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Key learning points

e Photoinduced electron and energy transfer reactions

e Superexchange theory; coherent tunneling vs. incoherent hopping

e Molecular bridges (wires) and distance dependence of electron and energy transfer reactions

e Conformational dependence of electron and energy transfer processes in D-B-A systems

¢ Influence of the bridge topology on electron and energy transfer in porphyrin-based molecular

wires

Abstract

Exploring charge and energy transport in donor-bridge-acceptor systems is an important research field
which is essential for the fundamental knowledge necessary to develop future applications. These
studies help creating valuable knowledge to respond to today’s challenges to develop functionalized
molecular systems for artificial photosynthesis, photovoltaics or molecular scale electronics. This
tutorial review focuses on photo-induced charge/energy transfer in covalently linked donor-bridge-
acceptor (D-B-A) systems. Of the utmost importance in such systems is to understand how to control
signal transmission, i.e. how fast electrons or excitation energy could be transferred between the donor
and acceptor and the role played by the bridge (the “molecular wire”). After a brief description of the
electron and energy transfer theory, we aim to give a simple yet accurate picture of the complex role
played by the bridge to sustain donor-acceptor electronic communication. Special emphasis is put on
understanding bridge energetics and conformational dynamics effects on the distance dependence of
the donor-acceptor electronic coupling and transfer rates. Several examples of donor-bridge-acceptor
systems from the literature are described as a support to the discussion. Finally, porphyrin-based
molecular wires are introduced, and the relationship between their electronic structure and

photophysical properties are outlined. In strongly conjugated porphyrin systems, limitations of the
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existing electron transfer theory to interpret the distance dependence of the transfer rates are also

discussed.

1. Introduction

Electron (ET) and Excitation Energy Transfer (EET) are key steps of many chemical and physical
processes occurring in disciplines ranging from biology, chemistry, and physics to materials science.
For instance, both processes constitute the heart of the natural photosynthesis.' In any natural
photosynthetic system, light conversion into chemical energy requires a series of step-wise electron
transfer processes to create a long lived charge separated state with sufficient energy for water
oxidation and carbon dioxide reduction. Over the last two decades, mimicking these elementary steps
in designed systems have attracted much interest, motivated by the technological potential of such
systems in applications ranging from artificial photosynthesis to molecular electronics.” However,
going from simple mimics to actual functioning devices is not simple and requires a thorough
understanding of all parameters controlling ET and EET processes, especially the kinetics. In this
context, considerable theoretical and experimental efforts have been devoted on identifying the factors
that govern charge and hole transfer in molecular systems. Valuable knowledge has been acquired by
experimentally studying ET and EET processes in donor-bridge-acceptor (D-B-A) mimics of the more
complicated natural photosynthetic system. In such D-B-A systems, a donor (D) and an acceptor (A)
are covalently linked using a molecular bridge (B). As bridge component, various structural motifs
have been used. In this tutorial review, m-conjugated bridges consisting of covalently connected
identical repetitive molecular motifs are considered. A list of such bridge structures, sometimes
referred to as molecular wires, reported in the literature are summarized in Table 1 and these examples
will form the spine of this discussion. The assets of m-conjugated bridges reside in their seeming
rigidity, rod-like structure and more importantly their high degree of electron delocalization. The latter
allows for substantial electronic communication between the individual bridge units and make them
promising candidates for mediating charge/energy over long distances.

In D-B-A systems, ET and EET reactions are traditionally triggered using light excitation by
selectively exciting either the donor or the acceptor. In the case of ET, these reactions are called photo-
induced electron transfer (PET). However there exist other methods to investigate electron transfer in
molecular systems. For instance, electron transfer through molecules can also be explored by placing
single molecules between two metallic electrodes and measuring conductance. Such single molecule
experiments are becoming increasingly popular as they approach more practical applications by using
the molecule as an electrical interconnect between two devices.’

In this tutorial review, focus has been put on photo-induced electron and energy transfer in D-B-A
systems, more particularly on the dependence of the transfer rates on distance, energetics and
environment. For long range ET reactions through molecular structures governed by quantum

mechanical tunneling, the so-called superexchange theory developed by McConnell already in 1961 is
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often used.! The first part of the tutorial provides the reader with a brief description of the electron and
energy transfer theory, which are intimately related. In the long range electron transfer field, distance
dependence studies constitute a systematic experiment to probe the ability of a bridge to sustain charge
transport. The ability of a bridge structure to mediate electronic coupling for ET have often been
summarized in a single exponential decay constant, namely the attenuation factor 5. However, several
studies have shown that the use of the f-value as a simple descriptor of “conduction” is rather limited
as this is not a bridge specific parameter, but instead a donor-bridge-acceptor ensemble parameter.’ In
this context, special emphasis of this tutorial is put on understanding the role of the bridge in
charge/energy transfer processes in D-B-A systems. Several studies in carefully designed D-B-A
systems have demonstrated that charge/energy transfer processes (i.e. kinetics and nature of the charge
transport) in D-B-A are essentially governed by the bridge energetics® and conformational dynamics’.
Implications of these studies for obtaining wire-like behavior of the molecular bridge (i.e. low ) are
also discussed. To illustrate our discussion, selected examples from Table 1 are described in more
details. Finally, the last part of the tutorial is dedicated to porphyrin-based molecular wires as
interesting model systems for both long-range energy and electron transfer. Once more it is the bridge
structure (i.e. the nature of the bridge linker and the linkage topology) that dictates the excitonic and/or
electronic inter-porphyrin coupling in these conjugated porphyrin oligomers.® In particular, this was
utilized to prepare molecular systems ideal for either energy or electron transfer.” Limitations of the
McConnell model to describe electron transfer in strongly conjugated porphyrin systems are also

discussed.
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Table 1. Selected repeating bridge structures used to form D-B-A systems, along with the

donor/acceptor couples.

recombination and corresponding -values are also given.

Estimations of tunneling barriers for charge separation and

Bridge D A n  AEcs/  Pes AEcr/  Ber Group/ref.
eV /A! eV /A!
TET® PI° 3 o.zz*} - Wasielewski®
4 0.16* = 0.04 -
orPv 5 0.03* .
exTTF° Ceo 1 - 1.35% Guldi"
,,,,, 2 - 0.76*
0.01
O \ O ,,,,, 3 i 0.66*
5 - 0.54%
Zn'TPP? Ceo 3 0.04*} 0.36* Guldi"!
5 -008+) 003 0.24*} 0.03
OPE Zn"P Au"P 2 2.0 2.9° Albinsson® 2
i iéz‘ 0.31 g‘l‘ 0.39
,,,,, @ — 5 1.1° 2.0°
exTTF® Ceo 1 - 1.42% Guldi”
2 - 02 1.07* = 0.2
3 - 0.92%*
PTZ* PDI' 1 2.1% 2.3% Wasielewski'*
ph, }
2 0.7* 0.8*% ~ 0.67
3 03 [ 046 (3
,,,,, 4 01% 0.07*
5 0.05* -0.04*
XYn Ru" PTZ® 2-4 045 077 Wenger™
; ; Re' PTZ® 14 025 0.52 Wenger"™
fl PTZ® PDI! 1 0.35% 0.68* Wasielewski'
ot 2 0.15* 0.36*
3 0.01*} 0.09 0.16*
0.0 4 0.15* 0.26*
exTTF° Ceo 1 -0.68*} -0.02%¥ Martin'®
2 -0.61*J 0.09 _pos5+) 0.09
FN, DMJ-Anf NI 1 -0.11% } Wasielewski'
0 2 -0.05* 034
3 -0.02%

Tetracene. ° Pyromellitimide. ® Extended Tetrathiafulvalene. ¢ Tetraphenylporphyrin. “Phenotiazine. ' Perylene-
3,4:9,10-bis(dicarboximide). ¢ 3,5-dimethyl-4-(9-anthracenyl)julolidine. " Naphthalene-1,8:4,5-

bis(dicarboximide).

* Tunneling energy barriers estimated from the donor, acceptor and bridge HOMOs and LUMOs where the
HOMO energy levels are approximated to the negative of their oxidation potential, while the LUMO energy
levels are given by the difference between the lowest singlet excited state energies £y and the oxidation

potentials.

