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1. Introduction

ABSTRACT

This review reports on our recent studies of phototriggered charge transfer in rigid rod-like donor-
bridge-acceptor molecules in liquid solution as well as between randomly dispersed electron donors
and acceptors in frozen organic glasses. Investigation of the distance dependence of the rates of
these reactions provides detailed insight into the various factors that govern long-range charge
transfer efficiencies. The importance of covalence can be probed by a comparison of charge tun-
neling through a frozen toluene matrix to tunneling across an oligo-p-xylene bridge. The distance
decay constants for these two processes are 8=1.26A-! and 8=0.52A"1, respectively, indicating that
charge tunneling across a covalent xylene-xylene contact is ~2 orders of magnitude more efficient
than that across a noncovalent toluene-toluene contact. Conformational effects were investigated by
comparing hole tunneling across oligo-p-xylene and oligo-p-phenylene bridges. The latter are sig-
nificantly more m-conjugated and mediate long-range hole tunneling with 8=0.21A-! between a
ruthenium-phenothiazine donor-acceptor couple. Quantitative analysis indicates that in this particu-
lar instance, tunneling across a phenylene-phenylene contact is roughly 50 times more efficient than
tunneling across a xylene-xylene contact. The use of oligo-p-dimethoxybenzene wires instead of the
structurally very similar oligo-p-xylene bridges was found to lead to a strong acceleration of long-range
hole transfer rates: The 23.5-A charge transfer step across four xylene units occurs within 20 s, but
the charge transfer over the same distance across four dimethoxybenzene units takes only 17 ns. This is
attributed to a tunneling-barrier effect that is caused by a large difference in oxidation potentials between
the two types of bridges.

© 2009 Elsevier B.V. All rights reserved.

long distances is necessary for photosynthesis and respiration
[1]. Controlling (long-range) electron transfer rates is also a pre-

Long-range electron transfer reactions play important roles requisite for artificial light-to-chemical energy conversion [2],
in chemistry, biology, and physics. Controlled electron flow over and efficient charge transport across molecular bridges is needed
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for a molecular electronics technology [3]. This has stimulated
much experimental and theoretical work on biological and arti-
ficial donor-bridge-acceptor systems. Biological examples include
ruthenium(Il)-modified azurins [4,5] and other proteins and pep-
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Fig. 1. Left: Donor, bridge, and acceptor molecules used for photoinduced electron tunneling across a frozen toluene matrix [80,81]. Middle: Random dispersion of the
charge-neutral donors and acceptors in the toluene glass and illustration of the long-range electron tunneling steps involving a random distribution of donor-acceptor
distances. The frozen solution is very dilute in donor (~50 mM) but concentrated in acceptor (0.05-0.20 M). Right: Decays of the luminescence emitted by the iridium donor
complex in the presence of variable acceptor concentrations; inset: energy level scheme illustrating the physical origin of the luminescence quenching.

tides equipped with inorganic photosensitizers [6-15], work that
yielded detailed insight into how protein/peptide backbone medi-
ates long-range charge transfer. Similar research on DNA has
led to a relatively clear picture of charge transport in this
biomolecule [16-20]. Among the numerous artificial donor-bridge-
acceptor systems investigated, the early work on rigid saturated
hydrocarbon [21,22] and aromatic bridges [23,24] is particu-
larly noteworthy since much of the later research has built on
these landmark studies. This later work includes for example the
investigation of long-range charge and energy transfer across oligo-
p-phenylene [25-38], oligo-p-phenylene vinylene (OPV) [39-43],
oligo-p-phenylene ethynylene (OPE) [44-49], and oligo-fluorene
bridges [50-52]. Some of these molecular entities act as true
molecular wires in that they mediate long-range charge transfer
with very shallow distance dependences, and this makes them
interesting for molecular electronics applications. Other research
is more concerned with establishing long-lived charge-separated
states which store solar energy that could potentially be used to
drive other chemical reactions that are thermodynamically uphill
[2,53-56]. In this context, porphyrin-fullerene molecules have
led to particularly spectacular results [57-59], but systems based
on ruthenium(Il) [60-63], iridium(Ill) [64-66], and platinum(II)
[67-70] have also attracted significant attention. Despite all these
efforts, the conversion of light energy into useful chemical energy
remains a challenge as illustrated for example by photochemical
hydrogen production: Many of the newly explored systems still
rely on the use of sacrificial electron donors [71-74].

