaic cells sensitized by complexes of Pt 1171 Og! 18] Re!lI1®]
and Cu™" have recently been reported. Somewhat suprisingly, in 1998,
Ferrere and Greg reported that the non-emissive iron complex, [Fe''(2,2'-
bipyridyl-4,4’-dicarboxylic acid),(CN),], can also act as an efficient
photosensitizer.'*'¥) Further studies have investigated the effects of
ligand structure!"*'®! and solvatochromism!!'?'! on the photosensitizing
properties of such dyes. Related work by Meyer and co-workers shows
that the complex [Fe''(bpy)(CN),J*~ sensitizes TiO, to visible light via
two distinct pathways: direct electron transfer from the (dz)® iron center,
and indirect transfer from the (dn)°(7*)' MLCT state.l'*? Although Fe!'
complexes are less efficient photosensitizers than their Ru'' analogues,
they are nevertheless attractive candidates for solar energy conversion
due to the considerably lower cost of iron.

Metalloporphyrins can also act as sensitizers in photovoltaic cells.
Wrébel et al. have compared the photosensitizing properties of zinc-,
magnesium- and lead-containing tetraphenylporphyrin in cells with
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In,0;5 and gold electrodes.">¥! In such systems, photocurrent generation
is metal dependent, with the Zn"-porphyrin giving the highest photocur-
rent, whilst the Pb"-porphyrin is inactive. Durantini and co-workers have
prepared dyads in which a free-base porphyrin is linked to a Zn'-
porphyrin (26) or Fc group (27) by an amide bond.!"** SnO, electrodes
coated with these dyads give IPCEs of about 10%.
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Very recent work by Toma and co-workers has involved the prep-
aration of meso-tetrapyridylporphyrin (TpyPorph) coordinated to two
or four cis-[Ru(phen),Cl] ™ units.!'*> The Ru,TpyPorph species photo-
sensitizes TiO, with a maximum IPCE of 21%, but negligible photocur-
rent is observed when using the RuyTpyPorph compound. The authors
hence infer that an uncoordinated pyridyl moiety is necessary to ensure
effective binding of the porphyrin to the semiconductor surface. In a
related study, Zn'-tetrapyridylporphyrin was coordinated to four cis-
[Ru"(phen)>CI] " or cis-[Ru™(bpy),CI] " units (28).'*! In contrast to
their free-base analogues, the tetra-substituted Zn"-porphyrins give
IPCEs of up to 13%, apparently due to interactions between the Zn"
ion and the semiconductor surface.

7. ORGANIC LIGHT-EMITTING DIODES

The development of organic light-emitting diodes (OLEDs) is of great
importance for modern technologies such as flat-screen displays. Full
color displays require efficient emission of pure red, green and blue light,
and the preparation of materials with such photophysical characteristics
has become a target for synthetic chemists. Light-emitting diodes rely on
the phenomenon of electroluminescence (EL), or light emission resulting
from the application of an electric field to a material.['*”!

Single layer OLEDs (Figure 2a) consist of a layer of an emitting spe-
cies (such as poly(para-phenylenevinylene) or PPV), or a host material
doped with an emitting species, sandwiched between two electrodes. Elec-
trons are injected from the cathode (usually a metal such as aluminum)
into the LUMO of the material, and holes migrate from the anode
(usually a semi-transparent material such as ITO-coated glass) into the
HOMO. Where electrons and holes meet, formation of a singlet or triplet
exciton leads to photon emission. A drawback in such systems is that the
active layer may not transport holes and electrons with equal efficiency.

— P
- &— cathode aFTL
1_' . emitting species
~%— organic Layer NHTL
+—] I~ +— N
anode anode
(a) (ITO coated glass) (b) {ITO coated glass)

Figure 2. Schematic diagram showing the structures of single layer (a) and multilayer (b)
OLEDs.
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Multilayer OLEDs (Figure 2b) separate the electron and hole-transport-
ing materials into two layers, with the emitting species either held
between the electron-transporting layer (ETL) and hole-transporting
layer (HTL), or present in either layer.

Devices based on the intensely emissive chelate complex tris(8-hydroxy-
quinolato)aluminium(IIT) (Alqs, 29) have been extensively studied.'*®! The
emission wavelength of Alqs can be tuned by molecular engineering:'>* 3!
for example, bis(2-methyl-8-quinolato)hydroxoaluminium(III) has been
shown to give efficient, blue-emitting OLEDs."*”) Chen e7 al. have reported
yellow and blue emissions from devices based on the complexes tris[5-
(methylmalononitrile)-8-hydroxyquinolatojaluminium(III) and tris(2,3-
dimethyl-8-hydroxyquinolato)aluminium(III), respectively.'*!

