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’ INTRODUCTION

Long-range charge transfer in donor-bridge-acceptor systems
can proceed through tunneling or hoppingmechanisms.1 As long
as the one-electron reduced or oxidized states of the bridge
cannot be populated directly by the transferring charge carriers,
superexchange-mediated tunneling is the only viable reaction
mechanism. This is typically the case for alkane bridges,2 weakly
π-conjugated molecular rods,3 and for many proteins.4 As soon
as there are easily reducible or oxidizable molecular units in the
bridge, electron or hole hopping may become important. This is
observed for example in strongly π-conjugated molecular wires,5

in DNA,6 and in proteins in which the charge transfer pathway
includes amino acids with redox-active side chains.7

Oligo-p-phenylene bridges of short length mediate charge
transfer via the tunneling mechanism, while longer congeners
enable the hopping process.8 Through substitution of phenylene
moieties with electron-donating substituents the oxidation po-
tentials of individual bridging units can be tuned deliberately, and
this may be exploited for accelerating hole transfer.9 For instance,
hole transfer across four p-dimethoxybenzene units was found to
be more than 3 orders of magnitude more rapid than equidistant
hole transfer (between the same donor�acceptor couple) across
four p-xylene spacers.10

Here, we report on phototriggered long-range charge transfer
in a molecular dyad (Ru�PTZ) in which a Ru(bpy)3

2+ photo-
sensitizer and a phenothiazine (PTZ) reaction partner are bridged
by a sequence of tetramethoxybenzene (tmb), p-dimethoxyben-
zene (dmb), and p-xylene (xy) units (Scheme 1). A reference
molecule (Ru�H), containing the exact same molecular com-
ponents except the phenothiazine moiety, was investigated
simultaneously. A dyad composed of the same donor�acceptor

couple bridged by three identical p-xylene spacers, hereafter
referred to as Ru�xy3-PTZ, was available from a prior investiga-
tion and served as an additional reference molecule.11

’RESULTS AND DISCUSSION

Synthesis. Synthesis of the organic molecular rods required
for dyad Ru�PTZ and reference molecule Ru�H followed
the strategy shown in Scheme 2. Phenothiazine (1) was coupled
to 1-bromo-4-trimethylsilyl-2,5-dimethylbenzene (2)12 using a
palladium(0) catalyst. The trimethylsilyl-protected reaction pro-
duct (3) was converted to iodo-compound 4 with iodine mono-
chloride. Subsequent Suzuki-coupling with 2,5-dimethoxy-4-
trimethylsilyl-1-phenylboronic acid (5)10 elongated the molecu-
lar bridge by one unit (6). Trimethylsilyl/halogen exchange
gave product 7, which was further elongated by reaction with
4-trimethylsilyl-2,3,5,6-tetramethoxyl-1-phenylboronic acid (8).9c

An additional trimethylsilyl/halogen exchange converted the
Suzuki coupling product 9 to the activated iodo-compound 10.
The latter was reacted with 5-(tri(n-butyltin)-2,20-bipyridine
(11)11 to yield ligand 12. Reaction with Ru(bpy)2Cl2

13 then lead
to Ru�PTZ. The overall yield from molecule 1 to Ru�PTZ
was 0.9%.
Synthesis of the Ru�H reference molecule departed from

1-bromo-2,5-dimethylbenzene (13). Each of the two Suzuki-
coupling steps (yielding molecules 14 and 16) with the same
boronic acids used already for the dyad (5, 8) was followed by
trimethylsilyl/halogen exchange with iodine monochloride (15, 17).
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Stille-coupling between product 17 and bipyridine 11 gave ligand
18, which reacted with Ru(bpy)2Cl2 to reference molecule
Ru�H. The overall yield from molecule 12 to Ru�H was
10.8%. Detailed synthetic protocols and characterization data
are given in the Supporting Information.
Optical Absorption and Luminescence. Figure 1a shows the

optical absorption spectra of Ru�PTZ and Ru�H in acetonitrile
solution at room temperature along with the electronic spectrum
of Ru(bpy)3

2+ measured under the same conditions. In all three

cases the lowest energetic absorption feature (around 450 nm) is
the metal-to-ligand charge transfer (MLCT) band. At 288 nm,
there is a prominent band due to a bpy-localized π�π* transi-
tion, and in Ru�PTZ an analogous phenothiazine-localized
transition manifests itself with a peak at 257 nm. Compared to
Ru(bpy)3

2+, there is additional absorption intensity in Ru�PTZ
and Ru�H between 300 and 390 nm. A similar observation was
made for ruthenium-phenothiazine dyads with oligo-p-dimetho-
xybenzene bridges,10 and to lesser extent for oligo-p-xylene bridged

Scheme 1. Chemical Structures of the Molecules Investigated in This Worka

aThe Ru�xy3-PTZ molecule was available from a prior study and merely used as a reference system.11a.