Our own research in the area of long-range electron transfer
has been concerned with more fundamental problems. Over the
past three years we have sought to explore the importance of
factors such as covalence, molecular conformation, and so-called
tunneling-energy effects on the rates of long-range charge trans-
fers [75]. Here, we give a review of this work in which we have
focused mostly on rigid rod-like donor-bridge-acceptor molecules
with ruthenium(Il) and rhenium(I) sensitizers to phototrigger
the charge transfers. As molecular bridges, oligo-p-xylenes have
become our benchmark as they represent an intermediate case
between strongly m-conjugated wires and relatively poor conduc-
tors such as alkanes. This allows investigation of charge tunneling
processes by the superexchange mechanism over reasonably long
distances without interference from incoherent charge hopping
mechanisms. Starting from the oligo-p-xylene systems, it is pos-

sible to obtain quantitative insight into the importance of covalent
linkages between the individual bridging units by comparison
to long-range charge tunneling through a frozen toluene matrix
(Section 2). A direct comparison of the distance dependence of
long-range charge transfer rates across oligo-p-xylene and oligo-
p-phenylene bridges addresses the importance of conformational
effects (Section 3), and tunneling-energy effects were explored by
comparing oligo-p-xylene bridges to structurally similar oligo-p-
dimethoxybenzene molecules (Section 4).

2. Importance of covalence: comparison of long-range
charge transfer across covalent xylene and noncovalent
toluene bridges

Mechanistic investigations of long-range electron transfer reac-
tions frequently aim at exploring their distance dependences. In
order to extract meaningful information from such studies, it is
usually necessary to keep electron donors and acceptors at a fixed
distance. This is often done by connecting them viarigid spacers [2],
but it is also possible to randomly disperse non-connected donors
and acceptors in solid or viscous matrices in which diffusion is
much slower than the electron transfer events [76-79]. In prin-
ciple, such investigations are possible with all solvents and solvent
mixtures that form glasses upon cooling. The simplest aromatic
solvent that fulfils this requirement is toluene. Recent work shows
that with suitable electron donors and acceptors it is possible to
investigate phototriggered long-range electron tunneling across a
toluene glass at 77 K[80,81]. The choice of donor/acceptor couple is
crucial in this type of experiment. At 77 K, there are only ~50 cm™!
of thermal energy available, and consequently, the electron trans-
fer has to be very nearly driving-force optimized to ensure that
it occurs at appreciable rates at long (>10A) distances. Moreover,
a significant decrease in driving-force is usually associated with
the rigidification of a solvent matrix upon glass formation [82-85].
This is because in liquid solution, solvent dipoles reorient around
an ion pair formed by photoinduced electron transfer, whereas in
a frozen glass such a stabilization of the ion pair state is not possi-
ble any more. As a result, the energy level of the ion pair is much
higher in the rigid glass, and often this shuts down the photoin-
duced electron transfer completely. The consequence of this is that
only donor/acceptor couples providing very high solution driving-
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Fig. 2. Distance dependence of long-range charge tunneling through vacuum [93],
a frozen toluene glass [80,81], and a covalent oligo-p-xylene bridge [97].