" Tunneling energy barriers estimated from excited state energies: AE¢gis equal to the difference between the
donor and bridge E, singlet energies and AE ¢ is equal to the difference between the energy of the charge-
separated state and the Ey,’s of the bridge.
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2. Theoretical background

In this section the most essential theoretical framework is presented. It is by no means complete and
the interested reader is referred to the any of the excellent text-books on photophysics and electron

transfer theory for an in-depth background.
2.1 Photophysics of molecular wires

This tutorial deals with molecules in electronically excited states and the fate of excited states is
generally described by the so-called photophysical processes. Typically light energies that correspond
to visible or UV light is required to excite a molecule to its lowest electronically excited state. A
molecular wire, here defined as a molecule that mediates electronic coupling between its ends, is often
a conjugated organic molecule consisting of several subunits linked so that the conjugation extends
over a significant part of the molecule. See Table 1 for some examples of molecular wires discussed in
this review. When the size of the chromophore grows with increased conjugation, the energy required
to reach the lowest excited state decreases. For this reason many molecular wires have low energy
absorption bands that are strongly size-dependent both with respect to the excitation energy and molar
absorptivity (transition probability).

To act as a molecular wire doesn’t at all require the wire to be electronically excited but many of the
wire-like properties could be understood through studying excited state properties. Most of the
photophysical properties and the description of photophysical transformations such as fluorescence,
internal conversion and intersystem crossing, are similar for molecular wires and small organic
molecules. There are however some important differences that originate in the degree of delocalization
and the fact that excitation energy (excitons) moves quickly over these extended molecular structures.
When multiple chromophores are connected, they interact electronically either only through space in
case no conjugated structures connect the chromophores or additionally through the conjugated bonds.
In many cases, a combination of the two interaction mechanisms contributes to the observed effects
that range from slow energy migration to ultrafast delocalization and strong alterations of the
electronic spectrum. The through-space interaction, formally between transition dipoles, was
quantitatively described by Kasha'® who gave this weak interaction the name exciton coupling. Even
in more strongly interacting molecular wires and assemblies, where the exciton coupling model is
quantitatively inadequate, it may still serve as a qualitative tool to discuss how the arrangement of

chromophores (the topology) contribute to the properties of the assembly.

2.2 Electron and energy transfer rates
Electron and energy transfer are related phenomena that can be described by a common theoretical
framework. Provided that the electronic coupling is very small, the Fermi Golden Rule, eqn (1),

predicts the rate of transition between two potential energy surfaces
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ky =(27/h)V;FCWD (1)

In this so-called diabatic (non-adiabatic) approximation the electronic coupling, V, is defined as the

effective electronic Hamiltonian matrix element that couples the initial (\V;) and final (\¥)) states

v, =(¥,[H|¥,) )
where H’ is the operator corresponding to the (small) perturbation mixing the interacting states. The
Franck-Condon weighted density of states (FCWD) accounts for the conservation of energy and
describes the influence from the nuclear modes of the system. Its specific form has to be adapted to the
transfer reactions studied. For electron transfer, Marcus approximated the involved potential surfaces
by simple parabolas with equal force constants (curvature) which, when combined with transition state

theory, leads to:"

(AG°+/1)2

T

k.= |———V? exp| -——— 2 3
£r \/ 'k, TA ™ P 42k, T )

Fig. 1 illustrates the parameters in eqn (3) where AG® is the standard free energy change for the
electron transfer reaction (energy displacement of the parabolas) and A is the reorganization energy
defined as the potential energy difference between the reactant and product nuclear configurations for
the final electronic state, i.e. the energy gained by a nuclear (and solvent) relaxation after vertical
excitation from the reactant to the product state. For energy transfer reactions the spectral overlap
between the involved states can sometimes be estimated from spectroscopic measurements and the
FCWD-term of eqn (1) is then evaluated from the spectral overlap integral:

J= jID e, (v)dv @
where Ip(v) and &(v) are the area normalized emission and absorption spectra of the donor and
acceptor, respectively. In the case of energy transfer between triplet states either the emission or
absorption spectrum or both are difficult to measure and the rates are therefore often estimated by the
approximate Marcus equation (eqn (3)) or the slightly more elaborate Marcus-Jortner equation.”” In a
situation where spectroscopic data are available (e.g. for metal-complexes), however, one should

preferably estimate the FCWD-factor from the spectral overlap integral (eqn (4)).
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Fig. 1 Potential energy surfaces of the initial excited state D*-B-A, the intermediate reduced bridge
state D™-B-A and the final charge-separated state D"-B-A". The main factors governing electron
transfer in D-B-A systems are also indicated: the driving force AG®, the reorganization energy /, the

electronic coupling Vp, and the tunneling energy barrier AEpp.

2.3 Distance dependence — mechanisms for electron transfer

Electron transfer between ends of a molecular wire is dictated by either of two mechanisms; the
coherent tunneling or incoherent hopping mechanism (Fig. 2). The tunneling mechanism is often
described by the superexchange model (vide infra) which requires the donor and acceptors at either
ends of the wire to be energetically well separated from the bridge states.* One important consequence
is that the bridge is never either reduced or oxidized but merely functions as a coupling medium for
the transfer process. In contrast, the incoherent hopping mechanism involves real intermediate states
that actively transport the electron or hole along the wire. This is why the incoherent mechanism often
is called thermally activated hopping.”' In many real cases the transfer is expected to be governed by a
mixture of the two mechanisms and experimentally this has been observed by several groups.*

The coherent tunneling mechanism is, in absence of a Coulomb interaction, dominated by the
exchange interaction that governs the distance dependence of the rates for both electron and triplet
energy transfer (and in some cases also singlet energy transfer). For this mechanism, the distance

dependence of the observed electron transfer rates is approximately exponential:

k=k, exp(_ﬁRDA) (5)

where Rp, is the distance between the donor and acceptor (measured along the wire — not through
space), ky the limiting rate at donor-acceptor contact, and S is the system specific attenuation factor.

Triplet energy transfer rates also have exponential distance dependence but with attenuation factor
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equal to 2f as discussed in section 4. Numerous experimental and computational studies have verified
eqn (5) and S-values for a wide range of molecular wires (molecular bridges) have been determined. In
general, f-values are larger for systems comprised of o-bonds than for systems connected by 7-
conjugated bridges, which gives more efficient long-range transfer of electrons or excitation energy.

Although f-values only apply for mechanisms that are expected to decay exponentially (eqn (5)) they
have been used as quality factors also for electron transfer that occur via the incoherent hopping
mechanism. As an empirical measure for the attenuation of the rate vs. distance this is acceptable but
since hopping is not expected to decay exponentially it could be quite confusing when comparing f-
values with the purpose of trying to understand the mechanistic differences between hopping and long

range tunneling.

2.4 Superexchange model

For the coherent tunneling mechanism the influence of the intervening medium has been described by
the so-called superexchange model.” In this model the magnitude of the electronic coupling is given by
a first-order perturbation theory treatment as:

n—1
— VDBVBA VBB (6)
AE,, \ AE,,

DA
Eqn (6) gives the total electronic coupling (¥p,) in terms of the electronic coupling of the bridge to the
donor and acceptor (Vpp and V), the interaction, Vs, between nearest neighbors of a chain composed
of n identical units, and the energy gap, AEpp, between the relevant donor and bridge localized states
(Fig. 2). If the length of the chain connecting the donor and acceptor is directly proportional to 7, i.e.
Rp4 = nRy, where R is the length of one subunit and the electronic coupling between subunits is small
compared to the energy gap (Vzs/AEpp << 1), the distance dependence of the electronic coupling, and

therefore also the rate, is exponential. Within this approximation the attenuation factor f is given by

eqn (7).

2
=—In
B R

AE

DB

VBB

)

If the bridge is treated as a single chromophore, i.e. a single repeating unit, eqn (6) is simplified to Vp,

= VpsVs4/A that clearly shows the reciprocal energy gap dependence of the electronic coupling as will

be discussed in the following sections.'** >
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Fig. 2 Schematic comparison of the tunneling (left) and hopping (right) mechanisms in a D-B-A
system here shown for electron transfer. The McConnell superexchange model for electron tunneling
through molecular structures is illustrated in the top drawing. For the tunneling model, the bridge
virtual states are represented as dashed lines; while in the hopping model, the local bridge states are
drawn as solid lines. AEpp represents the tunneling energy barrier for electron injection onto the

bridge.
3. Tunneling energy gap effects in t-conjugated D-B-A systems

The large interest in mw-conjugated bridges arises from their ability to mediate electron transfer over
long distances. To evaluate the efficiency of electron transfer over distance, one commonly determines
the distance-dependence of the electron/hole transfer through the bridge in a D-B-A system. In
practice, the transfer rate constants, kzr, are measured for different donor-acceptor distances Rp,
achieved by simply varying the number of rigid bridge units separating the donor and acceptor.
Results of this distance-dependence are then presented in a logarithm plot of kgr versus Rp,. As
predicted by the McConnell model (eqn (5)), the transfer rates kzr are expected to display exponential
distance dependence; in other words, in a semi-logarithmic scale the transfer rate constants should
describe a straight line with a slope corresponding to the attenuation factor, -5. Table 1 provides the
measured f-values of some typical D-B-A systems. These attenuation factors could vary quite
substantially for different bridges, and ideally a value as close to zero as possible that would allow
charge transport over almost “infinite” distances would be preferable. However, if the electronic
coupling gets very large leading to very small S-value the distance dependence is no longer well
described by the McConnell model and is no longer expected to decay exponentially. In Table 1, one
can note substantial variations of the S-values between the different n-conjugated bridges, and at first

the S-values could seem to be quite random and difficult to predict. Another important feature to
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notice is the different S-values reported for the same bridge when used with different donor/acceptor
couples.

