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Abstract

This review covers aspects of research conducted within the Molecular Photonics Laboratory at Newcastle University over the past 5 years. The
research seeks to control the dynamics and direction of electron-exchange processes taking place in donor–spacer–acceptor molecular assemblies,
where both donor and acceptor are transition metal poly(pyridine) complexes. Attention is focused on three key themes; namely, how the confor-
mation of a biphenyl unit modulates the rate of triplet-energy transfer along the molecular axis, how to promote rapid triplet-energy transfer along
the molecular axis, and how to direct electron exchange along a preferred pathway. The work is part of a larger project seeking to build artificial

neural networks operating under light illumination.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Photophysics; Triplet state; Metal complexes; Molecular electronics; Energy transfer

Abbreviations: FWHM, full-width at half-maximum for a charge-transfer absorption band; HOMO, highest occupied molecular orbital; ILET, interligand
electron transfer; IVCT, intervalence charge transfer; kET, rate constant for electron transfer; kEX, rate constant for electron exchange; LUMO, lowest unoccupied
molecular orbital; MLCT, metal-to-ligand charge-transfer; N, total number of repeat units that combine to form the spacer; Os, osmium(II); RMM, distance between
the metal centres; Ru, ruthenium(II); S0, ground state; S1, first-excited singlet state; terpy, 2,2′:6′,2′′-terpyridine; T1, first-excited triplet state; VDA, electronic coupling
matrix element; V

(i)
DA, effective coupling element for the ith residue in the spacer; V0, electronic coupling matrix element at orbital contact; αBA, atomic orbital

coefficient describing coupling between spacer and acceptor; αDB, atomic orbital coefficient describing coupling between donor and spacer; β, attenutation coefficient
for electronic coupling between donor and acceptor; bipy, 2,2′-bipyridine; d, separation distance; δ, coupling between the adjacent subunits comprising the spacer
unit; δ0, coupling between the adjacent subunits when held in a planar geometry; εMAX, molar absorption coefficient at the peak maximum; �EDB, energy gap
between orbitals of donor and spacer units; �G◦, change in Gibbs free energy; �G#, change in free energy of activation; φ, torsion angle between adjacent phenyl
rings; FCWD, Franck-Condon weighted density of states; hω, intramolecular vibrational mode; hωM, medium-frequency intramolecular vibrational mode; λ, total
reorganisation energy; νMAX, absorption maximum for a charge-transfer transition in units of wave number.
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. Introduction

It is generally accepted that a comprehensive understanding
f electron-transfer processes is essential for further progress
n many fields of chemistry, biology, physics and biochemistry
1]. The diversity of research dependent on electron-transfer
rocesses spans from biological enzymes [2,3] to opto-driven
evices [4], and requires an in-depth knowledge of how electrons
nd/or holes move through a wide variety of materials. This point
s probably best exemplified by the hot debate that has taken
lace over recent years of the electron/hole transport properties
f double-stranded DNA, and the concept that the base-pairs
ct as an efficient highway for charge migration [5,6]. Charge
ransport in biological systems can be viewed as occurring in
omplex 3D architectures, and detailed structural information
s generally required to fully understand the process [7,8]. By
omparison, molecular-based assemblies constructed to act as
rtificial mimics by which to probe electron-transfer events can
e deemed as structurally less demanding [9]. It should not be
iewed that such systems are easy to synthesise, and in fact this is
ot the case for many examples found in the literature [10,11].
hese systems generally comprise electron donor and accep-

or subunits connected via an organic spacer unit. This linking
roup has the dual role of providing a structural scaffold for the
lectrode-active terminals and acting as a conduit for the rapid
nd efficient transfer of electronic information along the molecu-
ar axis. There have been many different spacers proposed for use
n concurrence with through-bond electron transfer or electron
xchange [12,13]. The dynamics of information transfer along
hese molecular spacers (often termed as bridges or wires) is
ery much dependent on their chemical composition; for exam-
le, the hybridisation state of any connecting carbon units [14].
n directly fused aromatic units (e.g., phenyl, thiophene and pyr-
ole), electronic coupling along the poly(aryl)-based molecular
ire would be expected to be modulated by the mutual orienta-

ion of adjacent aryl rings [15]. Rapid transfer is predicted for the
ase where all the rings are aligned in a coplanar geometry, but
ransfer will be seriously impaired if several rings are held in a

utually orthogonal orientation [16]. A superb example of this
eat concerns the single-molecule conductance measurements
ade for a series of spacer groups suspended between metallic

lectrodes [17]. Here, the conductance shows a marked depen-
ence on the central torsion angle and decreases as the aryl rings
ecome increasing more orthogonal. The ability to manipulate
he relative orientation of rings offers a fascinating means by
hich to control or gate the electron flux, which in principal

ould be used to direct information along predetermined path-
ays (Fig. 1a) [18]. Of course, there remains the serious problem
f precisely how to switch conformations between the “on” and
off” positions in a reversible fashion.