forces stand a chance to remain functional in a frozen glass. At
the moment when the glass is formed, the donors and acceptors
should be charge-neutral species, otherwise electrostatic interac-
tions may impede the formation of a random dispersion of donors
and acceptors. What is more, for photoinduced electron transfer ini-
tiating from a donor with a long-lived emissive excited state, there
must be no spectral overlap between the donor emission and the
acceptor absorption — otherwise there will be competing energy
transfer processes. Lastly, the electron acceptor must be soluble at
fairly high concentrations (~1M) in the frozen glass and the glass
quality should still be such to allow comparative luminescence
quantum yield measurements. A donor/acceptor couple that ful-
fills all these requirements is shown in the left part of Fig. 1 [80,81].
This couple is comprised of a dinuclear iridium complex [Ir(-
pz)(COD)], (w-pz=p-pyrazolyl, COD=1,5-cyclooctadiene), and a
1,4-benzoquinone acceptor.

The [Ir(pw-pz)(COD)], complex is a very potent photoreduc-
tant with E(*Ir,/*Ir;)=—1.81V vs. SCE in fluid acetonitrile [86,87],
whereas 2,6-dichloro-1,4-benzoquinone has a redox potential of
E(Q/Q~)=-0.18V vs. SCE [88]. This yields approximately 1.6 eV of
driving-force for photoinduced electron transfer between these
two species in fluid solution. In the frozen toluene glass, the
benzoquinone acceptor induces pronounced quenching of the
luminescence emitted by the iridium complex which is a manifes-
tation of electron transfer. Energy transfer quenching can be ruled
out due to the absence of a spectral overlap between the iridium
emission and the benzoquinone absorption [80,81]. The lumines-
cence decays in the right part of Fig. 1 are strongly non-exponential
due to the fact that an ensemble of different donor-acceptor dis-
tances is probed (Fig. 1, middle). Under the assumption that the
donor-acceptor distribution is completely random, it is possi-
ble to analyze these luminescence decays quantitatively using a
model originally developed for energy transfer [89-91]. Provided
the time-integrated relative luminescence intensities in absence
and presence of variable amounts of quencher are known, it is
possible to extract a distance decay constant (f-value) for the
electron tunneling process [89-92]. For the [Ir(w-pz)(COD)],/2,6-
dichloro-1,4-benzoquinone couple in frozen toluene this analysis
yields B=1.26 A~ [80,81].The dashed straight line in Fig. 2 illus-
trates the distance dependence of electron tunneling through the
frozen toluene matrix. As seen from this plot, tunneling can occur
at appreciable rates even at a donor-acceptor distance of 20A.
For comparison, electron tunneling through vacuum proceeds with
B=2.9-40A-1 (grey wedge) [93], and consequently a 20-A tun-

Fig. 3. Donor-bridge-acceptor molecules for investigation of long-range charge tun-
neling across oligo-p-xylene bridges [97]. Excitation of these molecules with blue or
UV light (1) produces a long-lived (2.9 ws) metal-to-ligand charge transfer (MLCT)
state (2), which is sufficiently oxidizing to induce phenothiazine-to-rhenium long-
range electron transfer (3). The table on the right lists the rate constants for this
process as a function of bridge length (n=number of bridge units).

neling step is an extremely unlikely event in this medium. One
important conclusion that may be drawn from the g-value for
toluene is that, as in other instances [94-96], through-solvent
charge tunneling is relatively efficient.

An interesting question is how much more efficient this bridge-
mediated tunneling process would become if covalent linkages
were introduced between the individual toluene molecules. Since
toluene and p-xylene are chemically similar, it appears reason-
able to address this question by comparing electron tunneling
through a toluene glass to electron tunneling across covalent oligo-
p-Xylene spacers. The series of donor-bridge-acceptor molecules
from Fig. 3 may be used for this purpose [97]. In these dyads,
photo-excitation of the rhenium(l) tricarbonyl complex triggers
an intramolecular electron transfer from the phenothiazine donor
to the excited metal complex, as observed previously for shorter
related dyads with other linkers [98-102]. Using time-resolved
luminescence and transient absorption spectroscopy, it is possi-
ble to determine the rate constants for the intramolecular electron
transfer events [97,103], yielding the numerical values given on
the right in Fig. 3. The four measurable data points fall onto a single
line in the semilogarithmic plot of Fig. 2 (solid line), i.e., the rate
for phenothiazine-to-rhenium charge transfer decreases exponen-
tially with the length of the oligo-p-xylene bridge. This is a clear
indication of a tunneling process [104]. A fit to the experimental
data yields 8=0.52 A~ for the covalent oligo-p-xylene bridges in
this particular instance [97].