Although initially seen as a simple and inactive spectator of the charge transfer process, it is now
evident and quite well understood that the bridge does influence the electron transfer. According to the
McConnell model (eqn (7)), three factors come in the expression of the attenuation factor f: the
tunneling energy gap AEpp, the electronic coupling between individual bridge units, Vs, and the size
of the individual bridge units, Ry. Among these three factors, the most critical parameter is the
tunneling energy gap, AEpp. Direct experimental evidence of the tunneling energy gap effect has been
lacking for a long time due to the fact that AEpis a vertical energy barrier at the transition state, a
quantity which is not easily accessible (Fig.1). In the last ten years, much effort has been put in the
design of experiments enabling to test theoretical predictions. Several studies have appeared in the
literature providing clear experimental evidence of the influence of bridge energetics on charge
transport in D-B-A systems.* °>'**** From these studies, the wide range of S-values seen in Table 1
could be ascribed in part to substantial differences in the tunneling energy gap between the different
D-B-A systems.

The tunneling energy gap effect was first demonstrated by Wasielewski and co-workers. They
investigated the distance dependence of electron transfer rates in a series of OPV-bridged D-B-A
systems, with tetracene as donor and pyromellitimide (PI) as acceptor (see Table 1).°*** For both
charge separation (CS) and recombination (CR), they measured the transfer rates (kcs and kcr) and
plotted them as function of Rp, on a semi-logarithmic scale. While the data points for charge
separation in the shorter members (n = 1, 2) fell into a single line in agreement with a tunneling
mechanism, the longer members of the series (n = 3-5) deviated strongly from this line and showed
faster rates and weak distance dependence. This “irregularity” in the distance dependence was
interpreted as the result of a change in charge transport mechanism. While for the shorter bridges (n =
1, 2), charge transport occurs via superexchange tunneling, bridge-assisted electron hopping
predominates in the longer bridges (n = 3-5). For the charge recombination, a similar mechanism
change was observed for n = 5. As the same donor/acceptor couple was used throughout the entire
series, this crossover from tunneling to hopping could only be related to properties of the bridge.
Indeed for this particular bridge, increasing the bridge length also increases the size of the conjugated
system and consequently the energy of the bridges states, essentially the HOMO-LUMO gap,
decreases. This leads to a decrease of the energy gap between the LUMO of the donor and the LUMO
of the bridge, and hence a decrease of the tunneling energy barrier. In the longer members of this
OPV-bridged series, AEpp is small enough that reduction of the bridge becomes possible. Charge can
migrate between the donor and the acceptor in a multistep fashion, first moving from the donor to the
bridge, and then from the bridge to the acceptor. This first example shows that in distance-dependence
studies both the width (Rp,) and the height (AEpg) of the tunneling energy barrier may vary

simultaneously, making the interpretation of the results more intricate. Thus, when studying charge

10
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transport in D-B-A molecules with n-conjugated bridges, it may be desirable to vary a single
parameter at a time, either the width or the height of the tunneling barrier. In this aim, two approaches

have been proposed to solely focus on a single parameter.

3.1 Using structurally identical bridges

In this first approach, one compares the transfer rates of a series of D-B-A molecules with constant
Rp,4, that consists of the same donor/acceptor couple connected by structurally similar but
electronically different bridge molecules. Albinsson and co-workers have used this approach and
designed one series of D-B-A systems ZnP-RB-AuP" where RB denotes an OPE-based bridge (Fig. 3).
For the entire series, ZnP acts as an electron donor while AuP+ is the electron acceptor.® '** The
electronic structure of the OPE bridge (3B) could be modified by replacing the central benzene unit by
either naphathalene (NB) or anthracene (AB). This allowed varying the tunneling energy barrier for
charge separation AE¢s and recombination AE; while keeping a fixed Rp,. Fig. 3 provides schematic
energy diagrams for the three D-B-A systems with their respective tunneling energy gaps AEcs and
AE ¢y for charge separation (CS) and recombination (CR), respectively. Note that the tunneling energy
gaps are not the true energy barriers but are approximations from the donor-acceptor LUMOs. In the
present case, photo-excitation of the donor involves a close to pure HOMO-LUMO transition; hence
the LUMOs of both donor and bridge could be directly related to the energy of their first singlet
excited states (Eyy). Thus the tunneling energy barriers AEcs and AEcz were calculated as the energy
difference between the donor and bridge Ej, singlet excited states energies, and as the energy
difference between the charge-separated state and the first singlet excited state of the bridge,
respectively. Moving from benzene (3B) to naphthalene (NB) to anthracene (AB), i.e. to lower lying
singlet excited states on the bridging unit, leads to a decreased tunneling energy gap. This decrease in
AEcsand AEcr was reflected very well in the observed electron transfer rates, which increased when

going from benzene (3B) to naphthalene (NB) to anthracene (AB).

NB 3B
. Znp* 1.07ev | __ Znp* 144ev
D) e e
o [ 18 S U —— R S e -
f=
w
0.95 eV 0.95 eV .
AuP* AuP

Fig. 3 (top) Molecular structures of the D-B-A systems ZnP-RB-AuP" with RB = AB (black), NB
(red) and 3B (blue). The edge to edge donor-acceptor distance was 19.6 A in the three D-B-A systems.
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(bottom) Schematic energy diagrams for charge separation via electron transfer in these systems.

Adapted from references * '**.

The solvent dependence of the electron transfer rates for both charge separation and recombination
processes were also investigated. The transfer rates were measured in six solvents with different
polarity using both steady-state and time-resolved fluorescence. Along with estimates of the driving
forces (AG°) and reorganization energies (1) accompanying charge separation and recombination,
these measurements gave indirectly access to the electronic coupling, Vp,. Indeed, in a plot of /n
(kgrA"?) against (AG°+4)°/(42ksT) the data could be successfully fit to a straight line with a slope of -1
in agreement with the linearized Marcus equation (eqn (3)). Further, the overall donor-acceptor
coupling for the three different bridge systems could be estimated from the intercept of the fitting
curves. Finally, the key finding of this work was the experimental demonstration of the linear
correlation between the electronic coupling and the inverse of the tunneling energy gaps, 1/AEcs or

1/AE g, (Fig. 4) as predicted by the McConnell model.

18
15-
124

e

G 91

= > CS CR

>D 6- | O AB
] D A A NB
3. e O 3B
0 T T T T T T T T
0.0 0.5 1.0 15 2.0

1/AE (eV™")

Fig. 4 Electronic coupling, Vp, versus the inverse of the energy gap, AE, for charge separation (filled
symbols) and charge recombination (empty symbols) in the series ZnP-RB-AuP" with R = AB (black),
R = NB (red) and R = 3B (blue). The lines are linear fits obtained when fixing the intercepts Vp4(0) =

0. Adapted from reference '*".

As an extension, the distance dependence of the electron transfer rates was studied in the series ZnP-
nB-AuP" where n the number of OPE units varied between 2 to 5, spanning edge-to-edge donor-
acceptor distances, R.., between 13 and 33 A.°'® On a semi-logarithmic plot, the transfer rates /n k
against R,, described a straight line, in line with a tunneling charge transport (Fig. 5). From the slopes

of the curves, the attenuation factor /8 was estimated to 0.31 A™' for charge separation and 0.39 A™ for

12
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charge recombination. These different S-values reflected once more tunneling energy gap effects with
AEcs< AEcy (see Fig. 4, as an example for the trimer ZnP-3B-AuP”, crude estimates of the barrier
heights give: AEcs = 1.4 eV < AEcz = 2.4 eV). It can be interesting to compare the behavior of OPE-
bridged D-B-A molecules with the one of OPV-bridged D-B-A molecules discussed earlier. As for
OPV-bridged D-B-A systems, when the OPE bridge gets longer, the tunneling energy barriers AEcs
and AEcr decrease due to increased conjugation. In OPV-bridged D-B-A molecules, we saw that
variation of the tunneling energy barrier led to a change in charge transport mechanism. Here in this
particular OPE-bridged series no deviation from the exponential distance-dependence was observed.
This indicates that the tunneling energy barrier remains large enough for charge transport to occur via
tunneling even for the longer members of the series. In other words, the distance dependence of the
electron transfer rates in the ZnP-nB-AuP" series results mainly from changes in the barrier width (n

or R,.) and to a smaller degree in its height (AEcs and AEcR).