An alternative strategy to manipulate the flow of information
long a molecular axis spanning some 100 Å or so is to utilise
he rather disparate chemistry that can be attained from differ-

nt types of excited states or from similar states of very different
nergy. The basic concept here is to set up a competition between
wo possible chemical processes, for example, these might be
ntramolecular energy or electron transfer steps (Fig. 1b), but

c
[
r
p

ig. 1. (a) Concept of directing electron flow by controlling the torsion angle of a
iphenyl unit. (b) Directional electron transfer using light of different frequency
o instigate energy transfer to a relay (R).

any other pairs of light-induced reactions are possible. The
oal now is to direct the chemistry along one particular direction
y careful balancing of the entire system, by perturbation of one
mall part of the spacer unit [19–21] or by changing the exper-
mental conditions. Perhaps the most elegant way to achieve
uch possibilities is to use different input photon frequencies
uch that dissimilar excited states are populated by excitation.
rovided these states have unique properties it should be pos-
ible to drive either electron transfer to an adjacent acceptor or
nergy transfer to a relay followed by further electron transfer.
he advantage of this latter method is that no conformational
witching is required, this being an essential feature of most
ther procedures considered for directing information flow in
olecular assemblies, which would require some form of exter-

al input (i.e., electrons, protons and ions) [22,23]. However,
he design element for molecular arrays such as that outlined in
ig. 1b is far more complex since all the individual components
re required to play a precise role in promoting the requisite
eactions. With this in mind, identification of the components
or each specified task is paramount, and can be realised only
y fundamental photophysical studies made on simpler molecu-
ar structures. This approach, of course, is very time consuming
ut benefits from the fact that the final array incorporates all the
ositive feedback from the preliminary work.

Over the past few years, we have been actively engaged
n the examination of artificial neural networks and have

arried-out substantial studies along the themes outlined above
24]. Many of these studies have centred around photoactive
uthenium/osmium poly(pyridine) complexes [25,26] and on
orphyrin-based arrays [27,28]. Mostly, we have used 2,2′:6′,2′′-
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erpyridine complexes because they are well suited to the
onstruction of linear multi-component arrays but this simple
trategy has introduced major problems in itself. Most notably,
he triplet lifetimes and emission probabilities of Ru–terpy
erivatives (terpy = 2,2′:6′,2′′-terpyridine) are too low for the
hromophore to be a useful reagent in our type of work and
e have relied on functionalisation at the 4′-position with ethyne
roups to overcome this particular problem [29]. In turn, this has
ecessitated a full investigation of the photophysical properties
f ethyne-based Ru–terpy and Os–terpy complexes. Additional
esearch has gone into identifying suitable spacer moieties that
romote efficient intramolecular energy transfer [30]. We now
ummarise some of the more important milestones reached dur-
ng this research programme and illustrate where the work is
eading, with specific reference to the fabrication of molecular
hotonic devices.

. Theoretical background

In order to properly manipulate selective charge migration
n molecular systems, at least in a timely manner, it is essen-
ial that there exists a good understanding of the fundamental
arameters governing such processes. It is recognised that Mar-
us theory [31] provides the starting point by which to relate
he rate constant for intramolecular electron transfer (kET) with
hermodynamic parameters. Thus, Eqs. (1)–(3) form the basis
f the simplest level of underlying theory useful for designing
olecular prototypes. Here, λ is the total reorganisation energy

ccompanying electron transfer and is the sum of contributions
rom both nuclear and solvent terms, VDA is the electronic cou-
ling matrix element and �G◦ is the change in Gibbs free energy
uring the electron-transfer step. The most significant aspect of
arcus theory is the change in free energy of activation �G#

nd its parabolic dependence on �G◦ and λ; evidently when
G◦ = −λ electron transfer is activationless. It is also impor-

ant to recognise that VDA is predicted to decrease exponentially
ith increasing separation (d) between donor and acceptor units,

ccording to Eq. (3). The attenuation factor β represents the
onductivity of the bridging medium while V0 is the coupling
lement at orbital contact:

ET = 2π

h̄

|VDA|2√
4πkBTλ

exp

(
−�G#

kBT

)
(1)

G# = (�G◦ + λ)2

4λ
(2)

DA = V0 exp(−βd) (3)

A great number of constraints exist with regard to the accurate
pplication of Eqs. (1)–(3) and care must be taken when inter-
reting experimental results along these lines. Even so, Marcus
heory is extremely useful for designing molecular systems from
rst principles and there have been many studies over the past

ew years to determine how kET depends on the chemical com-
osition of the donor–acceptor dyad and especially on the role of
he spacer unit [32]. The crucial factor is the coupling element
nd the rational design of advanced molecular dyads requires

c
m
s
h

ig. 2. Illustration showing the role of the bridge in promoting electron exchange
sing orbitals on the spacer unit.

n improved knowledge of how to control VDA at the molecular
evel [33].

.1. Electronic coupling and super-exchange

Theory allows us to design multi-component molecules for
articular purposes, subject to synthetic feasibility, and it is now
ossible to work out the required structure in quite fine detail.
egarding the construction of a molecular photonic device,
owever, it seems logical to insist that the electron transfer
echanism involves a through-bond process. Here, “virtual”

rbitals localised on the bridge promote electron transfer from
onor to acceptor, despite the fact that the spacer does not fig-
re as a real intermediate in the electron-transfer process. Thus,
lectron transfer uses the spacer LUMO whilst hole transfer
akes electrons from the HOMO of the spacer (Fig. 2). This
ype of reaction is commonly termed as the “super-exchange”

echanism [34,35] and has been used as the basis for under-
tanding long-range electron transfer in molecular dyads. It
hould be stressed at this point that long-range electron transfer
nd electron exchange are treated as being equivalent in terms of
uper-exchange theory. The only real difference is that electron
xchange involves simultaneous transfer of both an electron and
positive hole.