Scheme 2. Synthetic Strategy Leading to the Functionalized Bipyridine Ligands Required for the Ru�PTZ and Ru�HMolecules
from Scheme 1a

a (a) tBuOK, Pd(dba)2, P(
tBu)3, toluene, 80 �C; (b) ICl, CH3CN/CH2Cl2 1:4, 25 �C; (c) Pd(PPh3)4, Na2CO3, toluene/water, reflux; (d) Pd(PPh3)4,

m-xylene, reflux; (e) Pd(dba)2, P(
tBu)3, Cs2CO3, dioxane, 60 �C.
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analogues.11 Thus, the additional absorption intensity between
300 and 390 nm is likely due to the bridge, with a dominant
contribution from the di- and tetramethoxybenzene units.
Figure 1b shows that the emission spectra and intensities of

Ru�PTZ, Ru�H, and Ru(bpy)3
2+ are nearly identical. Notably,

there is no luminescence quenching in the dyad, as would be
expected if there was efficient photoinduced electron transfer
from the phenothiazine to the photoexcited Ru(bpy)3

2+. The
same observation was made previously for other Ru(bpy)3

2+-
PTZ systems, and it is commonly explained by the very low
driving force for photoinduced electron transfer between these
two reaction partners.14 Our own electrochemical investigations
of Ru�PTZ and Ru�H, discussed below, are consistent with
this interpretation. Transient absorption difference spectra of
Ru�PTZ and Ru�H in acetonitrile are shown in the Supporting
Information, Figure S1. They exhibit the common features asso-
ciated with the 3MLCT excited state of the Ru(bpy)3

2+ unit,
namely, absorption maxima around 375 and 545 nm due to bpy
radical anion, as well as a bleach around 450 nm due to loss of
MLCT intensity.15 As seen from the Supporting Information,
Figure S2, the transient absorption signals at these wavelengths
decay with essentially the same time constant as the lumines-
cence intensity at 610 nm. Identical 3MLCT excited-state life-
times of 190 ns are derived from these data for Ru�PTZ and
Ru�H in aerated acetonitrile solution. For reference, Ru(bpy)3

2+

has a lifetime of 170 ns under identical conditions.16

Electrochemistry. Figure 2 shows cyclic voltammograms
measured on deoxygenated acetonitrile solutions of Ru�PTZ
(solid blue line in the upper half) and Ru�H (dashed red line in
the lower half) in presence of 0.1 M tetrabutylammonium
hexafluorophosphate electrolyte. The waves centered at 0.0 V
are due to the ferrocenium/ferrocene (Fc+/Fc) couple, which
was used as an internal standard and as a reference point for all
other redox couples reported in this work. The only significant
difference between the two voltammograms in Figure 2 is the
occurrence of a (quasi-reversible) wave at 0.30 V vs Fc+/Fc in the
Ru�PTZ dyad and the absence of this signal in the voltammo-
gram of Ru�H. Consequently, this wave is assigned to the
PTZ•+/PTZ couple, in good agreement with previously reported
values for PTZ•+ reduction potentials.14,17 Our initial expectation
was that a wave associated with the tmb•+/tmb redox couple
would be observable around 0.42 V vs Fc+/Fc in both Ru�PTZ
and Ru�H, based on a previous study which reports a redox
potential of 0.80 V vs SCE for the tetramethoxybenzene mole-
cule (Table 1).18 The experiment shows that neither Ru�PTZ
nor Ru�H exhibits any redox wave between 0.0 and 0.8 V vs

Fc+/Fc, and we are forced to conclude that oxidation of tmb
incorporated into Ru�PTZ and Ru�H occurs at potentials
more positive than 0.8 V vs Fc+/Fc. It is possible that oxidation
of the tmb unit in our molecules is more difficult than usual
because it is attached directly to the dicationic Ru(bpy)3