241
22
20

18 4

In(k/s™)

16+

141

12 T T T T T T T T T T T

R, /A

Fig. 5 Distance dependence of the charge separation (@) and charge recombination (©) rates in the D-

B-A series ZnP-nB-AuP” with the number of OPE units n = 2-5. Adapted from reference '*".

A more recent study comparing charge transport in structurally similar bridges is the work of Wenger
et al. on D-B-A molecules linked by phenylene-based bridges.” They investigated hole tunneling in
D-B-A systems with a rhenium (I) complex as hole donor and phenothiazine as hole acceptor. The
donor/acceptor couple was connected either by two phenyls (ph,), two xylene groups (xy,) or a
fluorene group (fl;) (see Table 1). Again despite the different bridge structure, the donor-acceptor
separation remains identical in the three D-B-A systems. Transient absorption measurements revealed
an increase in the hole transfer rates when going from phenylene (ky7= 0.5 10°s™) to xylene (k7= 2.6

10%s™) and fluorene (kyr= 5.3 10%s™). In parallel, they also estimated the hole tunneling energy gap

13
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from the redox potentials for the different bridge structures: AEpp = 0.54 eV for ph,, AEpg = 0.25 eV
for xy, and AEpz = 0.16 eV for fl;. The faster transfer rate observed for the fluorene bridge (fl;)
reflects nicely the smaller tunneling energy barrier. However the phenylene-bridged D-B-A system,
which shows an intermediate transfer rate, has also the highest tunneling energy barrier AEpg. The
tunneling energy gap argument does not solely explain all the kinetic data. When going from
phenylene to xylene to fluorene, the average torsional angle, ¢p;.p;, between the two phenyl planes
also varies and decreases from 65° for xy, to 35° for Ph, to 6° for fl;. This results in increasing the
internal bridge electronic coupling, Vg, and thereby increasing the overall electronic coupling, Vpy
(eqn (6)), when going from xylene via phenylene to fluorene bridge units. Thus, the faster rate in the
fluorene-bridged D-B-A system presumably results from the combined effect of a smaller tunneling
energy barrier AEpg and a stronger internal bridge coupling (lower @,.,5). For the phenylene-bridged
D-B-A system the intermediate Vzz may compensate for the larger tunneling energy barrier AEpg,

leading to an intermediate transfer rate.

3.2 Using bridges with length-independent (redox) energies

A second approach to study solely the influence of the width of the tunneling barrier is to use D-B-A
systems in which the bridge energetics are independent of the bridge length. Thanks to a combined
effort of synthetic and physical chemists, several examples of m-conjugated systems with length-
independent bridge redox potentials have recently appeared in the literature. Oligo-fluorene (fl,),
oligo-fluorenone (FN,) and oligo-p-xylenes (xy,) are examples of m-conjugated systems which show
nearly length independent redox potentials.'” ' ** In two separate studies, Wasielewski and co-
workers investigated photoinduced electron transfer in D-B-A molecules, bridged by either oligo-

a

fluorenes'*® or oligo-fluorenone'’ (see Table 1). However, both D-B-A series revealed to be less
interesting for investigating electron tunneling as a hopping mechanism dominated the charge
transport (see the next chapter for a more detailed discussion). In contrast, charge transport in oligo-p-
xylene-bridged D-B-A molecules occurs essentially via electron tunneling. In a nice series of papers,
Wenger and co-workers demonstrate that xylene-bridged D-B-A molecules are interesting model
systems to isolate the effects of width or height of the tunneling barrier on long-range charge
transfer. They designed two series of xylene-bridged D-B-A molecules and measured the distance-
dependent hole transfer rates by varying the number of xylene bridge units (see Table 1). In the first
series, the donor/acceptor couple was phenothiazine (PTZ) and rhenium tricarbonyl phenanthroline
(Re(I)). In the second series, they employed a different donor/acceptor couple with again
phenothiazine (PTZ) as donor but ruthenium(Il)tris(2,2"-bypridine) (Ru (II)) as acceptor. In both the
PTZ-xy,-Re (n = 1-4) and PTZ-xy,-Ru series (n = 1-4), the absorption spectra remain close-to-
identical upon lengthening of the bridge, indicating that the bridge excited states and thereby the
tunneling energy gap is length-independent for both series. In accordance with the superexchange

theory, the hole transfer rates decreased exponentially with the donor-acceptor distance in both series,
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confirming hole tunneling as the dominant charge transport mechanism. However they determined
significantly different attenuation factors with = 0.52 A™ for PTZ-xy,-Re and = 0.77 A" for PTZ-
xyn,-Ru. The different f-values could be ascribed to differences in tunneling energy barriers between
the two series, that arise from the different acceptor used: AEz,=0.25 eV for PTZ-xy,-Re and
AE,=0.45 eV for PTZ-xy,-Ru. Finally this experimentally demonstrates that the f-value is specific to

the donor-bridge-acceptor ensemble and not solely to the bridge unit.

3.3 Crossover from tunneling to hopping

When the tunneling energy gap (AEpp or AEg,) is small enough, i.e. the bridge and donor (or acceptor)
states are nearly resonant, the bridge reduced (or oxidized) states become thermally accessible. Charge
transport occurs then predominantly via incoherent hopping. This means that the electron (or hole)
resides temporarily on the bridge before reaching the electron acceptor (or donor). Thus a clear and
simple evidence of incoherent charge hopping is often the detection of the bridge reduced transient
state D™-B-A (or oxidized transient state D-B'-A") prior to formation of the fully charge-separated
state in transient absorption experiments. As the bridge transient species are often very short lived
(below the time resolution of transient absorption measurements), deviations from the exponential
distance dependence of the transfer rates have also been used as indicator of incoherent charge
hopping. Indeed for incoherent hopping, the distance dependence of the transfer rates is not anymore
exponential or ruled by the superexchange (McConnell) theory, and generally very weak distance
dependence is observed. Over the last twenty years, several examples of D-B-A molecules with z-
conjugated bridges showing “irregular” distance dependence of their transfer rates attributed to a
switch from tunneling to hopping charge transport have been reported in the literature. The large
interest in D-B-A systems with charge transport occurring in the hopping regime resides in the low
distance dependence of charge transport, hence the ability of mediating charge over much longer
distances than in the tunneling regime. In the literature, these D-B-A systems have often been
qualified as “wire-like”. Crossover from tunneling to hopping and the appearance of a wire-like
behavior has been first observed by Wasielewski and co-workers in OPV-bridged D-B-A molecules
with a tetracene donor and a pyromellitimide acceptor, as described above.® In an analogous work on
oligophenylene-bridged D-B-A systems, they observed a similar switch from tunneling to hopping
when increasing the number of phenyl bridge units between the donor (PTZ) and acceptor (PDI), see
Table 1." Once more, this was evidenced by a non-exponential distance dependence of the transfer
rates. Like the OPV-based bridges, oligophenylene bridges possess strongly length-dependent HOMO-
LUMO gaps resulting in a tunneling energy barrier for this D-B-A system, that varies between 2.1 eV
(n = 1) and 0.05 eV (n = 5) for charge separation and between 2.3 eV and -0.04 eV for charge
recombination (Table 1). Thus for the longer members (n = 4, 5), the tunneling energy barriers are
small enough that population of the bridge states might occur and incoherent hopping dominates the

charge transport. Additionally, they measured electron paramagnetic resonance (EPR) spectra and
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estimated the magnitude of the spin-spin exchange interaction (2J) through the entire series, a quantity
which is proportional to the donor/acceptor coupling Vp,. As for the electron transfer rate constants,
they observed an exponential distance dependence of the spin-spin exchange interaction 2J only up to
n = 4, supporting their conclusion of a change in the charge transport mechanism in the longer system
with n = 5. Using the same donor/acceptor couple (PDI/PTZ), Wasielewski and co-workers have also
designed a series of D-B-A molecules, bridged by oligofluorene (fl,) with n = 1-4. As mentioned
earlier, fluorene bridges (fl,) with n > 2 possess nearly length-independent redox potentials hence the
tunneling energy barrier remains almost constant for PDI-fl,-PTZ with n > 2. Of much interest in this
particular system is the matching of the acceptor and bridge energy levels which is achieved for n= 2-
4. This results in incoherent hopping hole transport with a very small f-value (8 = 0.093 A™) and gives

rise to a “wire-like” behavior of the fluorene bridges in the PDI-f1,-PTZ systems.