Super-exchange theory predicts that the coupling element is
elated to the energy gap (�EDB) between relevant orbitals on
he donor and on the spacer (Eq. (4)) [36]. Here, a slow rate of
lectron transfer is associated with a large energy gap and hence
elatively weak electronic coupling. For a given donor, �EDB is
etermined by the electronic properties of the spacer and some
f the best materials seem to be poly(aromatics), diethynylated
romatics and diethenylated aromatics. The magnitude of
DA also requires knowledge of the individual atomic orbital

oefficients that describe coupling between the donor and first
ember of the spacer (αDB), and between the last member of the

pacer and the acceptor (αBA). This extremely simple expression
olds provided the energy gap �EDB is much larger than the
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oupling energy between adjacent units in the spacer. In reality,
his means that orbitals localised on the spacer must lie at much
igher energy than those on the donor for the super-exchange
echanism to hold. More complicated expressions are avail-

ble, indeed Eq. (4) is a unique solution to a general case [37],
ut these do not help in the design of molecular systems . . . their
alue lies in assisting the interpretation of kinetic data [38,39]:

DA = αDBαBA

�EDB
(4)

As discussed previously, according to Eq. (3) kET should
ecrease rather sharply with increasing separation of the reac-
ants. However, several cases have been found [38,39] where the
all-off in rate is much less than predicted, and the attenuation
oefficient β seems to vary with the length of the bridge or with
olvent polarity [40]. These observations have been interpreted
n terms of a change in the electron-transfer mechanism from
ong-range to sequential (or hopping) mechanisms [41]. In this
atter case, long-range electron transfer is achieved by way of a
ascade of short-range steps, each occurring by way of super-
xchange. Both mechanisms can operate simultaneously, their
elative importance depending on the experimental conditions:

V 2
DA

〉
= 1

N

N∑
i=1

(V (i)
DA)

2
(5)

That a bridge rarely functions as a single electronic entity
33,37] is an additional complication. Conventional metallic
ires have a well-defined resistivity that increases in proportion

o their length. By comparison, molecular conductors comprise
series of discrete orbitals that offer a disparate level of resis-

ivity. This has the overall effect of affording a discontinuous
onduit with regions of high and low conductivity. Thus, Eq. (5)
ffers a better description of the coupling element and now V

(i)
DA

s an effective coupling element for the ith residue in the spacer,
nd N is the total number of repeat units that combine to form
he spacer [37].

.2. Nuclear tunnelling and quantum mechanical effects

The Marcus equation [31] predicts that once the driving force
or electron transfer exceeds the reorganisation energy the rate of
lectron transfer should drop off quite dramatically. However,
xperimental studies have shown that the activation energies
or electron-transfer processes occurring in the so-called Mar-
us inverted region (�G◦ < −λ) are often substantially less than
hose predicted on the basis of Eq. (2) [42]. This effect has been
ttributed to some of the excess thermal energy being transferred
o intramolecular vibrational modes (hω) associated with the
onor or acceptor. The net effect is to lower �G# by an amount
orresponding to a certain number of quanta of energy hω. The
emi-classical version of the theory developed by McConnell
Eqs. (6) and (7)) is based on the inclusion of a single, medium-

requency vibrational mode (hωM) [43]:

ET = 2π

h̄

V 2
DA√

2πσ2
exp

(
− (�G◦ + λ)2

2σ2

)
(6)

a
(
c
b

emistry Reviews 252 (2008) 2528–2539 2531

2 = λhωM coth

(
hωM

2kBT

)
(7)

There is one further problem for understanding the rates
f electron transfer that fall within the inverted region and
hat involves nuclear tunnelling; this phenomenon is especially
mportant at low temperature [44]. This process has the effect
f by-passing the normal transition state, since the electron can
unnel through a narrow barrier. Nuclear tunnelling has been
bserved for donor–acceptor pairs held in close proximity [45]
nd where one particular vibrational mode plays a key role. The
ain effect of nuclear tunnelling is that kET becomes indepen-

ent of temperature. It has to be stressed, however, that the rate
onstant for electron transfer occurring via nuclear tunnelling is
elatively low.

. A variable resistor based on the geometry of the
pacer unit

There has been some notable work carried out over the past
ecade or so to try and ascertain precisely how a change in the
eometry of the spacer unit affects the dynamics of through-bond
lectron-transfer processes [34,35]. The particular aspect of the
pacer geometry that concerns us here is a gross change in struc-
ure that might be used as the basis for an off-on switch and we
ave focused our attention on the torsion angle between adjacent
henylene rings. Theoretical calculations have indicated that the
verall electronic resistivity of an electronic conduit depends on
ow well molecular orbitals on adjacent subunits overlap to form
continuous medium [33,27]. This is certainly true in the case
f a 4,4′-biphenyl unit where the angle between the two phenyl
ings will influence the extent of electron delocalisation. The first
ttempt to exploit this effect was made by McLendon et al. [46]
ho used 4,4′-biphenyl as a bridge between different porphyrin

ermini and varied the dihedral angle between the phenyl rings
y substitution at the 2,2′-positions. It was observed that the rate
f through-bond electron transfer was dependent on the angle
round the central biphenyl linkage and reached a minimum at
5◦. This finding is contradictory to theory [47], at least for an
ntramolecular system [48], and it is important to realise that
hanges in the nature of the substituents will also have signifi-
ant effect on the electronic properties of the bridge. Despite this
eservation, a clear correlation between the conductance through
single molecule suspended between macroscopic electrodes

nd the central torsion angle has been found for a series of sub-
tituted biphenyl-based analogues [17]. Here, the conductance
ncreases as a cos2 function of the torsion angle, as predicted by
heory:

.1. Strapped biphenyl units as spacers

The approach we have taken is to tether a strap across the
,2′-positions, thereby keeping a constant substitution pattern,

nd using the strap length to control the central torsion angle
Fig. 3) [49]. The electronic coupling element in these cases
an be described in terms of Eq. (8) where δ refers to coupling
etween the adjacent phenyl rings (Eqs. (8) and (9)). From Eq.
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charge transfer transition seen in the near infrared region is
due to charge hopping between the two terminals [52]. In these
complexes, where �G◦ = 0, the size of VDA can be calculated
Fig. 3. Model systems used to measure the effect of torsion angle on el