Thus, there is a substantial difference between the S-values
obtained for noncovalent toluene bridges on the one hand
(1.26 A-1) and the covalent xylene bridges on the other hand
(0.52 A-1). If the toluene glass is approximated as a face-centered
cubic lattice of spherical particles, then the nearest-neighbor
center-to-center distance is approximately 6.3A [80,81]. Using
B=1.26A-1 one can infer from Eq. (1) that charge transfer rates
decrease by a factor of 2800 per toluene-toluene contact.

ker(d) = ko exp(—pBd) (1)

In the oligo-p-xylene bridges the xylene-xylene center-to-
center distance (d) is 4.3 A, and from 8=0.52A-! and Eq. (1) it
is found that charge transfer rates decrease only by a factor of 9
per xylene-xylene contact. Over a 6.3-A distance, the calculated
decrease amounts to a factor of 26.

The conclusion from this simple analysis is that when going from
anoncovalent toluene-toluene contact to a covalent xylene-xylene
contact, this accelerates the charge transfer event by roughly two
orders of magnitude per bridge-bridge contact [80,97]. This finding
underscores the importance of covalent bonds for artificial long-
range electron transfer, and it speaks to the relevance of tunneling
pathway models for the interpretation of biological electron trans-
fer. The best tunneling pathways in proteins must involve many
covalent bonds and few van der Waals gaps. The role of the protein
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Fig. 4. Molecular structures of oligo-p-xylene and oligo-p-phenylene bridged rhenium(I)-phenothiazine and ruthenium(Il)-phenothiazine dyads [97,105,106].

backbone is to ensure that there is a reasonable balance between
covalent and noncovalent contacts [80,81].

3. Conformational effects: comparison of oligo-p-xylene
and oligo-p-phenylene bridges

Using nearly identical methodologies as those employed
for the synthesis of the donor-bridge-acceptor molecules
from Fig. 3, analogous oligo-p-phenylene  bridged
rhenium(I)-phenothiazine as well as xylene- and phenylene-
bridged ruthenium(Il)-phenothiazine dyads are synthetically
accessible (Fig. 4) [97,105,106].

Fig. 5 shows the optical absorption spectra obtained from
dichloromethane and acetonitrile solutions of these dyads. Inspec-
tion of these UV-vis data reveals the presence of the typical MLCT
and intraligand absorptions commonly observed for ruthenium(II)
diimine and rhenium(I) tricarbonyl diimine complexes [107-110].
However, the most important observation concerns the spectral

variations that are associated with lengthening of the molecu-
lar bridges. Significant spectral changes occur upon lengthening
of the oligo-p-phenylene bridges (Fig. 5, lower half). In partic-
ular, there is a pronounced red-shift of the absorption features
around 300-350 nm, an effect that is much less important in the
oligo-p-xylene bridged systems (Fig. 5, upper half). This contrasting
behavior is attributed to differences in -conjugation between the
phenylene and xylene bridges [97,106,111]. In oligo-p-phenylenes,
the equilibrium dihedral angle (¢,},) between neighboring phenyl
units is 35-40° according to DFT calculations [26,112-114]. Anal-
ogous calculations performed on oligo-p-xylenes have produced
equilibrium dihedral angles (¢xy) of 65-70° between two adjacent
xylene units [106]. Evidently, the additional methyl groups present
on the xylene spacers represent sufficient steric bulk to force the
individual xylene units into a pronounced out-of-plane equilibrium
conformation, and m-conjugation is much more important for the
oligo-p-phenylenes than for the oligo-p-xylenes [115]. In the for-
mer, each additional phenyl unit increases -conjugation further,