In both examples, we have seen that wire-like charge transport is achieved by matching the donor (or
acceptor) and bridge energy levels. This promotes incoherent hopping charge transport and precludes
the strongly-distance dependent tunneling charge transport to occur. However in a recent paper,
Wasielewski and co-workers reported a high S-value for hole transfer together with evidence of a
hopping mechanism in fluorenone-bridged D-B-A systems (see Table 1)."” In these particular D-B-A
systems, the selected donor (DMJ-An), bridge (FN,) and acceptor (NI) give rise to a stepwise downhill
energy gradient within the D-B-A molecule. Surprisingly, even though the downhill energy gradient in
DMJ-An-FN,-NI (n = 1-3), they observed an exponential distance dependence of the transfer rate with
a large attenuation factor, § = 0.34 A™'. Such large attenuation factor would normally be expected for
charge transport in the tunneling regime. However femtosecond transient absorption measurements
confirmed the formation of the intermediate bridge reduced states DMJ"-An-FN, NI, supporting their
conclusion of a hopping mechanism. The unusual distance dependence in the hopping regime was
rationalized by invoking the push-pull character of the DMJ-An donor, which forms upon photo-
excitation a primary charge-separated state DMJ-An". The electrostatic attraction between the two
charges slows down both the electron injection onto the bridge and the subsequent electron hopping,
resulting in the high attenuation factor observed. This work demonstrates that a stepwise downhill
energy gradient in a D-B-A molecule does not necessarily imply a “wire-like” behavior of the bridge.
It also shows that the attenuation factor £ is not a reliable indicator to distinguish between tunneling

and hopping charge transport.

4. Conformational effects on electron transfer processes in -conjugated systems

So far we have described a quite simple picture of the factors influencing electronic mediation in D-B-
A systems in which the tunneling energy barrier and width are the only factors governing the distance

dependence and the nature of charge transport (i.e. coherent tunneling or incoherent hopping). In
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reality, conformational dynamics of the bridge, temperature and solvent may affect the donor/acceptor
electronic communication hence the measured transfer rates in D-B-A systems. This generally
complicates the picture, and renders the prediction and interpretation of the transfer rates quite
difficult. The following discussion is restricted to the influence of the bridge conformation on charge
transport in D-B-A molecules. Although solvent parameters influence the electron transfer rate
through the reorganization energy A and driving force AG®° (eqn(3)), in the interest of clarity we will
refrain from discussing these factors here.

In the previous discussion, the bridge was considered as a rigid structure. However the bridge is a
dynamic entity, in which each unit may rotate, giving rise to different conformations. The
conformational dynamics of the bridge is both temperature and solvent dependent. This influences the
bridge energetics and thereby the tunneling energy barriers in D-B-A systems. Furthermore, variations
in the dihedral angles between individual units within the bridge and between the bridge and the donor
or acceptor might strongly modulate the overall donor/acceptor electronic coupling. Several
experimental and theoretical studies have shown that in D-B-A systems linked by a series of planar n-
conjugated bridge units, the dihedral angles between individual units are the major conformational
parameters modulating the electronic coupling. In systems where the donor and acceptor are planar
conjugated molecules and the bridge is constituted by a series of planar molecular subunits (see Table
1), one generally defines two sets of dihedral angles (Fig. 6): the dihedral angle between the donor or
acceptor plane and the plane of the first bridge unit denoted wpp and wgy, respectively, and the
dihedral angles between the planes of two consecutive bridge units denoted ¢, with m=1,2...n-2

where n is the number of bridge units.

®OpB Pm OBA

onol— ( rscerion

n-2

Fig. 6 Schematic showing the dihedral angles used to describe conformational dynamics effects in a

D-B-A molecule consisting of planar molecular subunits.

Influence of the bridge conformation (i.e. dihedral angles wpg, ¢, wz,) on the electronic coupling, Vp,,
has been shown experimentally for intramolecular triplet excitation energy transfer (TEET) but not for
electron transfer (ET), although theoretically predicted.”” One reason for this lack of experimental data
is the difficulties to produce a series of D-B-A systems in which one can vary the orientation of the
bridge without simultaneously vary any bridge energetics such as the tunneling energy barrier for
electron transfer.'*?* In principle, one can estimate the electronic coupling from the measured transfer

rates obtained for the different conformations using the Fermi Golden Rule (eqn (1)). In the case of
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ET, evaluation of the Franck-Condon weighted density of states (FCWD) requires to calculate the
standard free energy change AG® and the reorganization energy A (eqn (3)). For TEET, the rate for
triplet energy transfer krzzr can also be expressed using the Fermi Golden Rule if the donor/acceptor
coupling Vp, is weak. But in contrast to ET, the FWCD is simply given by the spectral overlap of the
emission spectra of the donor and acceptor (eqn (4)). The electronic coupling is then the only
remaining unknown in eqn (1) and can be obtained from the measured kinetic data. Another advantage
of TEET measurements is the minimal influence of solvent effects due to the absence of charge
movement. Finally, qualitative results from TEET studies are expected to prevail for ET, as TEET is
also an electron exchange phenomena that can be viewed as two simultaneous ET reactions (Fig. 7).
This qualitative argument was supported by the work of Closs et al. who experimentally demonstrated
the connection between the electronic coupling for triplet energy transfer and electron and hole

transfer for saturated bridges: |Vrgzr|=const| V7| VHT|.29

ET HT TE ET
)
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b
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Fig. 7 Schematic of the triplet excitation energy transfer (TEET) between a donor and an acceptor, as

a simultaneous electron and hole transfer reaction. Adapted from reference >

4.1 Geometric control of the electronic coupling

Among the first to show experimentally the influence of the bridge conformation on the
donor/acceptor electronic coupling in D-B-A systems was Harriman and co-workers.”” They probed
the effect of torsional angles within the bridge structure on the rate of intramolecular triplet excitation
energy transfer krzer in a series of ruthenium (II)/osmium (II) (tpy), donor/acceptor complexes linked
by ethynylene-substituted biphenyl bridges. They could control and tune the dihedral angle between
the phenyl units, ¢p, p;, by attaching a tethering strap between the two phenyl units and varying the
number of carbon atoms in the strap (Fig. 8). This gave access to a wide range of dihedral angles while
keeping a fixed donor-acceptor distance. To prevent any undesirable rotation to occur, triplet energy
transfer rates were measured in a low temperature organic glass matrix, thus maintaining the bridge
frozen into its lowest-energy conformation. Their results showed a pronounced conformational
dependence of the transfer rates, hence of the electronic coupling which was largest when the phenyl
units were close to coplanar (¢ = 30°). At the largest dihedral angle (¢ = 90°), the electronic coupling

Vreer decreased drastically, resulting in a measured transfer rate k7zzythat decreased by a factor of 80.
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Furthermore, they demonstrated experimentally the quadratic dependence of the electronic coupling

with the overlap integral between two m-orbitals: V(@)= V(@) V(@) = cos’(p).

T4

4 PFg

Donor-Bridge-Acceptor with the strapped bridge

Fig. 8 (top) Schematic of the tethered strap approach used to tune the dihedral angle, ¢, between the
planes of the two consecutive phenyl bridge units. Adapted from ref ’*. (bottom) Molecular structure

of one D-B-A system employing the tethered strapped bridge studied by Harriman and co-workers.*’

4.2 Temperature control of the bridge conformational distribution

Another approach to investigate how bridge conformation affects the flow of excitation energy or
electrons between the donor and acceptor in D-B-A systems is to use temperature as a way to tune the
Boltzmann distribution of conformations. At first this approach seems more accessible, since it is less
challenging in terms of synthesis. However, interpretation of the temperature-dependent transfer rates
is a challenge as several parameters are affected simultaneously by temperature. Firstly, temperature
impacts several properties of the solvent, such as the dielectric constant and the refractive index which
influence the driving force AG° and reorganization energy A for the electron transfer rate (eqn (3)).
Thus as stated above, it is easier to study temperature dependence of TEET as to minimize the solvent-
induced effects. Secondly, another temperature dependent property of the solvent is its viscosity that
increases as the temperature decreases, hence slowing down rotations of the molecular planes within
the bridge structure.