9), the value of δ can be related to the torsion angle φ by refer-
nce to coupling at 0◦ (δ0). By varying the length of the strap,
range of torsion angles can be obtained, but it should not be

orgotten that thermal fluctuations have to be taken into account.
his latter problem can be overcome, at least to a large extent, by
mbedding the sample in a low-temperature glassy matrix. The
eries of compounds containing the crown ether linkers facili-
ate coordination of cations inside the central void which serve to
igidify the crown and impose a restricted torsion angle around
he central biphenyl group (Fig. 4) [50]. It is thus possible to sam-
le a considerable variety of angles without serious perturbation
f the electronic properties.

DA = αDBαBA

δ

∣∣∣∣ −δ

�EDB

∣∣∣∣
2

(8)

= δ0(cos φ)2 (9)

.2. Hole transfer in strapped biphenyl-based dyads

Having prepared the first systematic series of donor–
pacer–acceptor dyads displaying a variable torsion angle
ut comparable, if not identical, electronic properties the
ext issue is to devise experiments to measure the extent of
lectronic coupling along the molecular axis. The first set
f measurements was made with the corresponding series of
trapped quaterphenyl derivatives where the dihedral angle was
aried by the same strategy [51]. These compounds are strongly
uorescent and allow classical photophysical properties to be
ade in both solution and frozen glasses. We were able to

stablish that the optical properties, especially those of the
rst-excited singlet state, are related to the torsion angle set by

he strap. Interestingly, the properties of the triplet-excited state
ere less dependent on strap length [51]. For the symmetrical
u/Ru binuclear dyads, which are weakly luminescent at ambi-

nt temperature, photophysical studies are more demanding
ut it proved possible to examine the strength of electronic
ommunication in these molecules by recording optical absorp-
ion spectra for the corresponding mixed-valence complexes

F
p
p

exchange, where the length of the strap controls the size of the angle.

ormed by selective oxidation of one metallo-terminal; the new
ig. 4. Molecular model of a crown-5 ether bridge showing (a) the expanded
olyether strap and (b) the resultant structure upon cation binding to three of the
ossible five oxygen atoms.
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irectly from Eq. (10) [53]. Here, εMAX is the molar absorption
oefficient at the peak maximum, νMAX is the absorption max-
mum in cm−1 and FWHM is the full-width at half maximum
f the Gaussian-shaped absorption band. The charge-transfer
ength RMM is simply taken as the distance between the metal
entres, although it is realised that this is a crude assumption:

DA = 0.0206

RMM

√
εMAXνMAXFWHM (10)

Using the intervalence charge-transfer methodology intro-
uced by Reimers and Hush [54], we were able to quantify how
hanges in the torsion angle affect the magnitude of VDA in the
eries of mixed-valence Ru–terpy complexes of the type shown
n Fig. 3 [55]. The coupling is greatest at 0◦ and there is a pro-
ressive decrease with increasing dihedral angle until reaching
clear minimum at 90◦. It is worth noting that coupling does not
anish at 90◦. This observation can be rationalised by the fact
hat biphenyl-based spacer unit is subject to thermal fluctuations
bout the mean angle and also to the fact that electronic coupling
an take place through the connecting single bond. The elec-
ronic coupling element for the above examples relates to hole
ransfer, using the HOMO orbitals of the bridge. Unfortunately,
t is not possible to obtain kinetic data for this system since
here is no obvious spectroscopic signature by which to monitor
he event. This is a major drawback as one would like to have
ome appreciation of how big a variation in the rates of electron
ransfer can be achieved by rapid switching of the central tor-
ion angle [17]. Indeed, a critical point for the design of putative
ptical-switches based on this approach is to compare rates of
lectron transfer through � orbitals (i.e., planar geometries) with
hose through σ orbitals (i.e., orthogonal geometries).

.3. Electron delocalisation in biphenyl-based dyads

The binuclear ruthenium(II) complexes (Fig. 3) are not all
eak phosphorescence in deoxygenated solution at ambient

emperature but the triplet lifetime is kept relatively short by
hermal population of high-lying metal-centred states that are
hemselves strongly coupled to the ground state. These thermal
ecay routes become inaccessible at low temperature, how-
ver, and quite strong emission is seen in a glassy matrix [56].
his simplification means it is easy to obtain rate constants

kNR) for non-radiative decay of the emitting metal-to-ligand,
harge-transfer (MLCT) triplet state under these conditions. We
ere able to show that kNR depends on torsion angle, with the
aximum rate being found at ca. 40◦ [57]. This finding was

ather unexpected but can be accounted for if changes occur in
he degree of electron delocalisation at the triplet level. Con-
equently, illumination of the metal complex results in rapid
jection of an electron from the metal-localised d-orbital to the
UMO localised on the substituted terpyridine ligand. Previ-
us findings support the notion that the triple bond facilitates
xtended �-conjugation [58]. Hence, it is reasonable to suppose

hat the promoted electron can sample a sizeable fraction of the
ridging ligand, but the central biphenyl group presents a bar-
ier to full electron delocalisation unless it is held in a planar
rrangement.

m
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u
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This concept of the torsion angle being able to control the
xtent of electron delocalisation is difficult to prove on the basis
f these binuclear complexes since so many other factors influ-
nce the emission properties. To pursue the effect further, a series
f strapped viologens was synthesised in which the length of the
ether was again used to alter the central dihedral angle between
he two pyridinium rings [59]. In this way, it becomes possible to

onitor the effect of dihedral angle on the reduction potential,
ptical absorption properties of the parent viologen, interme-
iary �-radical cation and neutral viologen, and on the EPR
roperties of the �-radical cation. A comprehensive picture now
merges of the way in which the planarity of the bipyridinium
nit affects the electronic properties of the molecule and, in par-
icular, communication between the two rings. It is especially
nteresting to note the effect of torsion angle on the distribution
f spin density at the �-radical cation stage.