2+ unit.
The redox wave associated with the Ru(III)/Ru(II) couple is

expected around 1.0 V vs Fc+/Fc,19 and indeed one observes a
prominent wave close to this potential for both Ru�PTZ and
Ru�H. However, these waves are significantly broader and less
reversible than for Ru(bpy)3

2+ alone. This may indicate that the
Ru(III)/Ru(II) and tmb•+/tmb redox waves occur in fact at
similar potential. The midpoint between the maxima in the
oxidative and reductive sweeps is at 0.93 V vs Fc+/Fc, and this
value is taken as the redox potential for the Ru(III)/Ru(II)
couple (Table 1).
At 1.10 V vs Fc+/Fc a weak wave is observable in the oxidative

sweep of the voltammogram of Ru�PTZ. This wave coincides
with that previously observed for dimethoxybenzene bridging
units in a chemically similar ruthenium-phenothiazine dyad,10 and
therefore is assigned to the dmb•+/dmb redox couple. The xy•+/xy

Figure 1. (a) Optical absorption spectra of Ru�PTZ, Ru�H, and
Ru(bpy)3

2+ in acetonitrile at room temperature. (b) Luminescence of
these three species under identical conditions. Excitation occurred at
450 nm; the relative intensities are corrected for differences in absor-
bance at the excitation wavelength and were normalized to a value of
1.0 for the Ru(bpy)3

2+ sample.
Figure 2. Cyclic voltammograms obtained for Ru�PTZ (solid blue
line) and Ru�H (dashed red line) in acetonitrile solution with 0.1 M
tetrabutylammonium hexafluorophosphate electrolyte. The wave at
0.0 V is due to the ferrocenium/ferrocene couple, which was added to
the solution as an internal reference. The scan rate was 100 mV/s.

Table 1. Electrochemical Potentials for the Individual Redox-
Active Components of the Ru�PTZ andRu�HMolecules, As
Observed Either Directly within the Respective Molecular
Ensembles or As Individual Units Free in Solution a

in molecular ensemble

Ru�PTZ Ru�H free in solution

PTZ•+/0 0.30 N/A 0.37b

tmb•+/0 (0.8 < x < 1.1) (0.8 < x < 1.1) 0.42c

dmb•+/0 1.10 0.96c

xy•+/0 1.68c

Ru(III/II) 0.93 0.93 0.89d

bpy�/0 �1.74 �1.74 �1.68e

bpy�/0 �1.92 �1.92 �1.88e

bpy�/0 �2.18 �2.18 �2.15e

aAll potentials are given in Volts versus Fc+/Fc. Literature values
reported in Volts versus SCE were converted to Volts versus Fc+/Fc
by subtracting 0.38 V. b From ref 14. c From ref 18. d From ref 20. e From
ref 19.
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couple would be expected around 1.68 V vs Fc+/Fc,18 but this
is beyond the potential window that could be probed in our
experiment.
Table 1 contains a summary of all relevant reduction poten-

tials, including the values for bpy-localized reductions. Given a
3MLCT energy of 2.12 eV, one estimates an electrochemical
potential of 0.38 V vs Fc+/Fc for reduction of the photoexcited
Ru(bpy)3

2+ complex in Ru�PTZ.20 Thus, electron transfer from
PTZ to the excited photosensitizer is exergonic by only 0.08 eV,
which explains the lack of significant emission quenching in the
dyad when compared to Ru�H or free Ru(bpy)3

2+.
Flash-Quench Technique. Since the photoexcitedRu(bpy)3

2+

complex in Ru�PTZ is not a sufficiently potent electron
acceptor, the more oxidizing Ru(bpy)3

3+ complex had to be
generated photochemically to trigger intramolecular charge
transfer. This was possible using a so-called flash-quench tech-
nique, as illustrated in Scheme 3. This is a method that has been
applied successfully in many prior investigations of long-range
charge transfer in proteins,21 as well as for studies of (proton-
coupled) electron transfer in artificial systems.22 After photo-
excitation (“flash”), the 3MLCT excited-state of the Ru(bpy)3