Albinsson and co-workers have investigated the temperature dependence of TEET, both
experimentally and theoretically, in a series of donor-acceptor systems linked by OPE bridges, ZnP-
nB-H,P with n = 2-5.3! The distance-dependent transfer rates, krzzr, were measured for temperatures

between room temperature and 80 K. As for ET, in line with the McConnell model, the transfer rates
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showed exponential distance dependence for the entire temperature range, but more interestingly the
attenuation factor, f, was found to be temperature dependent. In parallel to these experiments, a
theoretical model was derived to calculate the total electronic coupling, Vp,, based on a Boltzmann
distribution of the bridge conformations.”® This model demonstrates the conformational gating of the
electronic coupling, and hence of the attenuation factor S. The procedure involved density functional
theory (DFT: B3LYP/6-31G*) calculations of the potential energy surfaces as function of the dihedral
angles w, Xp, (Fig. 6) followed by calculation of the total electronic coupling Vp, for each
conformational distribution (i.e. each set of w, X¢,, values). Vp, can be derived from half the triplet
excitation energy difference (calculated with time dependent (TD)-DFT) between the two lowest
triplet excited states at the avoided crossing geometry (Fig. 1). In an unsymmetrical system such as
here ZnP-nB-H,P, finding this crossing point is not straightforward and can be quite complex. Thus, to
simplify the procedure, the electronic coupling for the corresponding symmetrical systems, ZnP-nB-
ZnP (n = 2-5) was calculated. Fig. 9 illustrates the variation of the total electronic coupling Vp, for
ZnP-2B-ZnP as function of the two dihedral angles w = wpp = -wpy and ¢. Again the coszgo
dependence of the electronic coupling is nicely demonstrated. The electronic coupling Vp, reaches a
maximum when both phenyl planes are coplanar (¢ = 0°) and a minimum when both dihedral angles ¢
and w equal 90° (i.e. all molecular planes in ZnP-2B-ZnP are orthogonal to each other). This shows

the possibility of using conformational changes to tune the electronic coupling.

Fig. 9 Calculated electronic coupling for TEET, Vp,, for the symmetric system ZnP-2B-ZnP as
function of both porphyrin-bridge (w) and phenyl-phenyl (¢) dihedral angles. Reprinted with

3

permission from **. Copyright 2006 American Chemical Society.

The total electronic coupling Vp, can be expressed as a product of one-parameter functions: Vp,(w;,

O O es@up, @) = Viw)V(@)V(ps)...V(9,.))V(®w,;). By introducing a Boltzmann-weighted
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contribution for each conformational configuration, the impact of the bridge disorder on the average
electronic coupling «Vpa»> can be evaluated from (eqn (8)).

(Vpa(®@, 01,92, s @1z = Ve - V(@) * [T 22(V (@) = Vi - (V (@) - (V (@))* ©)
where V. is the electronic coupling for a planar bridge and is here considered to be a bridge-length
dependent constant. (V(a), is an average given by:

a)e'ErOt(a)/RTda

(V@)= f‘}(e»EmTRTda €

where a corresponds to any dihedral angle, @ or ¢, and E,,(a) is the intrinsic energy barrier for
rotating coordinate a. In this expression, the temperature-dependent conformational distribution is
taken into account in the factors «V(w)> and (V(p)» which also give the conformational dependence of
the total electronic coupling. From the calculated ¢V, values, the f-values at any temperature can be

determined according to eqn (10).

dln(VDA)

B = —Zm (10)
where /n(Vp,» can be re-written as a sum of three terms (eqn (11)).
In(Vp,) = InV, + IV (w)) + (x — DIV (p)) (11)

From eqn (11), one can visualize which terms contribute to the temperature dependence and/or the
bridge length dependence of the electronic coupling. The first term is temperature-independent (i.e.
conformation-independent) but specific to the length of the bridge and the ensemble donor-bridge-
acceptor used (i.e. AEpg). The second and third terms depend on conformation and “carry” the
temperature dependence of the electronic coupling. However, the former is independent of the bridge
length, hence will not contribute to 5. In contrast the last term vary with the size of the bridge, hence is
the only term contributing to the temperature dependence of . One can thus express the attenuation
factor S, as the sum of two independent parts, one temperature-independent Sy(AEpz) and one
temperature-dependent fS(7) that reflects the effect of the bridge conformational disorder at
temperature 7.

Btot = Bo(AEpp) + B(T) (12)
This expression is believed to be quite general and prevails for any series of D-B-A systems consisting
of several identical repeating bridge units. The temperature independent term Sy(AEpg) gives the
lowest obtainable S-value for a given repeating bridge structure (e.g. for a planar OPE bridge). Fig. 10
compares the experimental and calculated f-values for the TEET rates in the series ZnP-nB-H,P (n =
2-5) as a function of temperature. At high temperature (i.e. low solvent viscosity), the calculated f-
values agree very well with the experimental values, supporting the validity of the model based on a
Boltzmann description of the bridge conformational disorder. However, at low temperature, i.e. at high
viscosity, the experimental f-values decrease much faster than predicted. In the high viscosity regime,
corrections to the model are required in order to take into account the increased solvent viscosity that
may hinder rotational motions. In other words, the potential energy associated to the conformational

configuration E,,(a) in eqn (9) varies with the viscosity of the solvent. To correct for this, E,,(a) was
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replaced by a temperature-dependent apparent activation barrier. This allowed to successfully
modeling the experimental temperature dependence of the attenuation factor over the entire

temperature range 80 K - 200 K (see solid line in Fig. 10).
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Fig. 10 Comparison between experimentally determined f-values versus temperature (®) and fits of
the theoretical model using a pure Boltzmann averaging (dashed line) and using viscosity-dependent
activation energy (solid line). Reprinted from “Temperature Dependence of Electronic Coupling
through Oligophenyleneethynylene Bridges” Mattias P. Eng, Jerker Maértensson, Bo Albinsson.
Chemistry - A European Journal, 14, 2819. Copyright © 2008 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reproduced with permission.

More generally it was demonstrated that for D-B-A systems in which internal rotational dynamics are
much faster than the transfer rates, conformational dependence of the electronic coupling and the S-
value can be well described by considering a pure Boltzmann distribution of conformations. However
when rotational dynamics and transfer rates occur on the same timescale (i.e. at low temperature
and/or high viscosity), a pure Boltzmann conformational distribution is not accurate anymore as it
tends to favor the population of conformations with the minimum rotational energy barrier (i.e.
intrinsic energy). Finally, it was established that for all bridge structures with potential energy minima
associated with a planar conformation (¢ = 0°), the maximum conformational effect on the f-value is
simply given by the number 2/n2/R, where R, is the length of a single bridge unit. This leads to the
conclusion that although Sy(AEpp) is system specific, f(7) is a bridge specific parameter which is

independent of the donor/acceptor couple used and whose maximum value can be predicted.

5. Porphyrin-based molecular wires

22

Page 22 of 32



Page 23 of 32

Chemical Society Reviews

Porphyrins are planar 18m-electron conjugated macrocycles built from four pyrrole units and four
methine carbons. One particularity of these structures is the strong sensitivity of their conjugated
electronic system on substitution at the peripheric positions, namely o, p and meso (Fig. 11A). In
multiporphyrin arrays, perturbations of the conjugated electronic system of individual porphyrins often
lead to unusual electronic and optical properties. In the last decade, multiporphyrin arrays, due to their
unusual electronic behavior, have attracted much interest, in view of potential applications in
molecular electronics, photovoltaics and non-linear optics.” A wide range of multiporphyrin arrays
have been synthesized with architectures going from simple linear structures to cyclic, box, and grid-
like structures. To realize such constructs, the porphyrins are connected either directly to each other or
using a linker. Different linkers have been used including phenyls™, alkenes® or alkynes®*™**¢* 1t is
now widely accepted that the type of linker and the porphyrin linkage topology (o, B or meso) govern
the inter-porphyrin electronic coupling in these arrays, hence their photophysical properties. In the
following section, we restrict the discussion to only linear multiporphyrin arrays and emphasize a few
examples that focus on the relationship between the electronic structure and the photophysical
properties. Also synthetic methodologies to obtain these multiporphyrin arrays fall out of the scope of
this tutorial review. Recent advances in synthesis of multiporphyrin arrays have been nicely reviewed
by Osuka and co-workers.*