Polypyridyl complexes of Ru'!, Os" and Re' have also been exploited
in OLEDs, either incorporated into organic polymers''*? and oligo-
mers"*¥ or doped into the emitting layer of the device.l'* A very exciting
report by Welter et al. describes an OLED based on PPV doped with a
dinuclear Ru" complex salt [{Ru}L-L{Ru}][PFels (30)!"*) ({Ru} = cis-
{Ru(bpy),}> " L-L = 4,4""-bis(2,2"-bipyridyl)tetra-1,4-phenylene). This
device permits reversible switching between green and red emissions
due to a difference in the LUMO energies of the complex and the host
polymer. Application of a forward bias at the ITO electrode results in
hole injection into the HOMOs of both [{Ru}L-L{Ru}]*" and PPV,
but electron injection into the LUMO of the complex cation only.
Ruthenium-centred red EL is then observed. However, when a reverse
bias is applied, electron-transfer occurs between the reduced [{Ru}L-
L{Ru}]*" and the oxidized PPV'", resulting in green emission from
the PPV singlet excited state. Recently, solid-state devices containing
spin-cast films of RTB and related compounds have been reported.!'*®
Gao and Bard have described bright red (660 nm) emission at a turn-
on voltage of 2.3V from a thin film of RTB on ITO-coated glass with
a Ga:In cathode.!'*¢"
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Cyclometallated complexes of Ir'" are widely used as emitting species
in OLEDs."*”" A recent study by Tsuzuki and co-workers investigated
the effect of substituents on the EL wavelengths of OLEDs based on
bis(2-phenylpyridinato)(acetylacetonato)iridium(III), lr(ppy)a(acac).l'*®
Complexes meta-PF-Ph (31), para-PF-Ph (32), meta-PF-py (33) and
para-PF-py (34), bearing pentafluorophenyl (PF) substituents on the phe-
nyl (Ph) or pyridyl (py) ring, were compared with the unsubstituted par-
ent Ir(ppy).(acac). Multilayered devices containing these complexes
doped into 4,4'-di(carbazole-9-yl)biphenyl (CBP) produce emissions
varying from green to orange, with wavelengths between 513nm for
devices based on meta-PF-Ph and 578 nm with meta-PF-py.

Other d-block metal ions incorporated into EL devices include
CoM 1391 72T and Pt 149 OLEDs based on Ln complexes are also
widespread due to the well-defined emission properties of such com-
pounds."*! In particular, the NIR emissions of the later lanthanides have
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potential applications in telecommunications. Schanze and co-workers
have studied a series of multilayer OLEDs based on tetraphenylporphyr-
ins, Ln(TPPorph)L, where L is a capping ligand [tris(pyrazolyl)borate
(35), [CpCo{PO(OEt),}5] (36) or f-diketonate (37)].'4*! The active layer
consists of a spin-coated film of a blue-emitting poly(para-phenylene)
(PPP-OR11) and Ln(TPPorph)L. These Yb, Ho, Er and Tm-based
devices show characteristic Ln-based NIR emissions at 977, 1197, 1570
and 1800 nm, respectively, which are sensitized by energy-transfer from
the host polymer.

8. CONCLUSIONS AND OUTLOOK

From a historical perspective, d-transition metal chemistry has always
been characterized by its colorful nature and fascinating range of redox
properties. The study of f-block complexes is a somewhat less well-
developed discipline, but growing apace and often colorful also, owing
to the diverse luminescence properties of such compounds. The desire
to realize molecular electronic and photonic technologies has given a
huge boost to research involving transition metal complexes over the past
15 years or so. Such studies are not only fundamentally interesting and
valuable, but are also driven by the firm belief that the exploitation of
carefully designed metal complexes will afford exciting advances which
may not even be possible using purely organic materials. Although to
our knowledge, viable commercial devices based on metal complexes hav-
ing any of the properties discussed above have yet to appear, it is surely
only a matter of time before this is no longer the case. In particular, metal
complex-containing dye-sensitized photovoltaic cells and OLEDs are
relatively established sciences which have been well-studied at the proto-
type device stage. The extent to which the various fields discussed reach
practically useful maturity (or not) will depend upon various inherent
aspects, but also effective communication between synthetic materials-
oriented molecular inorganic chemists, physicists and other relevant
scientists such as device engineers. Given the rapid progress made over
recent years, future prospects for applications of metal complexes in mol-
ecular electronic and photonic devices look very bright indeed.
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