Fig. 5. Optical absorption spectra measured on room-temperature solutions of the donor-bridge-acceptor molecules from Fig. 4. Left: rhenium(I)-phenothiazine dyads in

CH,Cl; [97], right: ruthenium(II)-phenothiazine dyads in CH3CN [105,106].
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Fig. 6. Distance dependence of charge transfer in the ruthenium(Il)-phenothiazine
dyads from Fig. 4 [105]. Circles: Electron transfer from Ru(bpy)s* to PTZ** across
oligo-p-phenylenes [106], measured after photo-excitation of Ru(bpy)s2* and sub-
sequent (fast) *Ru(bpy)s2*-to-PTZ (forward) electron transfer. Squares: Electron
transfer from PTZ to Ru(bpy)s;3* across oligo-p-xylenes [105]. In this case, the
oxidized Ru(bpy)33* species was photo-generated by a so-called flash-quench tech-
nique using excess methylviologen [116-120].

hence the abovementioned absorption band shifts between 300
and 350 nm. In the xylenes this effect is relatively weak.

This difference in m-conjugation has important consequences
for the long-range electron transfer behavior of the two types of
bridges. Through combination of time-resolved luminescence and
transient absorption spectroscopies it has been possible to inves-
tigate the distance dependence of phototriggered charge transfer
across the oligo-p-phenylene and oligo-p-xylene spacers in the
ruthenium(Il)-phenothiazine dyads from the right part of Fig. 4
[105,106]. As seen from Fig. 6, the difference in distance depen-
dences of charge transfer rates is remarkable. Charge tunneling
across the phenylene bridges proceeds with 8=0.21A~1, whereas
for the xylene spacers 8=0.77A~1. It should be noted that for
technical reasons [106], two quite different electron transfer pro-
cesses were monitored for obtaining the data in Fig. 6, namely
(back-)electron transfer from reduced Ru(bpy);* to oxidized phe-
nothiazine (PTZ**) in the phenylene systems, and phenothiazine
(PTZ) to Ru(bpy);3* electron transfer in the xylene systems (see
caption of Fig. 6). The driving-forces for these two processes differ
quite significantly [106], which explains why the two lines in Fig. 6
intersect in the middle of the plot.

When analyzing these B-values, it is reasonable to depart
from the usual assumption that the distance dependence of
electron transfer rates is essentially due to a decrease in elec-
tronic donor-acceptor coupling (Hpa) upon bridge lengthening.
According to superexchange theory [121], the electronic coupling
mediated by a bridge comprised of n identical repeat units is a
function of four parameters (Eq. (2)).

hob (hp\" !
Hpa = E(E) hpa (2)

The four parameters are: donor-bridge coupling (Hpp),
bridge-bridge coupling (hy,), bridge—acceptor coupling (hys) and
the so-called tunneling-energy gap Ace. As illustrated by Fig. 7,
the latter is defined as the energy difference between the
donor/acceptor system at the transition-state configuration and the
one-electron reduced or oxidized states of the bridge, depending
on whether electron or hole transfer is considered. It can be shown
that in this model the distance decay constant is only a function of

Fig.7. Graphicalillustration of the parameters involved in the superexchange model
[105,122]. —AGgr is the driving-force for electron transfer from the donor (D) to
acceptor (A). Ag is the so-called tunneling-energy gap.

hyp, Ag, and the length (o) of an individual bridge unit [106,122]:
2 Aeg
=2 (5) 3)

hpp

For the phenylene and xylene units a=4.3A. The tunneling
energy gaps Ae for the dyads can be estimated from redox poten-
tials in reasonable approximation (Section 4) [106]. Consequently,
using the experimental S-values from Fig. 6, the relative magni-
tudes of phenyl-phenyl (hyypn) and xylyl-xylyl coupling (hpp xy)
can be estimated. The result is that hpp, o & 7-hpp ¢y [106], and this
is consistent with prior investigations of the influence of torsion
angles on electron and energy transfer rates [123-126].