Systems containing one, two or more porphyrin units were primarily designed as mimics of the light
harvesting antenna complexes in natural photosynthesis. Donor or acceptors were attached to the
porphyrins to form donor-acceptor systems and the porphyrins played the role of primary electron
donors. In these systems, excitation of the porphyrins lead first to the formation of a charge separated
state, thereafter a cascade of electron-transfer events takes place separating the charges both spatially
and temporally.”* ¥ In this context, most studies have focused on producing extremely long-lived
charge-separated states that might allow for subsequent chemical reactions to occur. The groups of
Gust,” Osuka™ and Fukuzumi®’ reported promising porphyrin-based systems showing long-lived
charge-separated states following photo-excitation. In all these examples, the porphyrins connected
using phenyl linkers at their meso positions are not strongly conjugated (i.e. electronically coupled).
Due to steric hindrance with the B-substituents, the phenyl linkers are forced to adopt a nearly
orthogonal arrangement with the porphyrin plane. This orthogonal arrangement breaks the conjugation
and leads to a weak electronic coupling between the individual porphyrins. This configuration has
been used by Lindsey and co-workers to design a molecular photonic wire for efficient singlet energy
transfer.”® They used meso-meso diphenylethyne-linked porphyrin oligomers, in which conjugation
(i.e. electronic coupling) was intentionally minimized to avoid competition between energy transfer
and electron transfer quenching. For steric reasons, directly linked meso-meso porphyrins show also
weak inter-porphyrin electronic coupling.*® To transport charge over long distances, the porphyrin
units need to be connected in a different way and construct a “supermolecule” with strong electronic

communication. Several strategies have been reported to construct large networks of conjugated
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porphyrins, that differ essentially by the type of linker used and the porphyrin linkage topology (B-B,
meso-meso, meso-P). The groups of Therien’”, Anderson®*” ** and Smith®** have used unsaturated
linkers such as alkynes and alkenes (Fig. 11B & 11C). Other groups, i.e. Osuka et al.”’ and Crossley et
al.*®, have synthesized fused porphyrin arrays, in which the porphyrin monomers are directly

connected using multiple covalent bonds (Fig. 11D) or an aromatic linker.
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Fig. 11 (A) Molecular structure of a free-base porphyrin indicating the different peripheric positions
for substitution: o, B and meso. (B-D) Molecular structures of different strongly conjugated porphyrin

oligomers synthetized by the groups of (B) Therien®, (C) Anderson®”® and (D) Osuka®”.

5.1 Strongly coupled porphyrin oligomers

Bridging porphyrins using alkyne linkers is not a new idea; already in 1978, Armold and co-workers
reported a nickel porphyrin dimer bridged at its meso position by 1,3-butadyine linker.*' The strong
inter-porphyrin electronic coupling in this dimer was evidenced by strong alteration of its ground-state
absorption spectrum compared to the monomer. Since this first report, alkyne-linked porphyrin
oligomers have been intensively investigated, in particular with respect to structure-property
relationships. In 1990s, the groups of Therien® and Anderson®*® synthesized zinc porphyrin dimers
connected at their meso position using ethyne and butadiyne linkers, respectively (Fig. 11B & 11C). In
both cases, in contrast to phenyl linkers, alkynes allow a coplanar arrangement of the porphyrin planes
resulting in a significant m-overlap between the porphyrin macrocyles. This ensures a strong inter-

porphyrin electronic coupling in the ground-state. In the excited state, one observes an even stronger
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electronic coupling due, to on average, a more planar conformation of the oligomers than in the
ground-state.*” This results from the enhanced charge delocalization in the excited states.*™ Therien
and co-workers investigated further the effect of the porphyrin linkage topology on the electronic
coupling by preparing two series of meso-meso, meso-3 and - linked porphyrin dimers, related to the
ones in Fig. 11B.* They employed ethyne linkers in one series and butadiyne linkers in the other
series. For both series, the meso-meso connectivity resulted in maximum inter-porphyrin electronic
coupling. The meso-p and B-B connectivity had weaker electronic communication between the
porphyrins. For the ethyne-linked dimers, this could be explained by sterical constraints, forcing the
linker to twist out of the porphyrin plane. In the butadiyne-linked series, the reduced conjugation in
meso-PB and B-P linked dimers was ascribed to smaller orbital overlap at the  position. In a similar
context, Anderson and co-workers have thoroughly investigated the effect of enhanced conjugation on
the photophysical properties of a series of 1,3-butadiyne linked zinc porphyrin oligomers denoted P,,
spanning from monomer P; to octamer Pg.** Fig. 12 shows the absorption spectra of the entire series
P, (n = 1-4, 6, 8). The ground-state absorption spectra of P, (n > 2) are markedly altered by the
extensive conjugation and clearly do not resemble the spectrum of the monomer P;. In particular the
lowest absorption band (the Q-band) gradually red-shifts with the size of the oligomer and gets
significantly stronger. The gradual red-shift of the Q band with the length of the oligomer was also
nicely reproduced by TD-DFT (B3LYP/6-31G*) calculations of the lowest electronic transitions in the
Q band spectral region (Fig. 12).** For simplicity, these calculations were performed assuming
coplanar porphyrins for the entire series P, (n = 1-4, 6, 8). Also earlier computational calculations of
the electronic spectra of the dimer by Beljonne et al.** demonstrated the enhanced stabilization of the
excited states. The calculated and experimental absorption spectra closely agreed only when
considering a reduction of the bond length alternation in the central butadiyne in the excited state
geometry of the dimer, hence indicating an increased conjugation in the excited state. Another
manifestation of the enhanced conjugation is the reduction of the HOMO-LUMO gap which is related
to the experimental £, energy of the lowest electronic transition. Experimentally £y, might be
evaluated from the wavelength corresponding to the intersection of the normalized absorption and
emission spectra. For the conjugated porphyrin oligomers P, (n= 1-4, 6, 8), Ey, decreases gradually
from about 1.9 eV for P, to less than 1.5 eV for Pg. This reduction of £y, has been attributed mainly to
stabilization of the LUMO orbitals (i.e. the excited states).*® Another advantage that should be
highlighted, is the relatively large size of the monomer unit in these conjugated porphyrin oligomers
which allows a distance coverage of approximately 12 nm for the longest member of the series, Ps.
This, in addition to their attractive electronic properties, makes them excellent candidates for

charge/energy transport over long distances.
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Fig. 12 (top) Calculated (TDDFT: B3LYP/6-31G*) ground-state stick spectra for the planar
conformer of P; (black), P, (red), P; (green), P, (blue), Ps (cyan) and Pg (magenta) in the Q-band
region. (bottom) Normalized ground-state absorption spectra of P; (black), P, (red), P; (green), P,
(blue), Pg (orange) and Pg (magenta). Note: the electronic absorption spectrum of a typical zinc
porphyrin P; serves as a reference and consists of a strong transition band to the second excited state at
about 400 nm, generally called the Soret band, and a weaker transition band to the first excited state at
about 550 nm, called the Q band.

Although alkyne linkers seem to be “ideal” linkers to achieve strong inter-porphyrin electronic
coupling, alkyne-linked porphyrin oligomers possess a rod-like structure but are not strictly
constrained planar systems. At room temperature, the alkyne linkers allow an almost barrierless
rotation of individual porphyrin units. The individual porphyrin moieties can almost freely move in
and out of the plane, reducing the inter-porphyrin electronic coupling. This results in a wide
distribution of rotational conformers in the ground-state, as evidenced by the spectrally broad Q-band
which for the longer oligomers increases in width as the number of conformational degrees of freedom
increases (Fig. 12). Although conformational heterogeneity may seem to constitute a drawback for

application of these conjugated porphyrin oligomers as molecular wires, inducing conformational
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changes have been successfully used as a way to regulate the electron flow and charge separation in D-
B-A systems bridged by conjugated porphyrin oligomers.” **** To construct strictly coplanar and
strongly coupled porphyrin oligomers, several approaches have been proposed. Fused porphyrin
oligomers (also called porphyrin tapes) are realized by connecting the porphyrins either indirectly
through an aromatic linker or directly by covalent bonds at their meso and B positions. In general, the
strong inter-porphyrin electronic coupling in these porphyrin oligomers results in strongly red-shift
absorption bands, that makes them interesting systems for non-linear optical applications. The
aromatic-linker approach has been used by Crossley and co-workers who synthesized several B-B
fused porphyrin oligomers via aromatic linkers.* More recently Anderson et al. also synthesized
meso-Pp fused porphyrin dimers displaying red-shifted absorption bands at 1.15 eV.* Fused porphyrin
oligomers triply linked at their meso, B,  positions by covalent bonds, reported by Osuka and co-
workers, exhibit even stronger electronic coupling with strongly red-shifted Q-bands at only 0.43 eV

for a 12-mer fused array (Fig. 11D).*

5.2 Electron transfer in porphyrin-based molecular wires

Owing to their strong inter-porphyrin electronic coupling, alkyne and alkene-linked porphyrin
oligomers are expected to sustain efficient charge transport over long distances. This has been shown
experimentally in several studies both at an ensemble and single molecule levels. At the ensemble
level, spectroscopic techniques such as EPR and pump-probe transient absorption have been used. In
particular analysis of EPR spectra provides information on the number of sites over which a radical
cation is delocalized or hops. For instance, Therien and co-workers have used EPR spectroscopy to
probe the mobility of the radical cation states in meso-meso ethyne-linked zinc porphyrin oligomers
related to the ones presented in Fig. 11B.*” They reported a hole-delocalization length of more than 50
A for the radical cation state in the pentamer over the entire temperature domain 4 K — 298 K. Also
hole motion in this oligomer was found to be temperature-independent, pointing towards a full
delocalization of the hole in the ground-state rather than a hole motion by hopping. Later in a similar
work, Wasielewski and co-workers demonstrated by EPR spectroscopy efficient charge mediation in
singly oxidized meso-meso and meta-phenylene-linked zinc porphyrin dimers, as well as in a
dodecameric ring consisting of six meso-meso linked porphyrin dimers covalently connected by a
phenyl linker.** In these systems, charge motion was found to be temperature-dependent, indicating a
hopping mechanism. At room temperature, rapid hole hopping with rates exceeding 10’ s was
observed in the dimer and in the dodecameric ring spanning 8-12 porphyrins. However upon lowering
the temperature to 180 K, hole motion slowed down for all systems and the EPR line of all radical
cations resembled the one of the reference monomer, pointing towards a trapping of the radical cation
on a single porphyrin unit. Nevertheless, this example illustrates that despite a weaker inter-porphyrin
electronic coupling (discussed earlier), meso-meso linked porphyrin oligomers are capable of