EX = 2π

h̄
|VDA|2FCWD (11)

.4. Electron exchange in biphenyl-based mixed-metal
omplexes

The incorporation of an Os–terpy in place of one of the
u–terpy terminals in the binuclear array facilitates intramolec-
lar triplet-energy transfer across the biphenyl spacer. The
rimary mechanism for such a process involves Dexter-type
lectron exchange. This through-bond interaction involves
imultaneous transfer of an electron (through the bridging
UMO) and a positive hole (through the bridging HOMO).
he rate constant for electron exchange (kEX) is given by
q. (11), where the Franck-Condon weighted density of states

FCWD) can be calculated precisely from emission spectra
ecorded for isolated donor and acceptor species [60]. Thus,
he coupling element can be derived directly from experimental
ata.

Using the above approach, we have explored the effect of
ihedral angle on the rate of triplet-energy transfer in the series
f mixed-metal complexes pertinent to Fig. 3. The rates of energy
ransfer are fairly fast, even at 77 K where the molecular geom-
try is locked into the lowest energy conformation. The results
onfirm that the maximum coupling occurs when the biphenyl
roup is coplanar (Fig. 5) [61]. There is a substantial decrease
n VDA as the torsion angle increases and a definite minimum at
round 90◦. As noted for the IVCT studies, the coupling element
oes not decrease to zero at an orthogonal geometry. Unlike in
he hole transfer case, however, this is attributed to nuclear tun-
elling across the connecting bond. It is interesting to note that
he variation in kEX reaches 80-fold as the angle increases from
◦ to 90◦. This is considered to be a sufficiently large variation
o propose constructing a switch for directed electron exchange
n the principle of rapid conformational exchange. This raises
he question of how to bring about such a large scale confor-
ational change and, in attempting to address this point, our
ttention has turned to the corresponding dibenzo[1,2]dithiine
nit [62]. Here, electrochemical cleavage of the S–S bond gives
ise to a major structural change from the near coplanar arrange-
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ig. 5. Variation in the electronic coupling matrix element with changes in the
orsion angle for the Ru/Os mixed-metal complexes.

ent to an orthogonal conformation (Fig. 6). This system is now
nder active investigation.

. Getting the right relay

According to the simplified picture given as Fig. 2 the ener-
ies of the HOMO/LUMO orbitals resident on the spacer unit
re critical in promoting Dexter-type energy transfer from donor
o acceptor. Two limiting scenarios can be readily identified
nd applied to the specific case of triplet-energy transfer from
u–terpy to Os–terpy along a linear spacer: If the triplet energy
f the spacer greatly exceeds that of the donor, super-exchange is
ikely to be inefficient and energy transfer will not compete with
eactivation of the excited state. This situation does not preclude

nergy transfer taking place because the Förster dipole–dipole
echanism might still operate but the factors controlling the rate
ill now be markedly different. Secondly, if the triplet energy of

he spacer is too low this species becomes the final resting place

ig. 6. Molecular models for dibenzo[1,2]dithiine in the closed (top) and open
bottom) forms.

f
a
(
i
i
e
p
I
t
fi
o
m
b
s
e
w
fl
o
l
a

4

b

hemistry Reviews 252 (2008) 2528–2539

or the absorbed photonic energy. This latter point is of spe-
ial importance in cases where multiple organic units are linked
ogether to create a wire-like structure [37], since conjugation
hould afford a diminished HOMO-LUMO gap. This situation
s often observed for the S0–S1 band gap and it assumed that the
ame occurs for the corresponding T1–S0 band gap, although
ess direct spectroscopic information is available to support this
atter hypothesis. The net result of this dichotomy is that it is still
ot possible to identify the optimum spacer unit for long-range
nergy transfer between this particular pair of reactants.

.1. Ethynylnaphthalene-based molecular rods

Taking account of a large volume of research from many lab-
ratories concerned with fast triplet-energy transfer in Ru/Os
oly(pyridine) complexes, it can be concluded that the ethynyl-
aphthalene unit [63,64] is the most promising module with
hich to construct superhighways for long-distance electron

xchange. Why is this? The energy of the ethynylnaphthalene
nit, being very close to that of the Ru-based donor and above
hat of the Os-based acceptor, is ideal for promoting Dexter-
ype electron exchange. According to the actual donor used,
he ethynylnaphthalene triplet lies just above or slightly below
he donor triplet [63,64] but even in the former case it can be
ccessed by thermal population at ambient temperature. As such,
he spacer becomes an active, rather than passive, intermediate in
elaying triplet energy along the molecular axis. The important
oint now is to examine how the triplet energy of the ethynyl-
aphthalene moiety evolves with increasing number of repeat
nits and this was done using a series of molecular rods, NAP(n)
Fig. 7).