According to semiclassical theory, electron transfer rates kgt
are proportional to the square of the electronic coupling matrix
elements. [104,127]. Consequently, when going from a poorly
w-conjugated xylyl-xylyl contact (hppyy) to a more strongly
w-conjugated phenyl-phenyl contact (hyp pp, ), this accelerates long-
range electron transfer by a factor of ~50 (~72) per bridge-bridge
contact.

4. Importance of tunneling-barrier heights

4.1. Tunneling-barrier variation through change of the donor
redox potential: ruthenium versus rhenium

Depending on whether rhenium(l) or ruthenium(Il) photo-
sensitizers are used, different distance dependences for charge
transfer across oligo-p-xylene bridges are observed. For the
rhenium-phenothiazine dyads (Fig. 4, upper left), charge tunnel-
ing across the xylene spacers proceeds with f=0.52A-1 (Fig. 2)
[97], whereas for the ruthenium-phenothiazine dyads (Fig. 4,
upper right) 8=0.77A-" for exactly the same bridge (Fig. 6)
[105]. A similar observation has been reported previously for long-
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Fig. 8. Redox potentials of donor, bridge, and acceptor moieties in the rhenium and
ruthenium oligo-p-xylene dyads from Fig. 4 [105].

range electron transfer across DNA hairpins [122,128,129]. Indeed,
research in the past few years has provided much evidence for the
fact that distance decay constants (8-values) are not bridge-specific
parameters, but rather a property of the entire donor-bridge-
acceptor system [128-137]. Thus, in order to rationalize where the
above difference in xylene B-values comes from, it is necessary to
consider the energetics for charge transfer in the two respective
dyad series.

In the rhenium(Il) dyads, electron transfer occurs from phe-
nothiazine to the photoexcited metal center. The electrochemical
potential for PTZ oxidation in these molecules is 0.77V vs. SCE,
the potential for reduction of the excited rhenium complex is
~1.4V vs. SCE (Fig. 8) [97,105]. The redox potentials of the oligo-
p-xylene bridges cannot be measured directly. The best guess for
their potentials comes from an electrochemical investigation of
the 4,4’-dimethyldiphenyl (dmdp) molecule [138]. This reference
molecule is oxidized at 1.67V vs. SCE and reduced at —2.60V vs.
SCE. Given the much closer energetic proximity of the one-electron
oxidized dmdp states to the relevant PTZ and rhenium states com-
pared to the one-electron reduced dmdp states, a hole tunneling
mechanism must prevail over electron tunneling in the oligo-p-
xylene bridges [105]. Therefore it is reasonable to consider the
photoexcited rhenium complex as a hole donor and the neutral
phenothiazine molecule as a hole acceptor. This terminology is used
in Fig. 9 in which the PTZ hole acceptor level is set arbitrarily to an
energy of 0eV. On the basis of the redox potentials from Fig. 8, the
*Re(I) hole donor level is 0.65 eV higher in energy, whereas the one-
electron oxidized bridge level is 0.9 eV above the PTZ level (Fig. 9,
left) [105].

Fig. 9. Energy level diagrams for hole tunneling in dyads with two different hole
donors (photoexcited [Re(phen)(CO)s(pyridine)]* and photo-generated Ru(bpy);3*,
respectively) but the same bridge (oligo-p-xylene) and the same hole acceptor (PTZ)
[105].