2+

moiety is quenched oxidatively using excess methylviologen
dication (MV2+). At sufficiently high methylviologen concentra-
tions (here ∼50 mM) the “quench” step occurs within the
duration of a nanosecond laser pulse. Given that the intramole-
cular charge transfer is sufficiently slow, one may thus observe a
maximal amount of Ru(III) andMV•+ immediately after the laser
pulse. Subsequent intramolecular charge transfer then leads to
reduction of Ru(III) to Ru(II) and oxidation of PTZ to PTZ•+.
The reduced methylviologen reacts with the oxidized dyad only
on a 40 μs-time scale; hence, when using the reversible MV2+

quencher, there is usually a time window ranging from ∼8 ns
to ∼40 μs in which intramolecular charge transfer can be
monitored.21 Importantly, the Ru(III), PTZ•+, and MV•+ photo-
redox products can all be detected easily and unambiguously by
transient absorption spectroscopy.
TransientAbsorptionandSpectroelectrochemistry.Figure 3a

shows transient absorption spectra measured on room temperature
acetonitrile solutions containing ∼10�4 M Ru�PTZ (solid blue
line) or Ru�H (dashed red line) in presence of 50 mMmethylvio-
logen dication.Detection occurred in a timewindowof 200 nswidth,
starting immediately after the 8-ns laser pulse. The most prominent
features in both spectra are those of methylviologen radical

monocation (MV•+), namely, an intense and structured band with
an absorption maximum at 397 nm and a less intense, broader band
with amaximum at 607 nm. The two spectra in Figure 3a differ from
each other only in the spectral region between 420 and 570 nm.
When the transient absorption spectrum of Ru�H is subtracted
from the spectrum of Ru�PTZ, the solid black line shown in
Figure 3b is obtained. Superimposed on this derived spectrum is the
absorption spectrum of PTZ•+ (dashed orange trace), measured in
a spectroelectrochemistry experiment using a suitable reference
molecule (the precise chemical structure of which is shown in the
Supporting Information, Scheme S1).23 We conclude from this
comparison that the additional intensity between 420 and 570 nm
in the transient absorption spectrum of Ru�PTZ is due to PTZ•+.
The absorption maximum of the PTZ•+ species in this case is at
517 nm.
Figure 4 shows the temporal evolution of some relevant

transient absorption signals of Ru�PTZ (blue traces on the left)
and Ru�H (red traces on the right) in the first 300 ns after
the laser excitation pulse. The transient absorption signal of
Ru�PTZ at 397 nm (top panel), identified above as due to
MV•+, rises with a time constant of 8 ns, which corresponds to the
time resolution of the equipment used for these experiments.
Logically, the rise of the signal at 607 nm (bottom panel) is
equally fast, because it is caused by the same species (MV•+). By
contrast, at 517 nm where PTZ•+ has its absorption maximum
(middle panel), an initial fast rise (solid line) is followed by a
significantly slower increase in intensity (dashed line). The initial
fast rise occurs with a time constant of 8 ns, and is attributed to
the rapid formation of MV•+, while the slower rise occurs with a
time constant of 41 ns.
From Figure 3a it can be seen that the overall absorption

intensity at 517 nm in Ru�PTZ is caused byMV•+ and PTZ•+ to
roughly equal extent, which explains the biexponential shape of
the rise shown in the middle panel of Figure 4a. In the Ru�H

Scheme 3. Graphical Illustration of the Flash-Quench
Technique Used for Phototriggering of Intramolecular
Charge Transfer between Ru(III) and PTZ in the Ru�PTZ
Dyad

Figure 3. (a) Transient absorption spectra measured on ∼10�4 M
acetonitrile solutions of Ru�PTZ (solid blue line) and Ru�H (dashed
red line) in presence of 50mMmethylviologen. Excitation occurred with
8 ns laser pulses at 450 nm; the signal was detected in a 200 ns time
window starting immediately after the laser pulse. (b) The solid black
trace is the result of a mathematical subtraction of the transient
absorption spectrum of Ru�H from the transient absorption spectrum
of Ru�PTZ. The dashed orange line is the absorption spectrum of
PTZ•+, measured in a spectroelectrochemical experiment using a PTZ
reference molecule in dichloromethane solution. The exact chemical
structure of this reference molecule is shown in the Supporting
Information, Scheme S1.
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reference system, detection at 517 nm yields a transient of
significantly weaker intensity and a rise nearly identical to those
observable at 397 and 607 nm. These observations are consistent
with our interpretations, and we may conclude that in the
Ru�PTZ dyad, PTZ•+ formation occurs with a time constant
of 41 ns after photogeneration of Ru(III).
PTZ•+ formation may be regarded as “electron departure”

from the phenothiazine unit, and if an intramolecular charge
transfer process is active in our Ru�PTZ dyad, it should be
possible to observe “electron arrival” at the Ru(III) center.
Indeed, this is possible by monitoring the transient absorption
signal at 465 nm, where Ru(bpy)3