In line with other studies made with oligomers based on,
or example, thiophene, fluorene, and phenylene, there occurs
gradual shift to longer wavelength in the absorption maxima

from 428 nm for NAP2 to 457 nm for NAP6)) with increas-
ng number of naphthalene units [65]. Fluorescence is relatively
ntense for these molecular systems in fluid solution, and the
mission spectral profiles display clear vibrational structure but
oor mirror symmetry with the corresponding absorption bands.
n view of the relatively large Stokes’ shifts, it is concluded that
he molecular rods become more planar upon promotion to the
rst-excited singlet state. A further shift towards planarity occurs
n embedding the rods in a glassy matrix at 77 K. In contrast, the
olecular rods are weakly phosphorescent in the frozen glass,

ut their triplet energies remain relatively constant across the
eries at around 1.88 eV. It also appears that, at the T1 level,
lectronic coupling between adjacent naphthalene units is rather
eak. Interestingly, the higher-lying triplet states, seen in laser
ash photolysis studies, also exhibit features that are dependent
f the number of repeat naphthalene units. Whereas the Tn triplet
evels vary in energy across the series, the upper lying Tn+ l levels
re relatively insensitive to the oligomer length (Fig. 8).
.2. Ethynylnaphthalene-based spacers

Having established the basic properties of the naphthalene-
ased oligomers, the next stage of development has involved
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Fig. 7. Examples of hetero-bimetallic complexes

ncorporation of the photoactive centres based on Ru–terpy
nd Os–terpy (Fig. 7). Using a multistep ‘synthesis at metal’
pproach, a series of heteronuclear analogues has been produced
or both terpy and bipy (bipy = 2,2′-bipyridine) series in order to
lucidate the efficiency and rate of triplet-energy transfer along

he molecular axis [66]. It is known that the basic photophys-
cal properties of the Ru-based donor are strongly temperature
ependent [56]. This can be attributed to coupling to high-lying
–d states that contribute to excited state deactivation. Further-

ig. 8. Illustration showing how the first-excited singlet (S1) and the various
riplet states (T1, Tn, Tn+1) vary with the number of naphthalene repeat units for
NAP(n).

p
t

f
a
o
p
i
R
n
m
m
a
i
M
(
l
t
l
d
O
n
b
b

rporating naphthalene-based molecular bridges.

ore, although phosphorescence takes place from the lowest
nergy metal-to-ligand, charge-transfer (MLCT) triplet state,
here are upper-lying MLCT states that play a role in the over-
ll photophysical processes. To avoid such complications, our
nitial studies focused on probing energy transfer in a low tem-
erature glass [67]. A further advantage of the glassy matrix is
hat nuclear motions are at a minimum.

In a frozen butyronitrile glass at 77 K, triplet-energy trans-
er within the series TNAP(n) was found to be >95% efficient,
nd despite the increase in molecular length, the rates varied
nly by a factor of five. An incoherent hopping mechanism was
roposed to explain energy migration. Such a process firstly
nvolves injection from the MLCT triplet state located on the
u–terpy unit into the adjacent naphthalene unit. The thermody-
amics are such that this process is reversible but further energy
igration between subsequent naphthalene units leads to energy
igration along the bridge. The overall process can be viewed

s a one-dimensional random walk. The terminal Os–terpy unit
s the final termination point for the photonic energy since its

LCT triplet state is much lower in energy than that of the spacer
Fig. 9). That is, at low temperature the energy gap is sufficiently
arge to inhibit thermal repopulation of the spacer triplet from
he Os–terpy triplet. The results collected with the longer ana-
ogues are unambiguous in as much as there is a time lag between
ecay of the Ru–terpy triplet and formation of the corresponding

s–terpy triplet. Although the kinetics for these processes are
ot strictly first-order, it is clear that the donor triplet decays well
efore appearance of the acceptor triplet. This situation can only
e explained in terms of a transient population of the naphtha-
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ig. 9. Proposed incoherent energy-transfer hopping mechanism for the hetero-
imetallic complexes.

ene triplets located on the spacer; these being non-luminescent
nder the conditions used. Treating the kinetic data in terms of
he simplified model shown as Fig. 9 allows estimation of the
ate constant for photon hopping between adjacent naphthalene
nits. Incidentally, the efficiency of energy transfer along the
olecular rod approaches 100% in all cases. For shorter bridges,

here are indications that long-range super-exchange competes
ith short-range photon hopping.
Spectroscopic measurements have been completed for the

orresponding solution-phase studies, where the rates are much
aster [67]. Preliminary results are encouraging, and confirm that
apid and quantitative energy transfer takes place over a distance
pproaching 60 Å. Additional compounds have been synthesised
or the bipy-based series that allow insertion of extra groups into
he spacer function. This provides for improved understanding of
he mechanism. It has to be stressed that a key feature of these
ystems relates to the unexpectedly weak electronic coupling
etween adjacent ethynylnaphthalene units. This is surprising in
iew of the connecting ethyne groups being expected to promote
xtensive electron delocalisation. The latter situation is seen for
he S1 states but not for T1.

. Directed processes

There have been many successful attempts to incorporate
etal poly(pyridine) complexes into functional arrays that

xploit their useful photophysical properties. For example,
uilding Ru-bipy into a catanane equipped with two identical
rms and a threaded crown ether provides the first realistic
odel of the redox asymmetry inherent to the bacterial pho-

osynthetic reaction center [68]. Mostly, the metal complex
as been used as chromophore and/or electron donor and few
ttempts have been made to use such complexes as electron or
nergy relays. Notable exceptions to this generalisation include
orphyrin–metal complex dyads where both units can operate
s chromophores [69–74,27]. In order to extend this field, it
s necessary to generate asymmetric complexes where one of
he coordinated ligands acts as energy or electron sink. Clearly,
here is an advantage to focus on Ru–terpy, because the tridentate
igand facilitates construction of linear structures, and consider-
ble research has gone into the synthesis of mono-functionalised