mediating charge efficiently. Remarkably, the hole can hop rapidly among 8-12 porphyrins in the
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cyclic array, a distance that is nearly the same as the one observed among BChls in the natural light

harvesting systems LH1.*

Femtosecond pump-probe transient absorption was used by Winters et al. to investigate electron
transfer in butadyine-linked porphyrin oligomers.”® Charge recombination was studied in a
homologeous series of D-B-A systems F¢'-P,-Cgy” (n = 1, 2, 4), in which butadiyne-linked porphyrin
oligomers of different lengths were used to bridge the electron donor (Cg,') and the electron acceptor
(Fc"). In these D-B-A systems, the fully charge-separated state Fe'-P,-Cq,” was formed after photo-
excitation of the porphyrin oligomer and a subsequent series of charge transfer steps. Recombination
of this fully charge-separated state F¢'-P,-Cg” was followed by transient absorption. It was shown that
the charges recombine very efficiently, even for the longer bridge P, corresponding to a donor-
acceptor separation of 65 A. More interestingly, similar recombination rates for n = 2 and n = 4 were
observed, giving a very small apparent attenuation factor, # = 0.003 A"'. The non-exponential and
weak distance dependence of the recombination rates suggested an incoherent hopping process.
However no clear evidence of hopping was observed and it was concluded that recombination was
more likely to occur via coherent electron tunneling. The fact that the distance dependence in this case
fell out of the McConnell model was ascribed to assumptions in the model. As mentioned in the
theoretical part, one requirement of the McConnell model is a weak coupling between the bridge sub-
units, Vzp compared to the tunneling energy barrier AE. In butadiyne-linked porphyrin oligomers, the
inter-porphyrin electronic coupling is quite strong due to the significant m-overlap between the
porphyrin macrocyles. The similar recombination rates for F¢'-P,-Cg” and Fe'-P4-Cqy suggest that
butadiyne-linked porphyrin oligomers can be regarded as continuous tunneling barriers. Thus in these
D-B-A systems, conditions of the McConnell model might not be fulfilled. This implies that the
McConnell model is not appropriate to describe the electron-transfer distance dependence in the Fe'-

P,-C¢y systems, or more generally, in any strongly conjugated system.

Recently, although outside the scope of this tutorial review, single molecule experiments that allow
probing the conductivity of porphyrin molecular wires have been reported by the groups of Anderson
and Therien.*® ** This is realized by placing a porphyrin oligomer between two metallic contacts in an
STM break-junction configuration and measuring its molecular conductance. This molecular
conductance can be compared to the electronic coupling Vp, in D-B-A systems obtained through
photophysical measurements. It generally decreases exponentially upon lengthening of the oligomer
with a slope f related to the attenuation factor for electron transfer. Sedgi et al. measured the
conductance of a series of butadiyne-linked porphyrin oligomers similar to the ones described
previously and demonstrated their wire-like behavior with a low attenuation factor, g = 0.04 A™**
Their results agreed with the apparent low attenuation factor reported for photo-induced charge
transfer in Fe-P,-Cgp systems.50 Nevertheless, one should note that only trends in the attenuation factor

can be compared. The absolute f-values obtained in these two sets of experiments are not comparable
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due to the different tunneling energy barriers. In an extended study, Sedgi et al. also compared the
molecular conductance of three types of porphyrin oligomers with a pyridyl anchoring group: meso-
meso butadiyne-linked oligomers, twisted meso-meso linked oligomers and meso-meso, B-p, B-p triply
linked oligomers.”™ As expected, the fused arrays have the lowest attenuation factor of 0.02 A™,
followed by meso-meso butadiyne-linked arrays with # = 0.04 A™ and finally twisted meso-meso
linked arrays with # = 0.11 A™'. This can be rationalized by the stronger inter-porphyrin electronic
coupling that results from the coplanar orientation of the porphyrin macrocycles in fused porphyrin

arrays.

5.3 Excitation energy transfer in porphyrin-based molecular wires

In the following section, excitonic coupling in multiporphyrin arrays is discussed. In particular we
would like to highlight the difference between exciton coupling and electron delocalization caused by
stronger electronic coupling, and emphasize the fact that exciton coupling is a major effect in weakly
conjugated porphyrin systems, while the effects of overlapping m-orbitals generally dominate the
spectroscopy of strongly conjugated porphyrin systems. In a multichromophoric system, exciton
coupling reflects the collective behavior of all individual transition dipole moments. In contrast,
stronger electronic coupling can be understood as the extent of electronic delocalization that results
from the m-orbital overlap. Directly meso-meso linked multiporphyrin arrays which are weakly
conjugated systems have been thoroughly investigated by Osuka and co-workers.* They explored the
effect of exciton coupling on the photophysical properties of these systems. A first simple
manifestation of exciton coupling in these systems is the spectral changes in the Soret bands of their
absorption spectra. Upon lengthening of the oligomer (for n > 2), the Soret band splits into two
components whose relative intensity depends on the number of porphyrin units. The most red-shifted
exciton coupling band corresponds to a coplanar head-to-tail configuration of the individual porphyrin
transition moments. As the size of the oligomer increases, this red-shifted band gets stronger. Both the
splitting of the Soret band and relative intensity of its components can be explained using the point

¥ However the Q-band remains almost

dipole exciton coupling theory developed by Kasha.'
unperturbed with the size of the oligomer. This differs from the case of meso-meso butadiyne-linked
and fused porphyrin oligomers discussed earlier, where the Q-band gradually red-shifts and gets
stronger with the size of the oligomer. In these systems, strong electronic coupling effects dominate
over exciton coupling effects due to the larger m-orbital overlap between the “close to coplanar”
porphyrin macrocycles. In directly meso-meso linked porphyrin oligomers, electron delocalization is

hindered by the perpendicular orientation of the porphyrin moieties, hence the modest spectral changes

observed in the Q-band with increasing length of the oligomer.
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6. Conclusion

Over the last decades, photoinduced charge and energy transfer in donor-bridge-acceptor (D-B-A)
systems has been thoroughly investigated, as demonstrated by the vast literature in this field. This
tutorial review presents a few representative examples to illustrate the role played by the molecular
bridge. It has been shown both theoretically and experimentally that the bridge is not a simple
spectator, and that its energetics and conformational dynamics strongly influence the charge/energy
transport (kinetics). Numerous studies of the distance dependence of transfer rates have shown that the
current knowledge is not sufficient to a priori predict the charge transport mechanism or when charge
transport will occur over long distances. Interpretation of these studies was often hampered by
simultaneous variation of the width and height of the tunneling energy barrier. However, careful
design of the D-B-A systems could allow access to distance, energy gap (section 3.1 and 3.2) and
conformational effects (section 4.1) on the donor-acceptor electronic coupling, hence the kinetics of
the transfer rates. Achieving a wire-like behavior of the bridge, i.e. small distance dependence of the
charge transport, has been demonstrated for fluorene and phenylvinylene-bridged D-B-A systems in
which charge transport occurs in the hopping regime. However, other D-B-A system based on
fluorenone bridge units, in which charge transport also occurs via incoherent hopping, showed a
stronger distance dependence of the transfer rate constants. All these studies illustrate that there is still
a need to establish methods for predicting when wire-like properties and weak distance dependence is
expected. Other promising systems for charge and/or energy transport are multiporphyrin-arrays,
whose photophysical properties can be tuned by modifying the type of linker and the porphyrin
linkage topology. Finally, the next step ahead is transfer of the knowledge learnt from studies of
photoinduced charge/energy transport in D-B-A systems to the development of molecular-based
devices and thereby contributing to the solution of huge societal challenges such as the demand for

clean energy.
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This tutorial review focuses on photo-induced charge/energy transfer in covalently linked donor-
bridge-acceptor (D-B-A) systems.
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