3+ absorbs weakly compared to
Ru(bpy)3

2+, that is, at the so-called MLCT bleach. The transient
obtained for Ru�PTZ at this wavelength is shown in Figure 5a
(solid blue line).
Recovery of the bleach occurs in a biexponential fashion, with

time constants of 24 and 41 ns. The latter is again due to the
PTZ•+ species, which absorbs weakly at the detection wavelength
of 465 nm (Figure 3b). In Figure 5a this shows up very clearly in a
rise of the transient absorption signal to positive ΔOD values at
times longer than 55 ns. Importantly, the faster time constant of
24 ns does not only show up in the biexponential bleach recovery
of Ru�PTZ (solid blue line); it is also observed in the single
exponentialMLCT bleach recovery of the Ru�H referencemolecule

(dashed red line). The inescapable conclusion from this is that
Ru(III) reduction occurs independently of PTZ oxidation. Although
we have been unable to determine the precise value of the
tetramethoxybenzene (tmb) redox potential (see above), Table 1
indicates that the tmb unit is the only redox-active component in
Ru�PTZ and Ru�H with sufficient reducing power for conver-
sion of Ru(III) to Ru(II). Thus, it appears plausible to conclude
that once Ru(III) has been formed, it is reduced by tmb to
Ru(II), and tmb•+ is formed at the same time.We have been unable
to detect the tmb•+ radical cation even in Ru�H, presumably
because its signal is hidden by more intense transient absorption
signals from MV•+.24 At any rate, the luminescence decay traces
in Figure 5b (detected at 610 nm) show that the formation of
Ru(III) is complete within 8 ns in both Ru�PTZ and Ru�H,
and consequently the time constant of 24 ns determined for
Ru(III) disappearance is genuine.
Hole Hopping and Tunneling. The previous section has led

us to the conclusion that “electron departure” at the PTZ site
occurs with a time constant of 41 ns, while “electron arrival” at
the ruthenium(III) complex is associated with a time constant of
only 24 ns. This can be understood in the framework of an overall
charge transfer processwhich is composed of a sequence of hopping
and tunneling steps, as illustrated in Scheme 4. This Scheme
shows the electrochemical potentials for one-electron oxidation
of the individual molecular components of the Ru�PTZ dyad
as horizontal lines, that is, we use a hole transfer picture for
discussion of the overall charge transfer event. This is meaningful
because the one-electron oxidized states of the bridging tmb,
dmb, and xy units are energetically much closer to the relevant
donor and acceptor states than the one-electron reduced bridge
states.18 The flash-quench procedure forms a highly energetic
hole at the ruthenium site within 8 ns. From there, the hole is
transferred to tmb within 24 ns, which may be considered a
hopping step between nearest neighbors. Given the short
distance between Ru(bpy)3

3+ and tmb, this process is relatively
slow. The likely reason for this is its low driving force. One may
use the transient absorption data in Figure 5a to estimate the
driving force for hole hopping from Ru(bpy)3

3+ to tmb:25 The
Ru�H reference molecule (red trace) exhibits a persistent, barely
noticeable bleach (with an average ΔOD-value of �0.005) at
times longer than 100 ns which can be attributed to Ru(III) in
metastable equilibrium with tmb•+. The initialΔOD-value at the

Scheme 4. Illustration of the Intramolecular Hole Transfer
Process and Its Energetics in the Ru�PTZ Dyada

aThe solid horizontal lines represent redox potentials of the individual
molecular components.

Figure 4. Temporal evolution of the transient absorption signals from
Figure 3a at selected detection wavelengths for Ru�PTZ (left) and
Ru�H (right).