u–terpy complexes. The most useful species are those bear-

ng an acetylenic function at one of the 4′-positions. Thus, a
ingle ethyne substituent lowers the reduction potential for that
erpy ligand by ca. 200 meV and thereby introduces the required

r

d
M
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edox asymmetry. This has the effect of lowering the triplet
nergy, thereby pushing the emission wavelength into the near-
R, decreasing coupling with upper-lying metal centred states
nd prolonging the triplet lifetime by many orders of magni-
ude [75–78,25]. An additional effect is to enhance luminescence
rom an upper MLCT triplet state – the so-called fourth MLCT
riplet – which lies ca. 1000 cm−1 above the lowest energy triplet
79]. The overall effect is to greatly increase the utility of the
hromophore as a luminescent label or sensitiser. Similar effects
ave been noted for the corresponding Os–terpy complex [80].

.1. Energy transfer in porphyrin–metal poly(pyridine)
yads

We can now consider how to further exploit the redox asym-
etry introduced into the complex via insertion of a single

′-ethyne substituent. Firstly, we note that the ethyne group can
e reduced electrochemically, leading to the formation of poly-
ers deposited on the electrode [81]. Perhaps more useful in the

ontext of building photoactive arrays is the realisation that the
riplet state associated with the substituted ligand lies at lower
nergy than that of the parent ligand. Charge injection under illu-
ination, therefore, selectively produces the MLCT state with

he promoted electron localised on the substituted ligand. This is
mportant in that the system can be primed for electron or energy
ransfer along the molecular axis simply by adding relays to the
pen end of the ethyne group. In turn, this raises the question
f how fast is interligand electron transfer (ILET) in metal terpy
omplexes.

After much debate [82], it is now well established that the
LCT triplet state has the electron density localised on a

ingle poly(pyridine) ligand at any given moment. The pro-
oted electron hops between the coordinated ligands in an

ncoherent manner. Experimental measurement of the rate of
LET is rendered difficult by the absence of obvious spectro-
copic signatures and the most convincing evidence has accrued
rom time-resolved anisotropy studies. Here, the dynamics of
LET occur with characteristic time constants of 47 ps [83,84]
nd 8.7 ps [85], respectively, for Ru(II) and Os(II) tris(2,2′-
ipyridine) complexes, where there is no thermodynamic driving
orce. In asymmetric complexes, the time scale for ILET
ncreases and is notably faster for Os(II) than for Ru(II). A
ifferent approach for measuring the rate of ILET was intro-
uced recently by Schoonover et al. [86] whereby this process
as in competition with triplet-energy transfer to an appended

nthracene residue. Related work by Hammarström and co-
orkers [87] found that electron transfer from the excited state
f a Ru(II) tris(2,2′-bipyridine) complex to a covalently attached
ethyl viologen residue occurred within 4 ps and this rate seems

o be at odds with the idea of fairly slow ILET. Subsequent
tudies [88] using ultra-fast laser excitation and transient absorp-
ion anisotropy measurements indicated that the ILET process
s complete within 1 ps. Thus, there is a large variation in the

eported rates of ILET in these complexes.

A problem with all experimental measurements reported to
ate, however, is that excitation produces a statistical mixture of
LCT triplet states wherein the promoted electron resides on
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Fig. 10. Model systems used to

ifferent ligands [86]. The experiment then involves monitoring
he approach to equilibrium. We have sought to eliminate this
ifficulty using pulsed excitation of a porphyrin that is covalently
ttached to an Os(II)–terpy complex by way of a short spacer
Fig. 10) [89]. The singlet excited state of the porphyrin (S1)
o produced transfers excitation energy to the metal complex
n a very fast time scale so as to generate the corresponding
LCT triplet state within a few picoseconds. The promoted

lectron resides solely on the proximal terpy ligand. Because
he porphyrin possesses a low-lying triplet excited state (T1),
ntramolecular triplet-energy transfer competes with ILET but
nergy transfer from the distal terpy ligand is relatively slow.
his disparity in rates allows accurate screening of the ILET
rocess [89].

For the parent system, POR–Os, evidence for ILET is derived
olely from the statistical quality of fitting the kinetic data and
here is no direct spectroscopic evidence to show that the distal
erpy ligand is populated during the sequence of energy-transfer
teps. The overall reaction scheme is shown below (Fig. 11) and
he derived rate constants are collected in Table 1. According
o this analysis, ILET accounts for about 30% of the initially

ormed proximal MLCT triplet state, the bulk undergoing triplet-
nergy transfer to populate the T1 state localised on the porphyrin
89]. The thermodynamic position is that the proximal MLCT
riplet is slightly lower in energy than the distal MLCT triplet

ig. 11. Overall reaction process showing rapid formation of the proximal
LCT triplet state, followed by competition between triplet-energy transfer

o the porphyrin 3�, � state and ILET, as proposed for the porphyrin/Os–terpy
yads.
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y interligand electron transfer.

nd this accounts for the relatively slow rate of ILET in this
ystem.