An analogous energy level diagram can be established for the
ruthenium-phenothiazine dyads (Fig. 9, right). In these molecules,
there is hole transfer from a photochemically generated Ru(bpy)33*
complex to PTZ [105], and consequently the Ru(Ill/II) ground-state
redox potential is relevant (Fig. 8). As seen from Fig. 9, this results
in an energetic situation that is significantly different from that
encountered for the rhenium dyads [105]. First, the driving-force
(—AGgr) for charge transfer decreases when going from rhenium to
ruthenium. Second, the barrier for hole tunneling is smaller in the
rhenium systems than in the ruthenium dyads. This second point is
in qualitative agreement with the shallower distance dependence
observed for charge tunneling with the rhenium photosensitizer:
The probability « for a particle to tunnel through a square potential
energy barrier is dependent on the mass (m) of the particle, the
width (d) of the barrier, and its height (AEes) [139]:

K o exp (—% 2mAEeffd) o« exp(—pd) (4)

The mathematical relationship between effective tunneling bar-
riers (AEef) and distance decay constants for electron transfer
(B-values) is the following [104,105,137]:

"\ L
AEefr = 8me B (5)

In Eq. (5), me is the mass of the electron, which leads to a numeri-
cal value of 0.952 eV A2 for the prefactor in brackets [104,105]. For
B=0.52 A-1 (rhenium dyads) this expression yields AEq=0.26¢€V,
and for 8=0.77 A-1 (ruthenium dyads) one obtains AE.g=0.55eV
[105]. Both of these effective tunneling barriers compare very
favorably to the barriers in Fig. 9 (0.25 and 0.45 eV, respectively)
estimated from redox potentials. While this close agreement may
be a mere coincidence, this analysis nevertheless supports the
interpretation of the different distance dependences in the rhe-
nium and ruthenium oligo-p-xylene dyads in terms of different
tunneling-barrier heights, and it narrows the role played by the
simultaneous driving-force variation [105]. Furthermore, it sug-
gests that the use of redox potentials to estimate the experimentally
inaccessible tunneling-energy gap Ae (Fig. 7b) is reasonable. In
short, in lieu of the potential well picture of Fig. 7b, one may use
the oversimplified picture of Fig. 9. This implies that the tunneling-
energy gap A¢ may be approximated as the donor-bridge energy

gap.

4.2. Tunneling-barrier variation through change of the bridge
redox potential: oligo-p-xylenes versus
oligo-p-dimethoxybenzenes

The distance dependence of hole tunneling through oligo-
p-xylene bridges is significantly steeper than that commonly
observed for charge transfer across unsubstituted oligo-p-
phenylenes [25-38,105,106]. As discussed in Section 3, this is
essentially due to smaller bridge-bridge coupling matrix elements
(hpp) for the xylenes relative to the unsubstituted phenylenes
caused by larger equilibrium torsion angles. According to Eq. (3),
this leads to larger B-values for the substituted bridges. However,
the same equation also suggests that the decrease in hy, may be
compensated by a simultaneous decrease in the tunneling-energy
gap Ae. In order to address this issue, the two donor-bridge-
acceptor molecules shown in Fig. 10 were investigated in a
comparative study [140].

Both dyads contain exactly the same hole donor (a ruthenium
complex) and hole acceptor (a phenothiazine). The bridges are
para-disubstituted phenylenes in both cases: Either tetra-p-xylene
(left) or tetra-p-dimethoxybenzene (right), yielding an identical
donor-acceptor distance of ~23.5A in both dyads. The bridge
length dependence of the optical absorption spectra for a series of
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Fig. 10. Donor-bridge-acceptor molecules for phototriggered hole (h+) transfer over a 23.5-A distance. Replacement of the p-xylene bridging units by p-dimethoxybenzene
units leads to a 1000-fold acceleration of hole transfer due to a decrease in the tunneling-energy gap Ae [140]. In both dyads, charge transfer was triggered by rapid
photogeneration of a highly oxidizing Ru(bpy)33* species from the initial Ru(bpy)3;2* complex via a so-called flash-quench technique. Methylviologen was used as a quencher

for this purpose [105].

phenothiazine-dimethoxybenzene-ruthenium dyads is similarly
weak as for the corresponding xylene-bridged species [140]. This is
a strong indication for similarly large torsion angles between two
adjacent p-dimethoxybenzene units as between two neighboring
p-xylenes, suggesting that hy,, is indeed similar for both types of
bridges.