Figure 5. (a) Temporal evolution of the transient absorption signal at
465 nm in Ru�PTZ (solid blue trace) and Ru�H (dashed red trace) in
the first 300 ns after initiation of the flash-quench sequence. (b)
Temporal evolution of the luminescence intensity at 610 nm in the
same samples, i.e., in presence of 50 mM methylviologen.
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time of laser excitation amounts to �0.815, which leads us to an
equilibrium constant of 163 in favor of tmb•+ formation, and thus
Ru(III) to tmb hole hopping is estimated to be exergonic by
0.13 eV.
By contrast, hole transfer from the initial Ru(III) state to dmb

is endergonic by at least 0.17 eV; hence, for the second bridging
unit, hopping becomes more difficult, and for the xy unit it can be
ruled out completely because of the very high oxidation potential
of this particular spacer.18 The most plausible mechanistic scenario
for the overall charge transfer process in Ru�PTZ is captured by
the two dashed arrows in Scheme 4: After an initial hole transfer
fromRu(III) to tmb via hopping betweennearest neighbors, the hole
tunnels through the barrier imposed by the dmb and xy bridging
units. This picture is consistent will all experimental data.

’SUMMARY AND CONCLUSIONS

A combination of hopping and tunneling steps is responsible
for phototriggered hole transfer in the Ru�PTZ dyad. The
Ru�xy3-PTZ dyad from Scheme 1 is a suitable reference point
to illustrate the efficiency of the overall Ru(III)-to-PTZ hole
transfer process in the Ru�PTZ molecule: In both dyads charge
transfer occurs between identical redox couples over the same
distance, but in Ru�xy3-PTZ a pure tunneling mechanism is
operative. The time constants for hole transfer in the two systems
are 41 and 1835 ns, that is, the hopping/tunneling sequence in
Ru�PTZ is almost a factor of 50 more rapid than the tunneling
process in Ru�xy3-PTZ.

In a prior study of variable-length Ru�xyn-PTZ molecules
(n = 1� 4) we determined a distance decay constant of 0.77 Å�1

for hole tunneling from photogenerated Ru(bpy)3
3+ to phe-

nothiazine across oligo-p-xylene bridges.11a The length of a single
p-xylene unit is 4.3 Å, and consequently the hole transfer rate
increases by a factor of 27 per unit omitted. The factor-of-50 rate
acceleration found above for the Ru�PTZ system is therefore
predominantly the result of a shorter tunneling distance. Contrary
to prior studies by us and others,3c,9,10,27 the (local) lowering
of the barrier for hole tunneling caused by the p-dimethoxy-
benzene unit appears to play a comparatively small role in this
particular instance.

Our present study provides an illustrative example for how
alteration of bridge redox potentials through attachment of chemi-
cal substituents can affect the rates for charge transfer between
distant donors and acceptors. Tetramethoxybenzene units appear
to be promising hopping stations in oligo-p-phenylene bridges.

’EXPERIMENTAL SECTION

Commercially available chemicals were used as received without
further purification. Where needed, solvents were dried using standard
methods. Detailed synthetic protocols and characterization data for
Ru�PTZ and Ru�H, as well as for all intermediates from Scheme 2 are
given in the Supporting Information. 1HNMR spectra were acquired on
a Bruker Avance 400 MHz spectrometer; electrospray mass spectro-
metry was performed on Finnigan MAT SSQ 7000 and QSTAR XL
(AB/MDS Sciex) instruments. Elemental analyses were conducted by
Dr. Hansj€org Eder from the School of Pharmaceutical Sciences at the
University of Geneva. Optical absorption spectroscopy was performed
using a Cary 300 spectrophotometer from Varian, and steady-state
luminescence spectra were measured on a Fluorolog-3 instrument from
Horiba Jobin-Yvon. For transient absorption spectroscopy and time-
resolved emission experiments, an LP920-KS instrument from Edin-
burgh Instruments, equipped with an iCCCD camera from Andor, was

used. The excitation source was a Quantel Brilliant b laser equipped with
an OPO from Opotek. A Versatat3-100 potentiostat from Princeton
Applied Research was used for cyclic voltammetry and spectroelectro-
chemistry. For cyclic voltammetry, a glassy carbon working electrode
was employed, and two silver wires served as a counter-electrode and
quasi-reference electrode. Spectroelectrochemical measurements were
performed using an OTTLE cell (Omni-cell from Specac).26
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