Turning attention now to POR–Os–ET (Fig. 10) it is notable
hat there is a small thermodynamic driving force for ILET from
roximal to distal MLCT triplet states because of the effect of
he ethyne substituent. The transient spectroscopic records again
ndicate that decay of the porphyrin S1 state is extremely fast
89]. As for dyad POR–Os, it is assumed that energy transfer
electively populates the proximal MLCT triplet state localised
n the metal complex. Formation of the porphyrin T1 state is
emarkably slow compared to POR–Os. Furthermore, global
nalysis indicates that formation of the porphyrin-based triplet
tate lags far behind decay of the S1 state and does not correspond
o a single exponential process. A complete analysis was made
n accordance to Fig. 11 and the rate constants derived from a
lobal analysis are collected in Table 1. In this case [89], the
pectral records provide clear evidence for intermediate popula-
ion of the MLCT triplet state but without specifying which terpy
igand is involved. The delayed formation of the T1 state, how-
ver, can be explained only in terms of competing ILET since the
hermodynamics and geometry for triplet-energy transfer from
he proximal MLCT triplet to T1 remain exactly the same as for
OR–Os. Global analysis of the kinetic data shows that energy

ransfer from the proximal MLCT triplet state T1 (kBD) occurs
t a rate comparable to that found for POR–Os under the same
onditions but this step competes poorly with ILET to form the

istal MLCT triplet state. The rate constant (kBC) for this latter
tep is increased relative to POR–Os by a factor of approximately
ixfold, presumably due to the improved thermodynamics. The

able 1
ummary of the kinetic data derived by global fitting of the spectroscopic data
btained for the porphyrin/Os–terpy dyads in deoxygenated acetonitrile at room
emperature

ate constant (ps−1) POR–Os POR–Os–ET

AB 0.24 0.29

BD 0.063 0.060

BC 0.031 0.100

CB 0.100 0.023

CD NA 0.018
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ate constant (kCB) for reverse population of the proximal MLCT
riplet state is set by the equilibrium constant and is relatively
mall. The rate constant (kCD) for triplet-energy transfer from
he distal MLCT triplet state is low, compared to triplet-energy
ransfer from the proximal MLCT triplet state, because of the
ncreased separation distance.

. Conclusions

Progress has been made along three main directions. Indeed,
e now have a complete description of how a change in the

orsion angle between adjacent aryl rings affects the extent of
lectronic communication along the molecular axis. This has
een done by a series of systematic studies, each involving a set
f strapped biaryl spacers, and includes electron delocalisation,
ole transfer, and electron exchange. The disparity in electronic
oupling between orthogonal and planar geometries is sufficient
o propose such structural changes as the basis for a molecular-
cale switch and initial investigations to develop such an idea are
nderway. It might be noted that tethered biphenyls of this type
re inherently chiral and this opens the possibility to explore
he efficacy of electronic coupling along chiral bridges. There
s no obvious reason to suppose that the electron transfer can
iscriminate in favour of left- or right-handed bridges but there
ight be an important chiral discrimination between charge sep-

ration and subsequent charge recombination. This possibility
ould lead to new ways to stabilise charge-separated states.
In quite separate research, we have identified ethynylnaph-

halene units as being ideal building blocks for construction of
olecular arrays capable of very long-range electron exchange.

t should be stressed that this conclusion relates only to the use
f Ru–terpy and Os–terpy terminals and arises because of the
recise positioning of the relevant triplet-energy levels. Electron
xchange is quantitative over more than 60 Å – the limit being
et by solubility – and could be extended over much longer
istances if required. The key point here has been the facile
nergy migration between adjacent ethynylnaphthalene units,
hich themselves remain in weak electronic communication.
ach unit acts independently so that energy transfer resembles
one-dimensional random walk along the backbone. This fea-

ure is of extreme importance and prevents formation of a highly
elocalised �-system where the triplet energy would fall below
hat of the acceptor. We are now in the process of increasing the
imensionality of these arrays by introducing junctions into what
an be described as molecular-scale wires. The junctions help
ith solubility. An additional spin-off from these particular sys-

ems involves the observation that the ethyne substituent raises
he profile of the so-called fourth MLCT triplet state localised
n the metal terpy terminals. This state lies less than 1000 cm−1

bove the lowest energy ensemble and can be accessed at ambi-
nt temperature. It is possible that, in certain circumstances,
he fourth MLCT state could play an active role in long-range
lectron exchange.
The properties recorded for these ethynylnaphthalene spacers
ould make them valuable as a means by which to chan-
el photons along molecular-scale light guides. Such materials
re needed if molecular photonics is to challenge molecular

[
[
[
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lectronics, and in particular the use of single-molecule electro-
hemistry. Thus, major advances have been made in our ability to
uspend molecules between metallic electrodes and to measure
heir electrochemical response, notably their ability to conduct
harge. The electrodes can be formed by a remarkably easy
rocess and the sensitivity of the measurement technique has
dvanced to match the needs of the experimentalist. It has long
een possible to monitor single-molecule fluorescence but we
ave no easy way to focus light down to the single-molecule level
n an organised way. There are existing approaches to this prob-
em using porous networks, usually zeolitic materials with well
efined one-dimensional channels that can be stoppered with
uitable molecules, but there still remains the problem of how
o selectively isolate one particular channel. This issue needs to
e resolved if we are to take advantage of the many important
enefits offered by photochemistry. Our plan is to be build new
ypes of light guide from ethynylnaphthalene units encapsulated
ithin an insulating coating.
The final investigation described herein refers to ILET and,

n particular, to the use of a porphyrin-type sensitiser to selec-
ively excite one of two terpy ligands. We have successfully used
his approach to measure the rates of ILET for certain Os–terpy
omplexes but the situation is far from clear. That ILET is fast
emains undoubted but there is a wide dispersity in the rates
easured by different approaches and for different systems. For-

unately, the rate of ILET is sufficiently fast for our purposes and
t is clear that multi-component molecular systems can be built
hat incorporate Ru–terpy or Os–terpy units as active relays. We
ave in mind to construct intricate arrays based on these materi-
ls that allow the direction of electron transfer to be controlled
y changing the frequency of the incident laser beam.
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