A so-called flash-quench technique is used to trigger charge
transfer in the dyads from Fig. 10 [116-120]. Specifically, this trig-
gers hole transfer from photo-generated Ru(bpy)33* to PTZ, which
is a ground-state charge transfer process [105]. The important find-
ing is that hole transfer across the tetra-p-xylene bridge takes
20.4 s [105], whereas that across the tetra-p-dimethoxybenzene
bridge only takes 17 ns [140]. The evidence for this comes from
transient absorption spectroscopy, monitoring both the kinetics of
phenothiazine oxidation at 520 nm and ruthenium(III) reduction at
450nm [105,140].

This 1000-fold rate acceleration can be understood on the
basis of a tunneling-energy effect. An analysis identical to that
from Section 4.1, using redox potentials to approximate Ag,
leads to the energy level diagrams of Fig. 11 [140]. The key
point here is that the barrier for hole transfer is much lower
for the dimethoxybenzene bridge than for the xylene spacer,
due to the fact that p-dimethoxybenzene is oxidized much more
readily than p-xylene [138]. On the basis of redox potentials,
Ae~0.5eV for the xylene-bridged dyad and Ae~0.1eV for
the dimethoxybenzene-bridged molecule [140]. The latter bar-
rier is sufficiently small for a hopping mechanism to become
potentially relevant, although the nanosecond time-resolved
experiments performed so far have been unable to provide direct
spectroscopic evidence for dimethoxybenzene radical cation inter-
mediates. Recent work on peptide electron transfer has shown that
trimethoxybenzenes can act as stepping stones for charge hopping
[141].

The bottom line is that the change from methyl- to methoxy-
substitutents on a tetra-p-phenylene backbone leads to a 1000-fold

Fig. 11. Energy level diagrams for hole (h+) transfer from flash/quench-
generated Ru(Ill) to phenothiazine (PTZ) through tetra-p-xylene and tetra-p-
dimethoxybenzene bridges in the molecules from Fig. 10 [140].

acceleration of hole transfer over a 23.5-A distance. The physical
origin of this effect is a decrease in the donor-bridge energy gap
[140].

5. Summary and conclusions

The use of oligo-p-xylene bridges as benchmark systems pro-
vides a means for quantitative investigation of the importance
of covalence, conformational effects, and tunneling-barrier effects
for long-range charge transfer. Distance dependence studies of
electron transfer rates play a central role in this research. The
comparison of charge transfer through a frozen toluene matrix
to that across covalent oligo-p-xylene spacers (Section 2) shows
that charge tunneling rates increase by two orders of magni-
tude per bridge-bridge contact when going from a noncovalent
toluene-toluene contact to a covalent xylene-xylene contact
[80,81,97,105]. Conformational effects are also very important:
Unsubstituted oligo-p-phenylene bridges are significantly more
m-conjugated than the oligo-p-xylene spacers, and this is found
to lead to a factor of 50 difference in charge tunneling rates
per bridge-bridge contact (Section 3) [106]. Important tunneling-
barrier effects for hole transfer are observed upon exchange of a
ruthenium hole donor by a rhenium hole donor (Section 4.1) [105],
and upon replacement of an oligo-p-xylene bridge by an oligo-p-
dimethoxybenzene wire (Section 4.2) [140].

In combination, the work presented in this article confirms that
covalence has the biggest effect on long-range charge transfer effi-
ciencies [2,80,81], but it also indicates that conformational effects
(influencing primarily hyp, in Eq. (3)/Fig. 7) [106] and tunneling-
energy effects (Ae¢ in Eq. (3)/Fig. 7) can be of similar importance
relative to each other [105,140].
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