
FULL PAPER

DOI: 10.1002/ejic.201000645

Photoinduced Processes in Fluorene-Bridged Rhenium–Phenothiazine Dyads –
Comparison of Electron Transfer Across Fluorene, Phenylene, and Xylene

Bridges

Mathieu E. Walther,[a] Jakob Grilj,[b] David Hanss,[a] Eric Vauthey,[b] and
Oliver S. Wenger*[c]

Keywords: Electron transfer / Photochemistry / Donor–acceptor systems / Time-resolved spectroscopy / Rhenium

The photoinduced processes occurring after pulsed laser ex-
citation of a series of donor–bridge–acceptor molecules com-
prising a phenothiazine electron donor, variable-length fluo-
rene bridges, and a rhenium(I) electron acceptor were inves-
tigated. A dyad with a single fluorene bridge unit exhibits
electron transfer from phenothiazine to the rhenium(I) com-
plex upon photoexcitation, whereas in dyads with fluorene
oligomers bridge-localized triplet excited states are formed
rather than electron transfer products. In the monofluorene-

Introduction

Fluorene materials are of interest as organic light-
emitting devices and plastic solar cells.[1] For both of these
applications, charge and energy transfer processes play key
roles in determining the overall efficiencies of practical de-
vices. In addition to fundamental studies of charge trans-
port in polyfluorene,[2] there has been much recent work
on fluorene oligomers that serve as simple and well-defined
model systems for polyfluorene. This includes the investiga-
tion of the chain-length dependence of the singlet- and trip-
let-excited state energies of oligofluorenes,[3] their redox po-
tentials,[4] fluorescence and phosphorescence properties,[3,5]

and charge and energy transfer across oligofluorene bridges
with covalently attached donors and acceptors.[3b,4,6] An
important finding is that the distance dependence of charge
transfer through oligofluorenes can be very shallow; attenu-
ation factors (β) of 0.093 and 0.09 Å–1 have been deter-
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bridged system with a donor–acceptor distance of ca. 15 Å,
electron transfer occurs with a time constant of 1.9 ns. The
equidistant electron transfer between the same donor and
acceptor is considerably slower across a biphenyl bridge
(3.9 ns) or a bi-p-xylene spacer (20 ns). This finding is inter-
preted in terms of different tunneling barrier heights associ-
ated with the charge transfer across the three different types
of molecular bridges.

mined,[4,6c] which compare favorably to oligophenylene vi-
nylene and oligophenylene ethynylene wires that can have
β-values between 0.01 and 0.4 Å–1.[7] For reference, protein
backbone mediates charge transfer with β ≈ 1.1 Å–1,[8]

whereas charge tunneling across noncovalent gaps in (fro-
zen) organic solvents proceeds with β�1.26 Å–1.[9] Thus,
oligofluorenes are excellent bridges for long-range charge
transfer, despite difficulties in elucidating the exact mecha-
nism.[6a]

These previous studies on the distance dependence of
charge transport through fluorene oligomers were per-
formed on entirely organic systems in which the charge
transfer originates from a singlet excited state, either from
a photoexcited perylenebis(dicarboximide) or a fuller-
ene.[4,6a,6c] In this work, we investigate mono-, bi-, and tri-
fluorene-bridged donor–acceptor dyads Re-fln-PTZ
(Scheme 1, top, left), which include a transition metal com-
plex as a photosensitizer. In order to fully understand the
photoinduced processes that occur upon photoexcitation of
these dyads, the simultaneous investigation of reference mo-
lecules Re-fln comprising the rhenium complex and the flu-
orene bridges, but lacking the phenothiazine (PTZ) donor
(Scheme 1, top, right) has proven necessary. Phenylene- and
xylene-bridged dyads (Re-ph1,2-PTZ, Re-xy1,2-PTZ) with
the same donor and acceptor (Scheme 1, lower half) were
also investigated for direct comparison of the charge-trans-
fer properties of fluorene, p-phenylene, and p-xylene
bridges.



M. E. Walther, J. Grilj, D. Hanss, E. Vauthey, O. S. WengerFULL PAPER

Scheme 1. Formulae of the donor–bridge–acceptor molecules in-
vestigated in this work.

Results and Discussion

Bridge-Length Dependent Electronic Structure of Fluorene-
Bridged Dyads

Figure 1a shows optical absorption spectra of the
Re-fln-PTZ dyads (solid traces) and the Re-fln reference
compounds (dashed traces) in dichloromethane solution at
room temperature.

Figure 1. (a) Optical absorption spectra of the Re-fln-PTZ dyads
and Re-fln reference molecules from Scheme 1 in CH2Cl2 solution
at room temperature. (b) Emission of these molecules in deoxy-
genated CH2Cl2 solution after excitation at 300 nm.

Inspection of the Re-fl1-PTZ absorption spectrum (top
panel, solid trace) reveals four discernible absorption
features. There is a PTZ-localized π-π* transition at ca.
39000 cm–1,[10] a phenanthroline-localized π-π* transition
at ca. 36000 cm–1,[11] a fluorene absorption at ca.
32000 cm–1,[3–4] and a much weaker band below 30000 cm–1

that can be attributed to a rhenium(I)-to-phenanthroline
metal-to-ligand charge transfer (MLCT).[11] The Re-fl1 ab-
sorption spectrum (top panel, dashed trace) differs from the
Re-fl1-PTZ absorption only in that it lacks the PTZ band
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at ca. 39000 cm–1. This is also true for the bifluorene and
trifluorene systems in the middle and lower panels. The
energetic positions of the PTZ and phenanthroline absorp-
tions are not affected by fluorene bridge elongation, but the
fluorene band itself shifts to longer wavelengths, which is a
well known phenomenon for these molecules.[3,4] This red-
shift has important implications regarding the emission
properties of the molecules investigated (Figure 1b). Upon
excitation of a Re-fl1 solution at wavelengths below 300 nm,
this molecule exhibits two intense emissions (top panel,
dashed trace), one centered around 28000 cm–1 with vi-
brational fine structure and a structureless band at
18500 cm–1. In deoxygenated acetonitrile solution, the for-
mer decays in less than 10 ns, whereas the latter has a life-
time of 3.9 µs (see Supporting Information). Based on their
energies, bandshapes, and lifetimes, the two emissions can
be attributed to fluorescence from the fluorene moiety
(28000 cm–1) and 3MLCT emission (18500 cm–1) from the
[Re(phen)(CO)3(pyridine)]+ complex. Excitation spec-
troscopy (data not shown) suggests that the fluorene emis-
sion is due to an impurity, i.e. this is not a case of a true
dual emission as observed frequently for lanthanides or for
some transition metals.[12] The Re-fl1-PTZ dyad exhibits the
same two emissions, but their intensities are reduced signifi-
cantly with respect to the Re-fl1 reference compound.
Moreover, the 3MLCT emission in the dyad decays with a
lifetime shorter than 10 ns. This indicates that an additional
nonradiative excited-state relaxation process is active in this
molecule.

Under identical experimental conditions, each of the
longer congeners of the fluorene dyads and reference mole-
cules from Scheme 1 exhibits only one single emission band
which is structured and short lived (τ � 10 ns). Figure 1b
shows that the emission band maximum redshifts upon
elongation of these molecules, and this redshift parallels
that observed in Figure 1a for the lowest-energy fluorene
absorption bands. These observations suggest that emission
occurs from fluorene-localized (singlet) excited-states, and
this interpretation is in line with prior studies of the emis-
sion properties of fluorene oligomers.[3] The lack of emis-
sion quenching in the Re-fl2-PTZ and Re-fl3-PTZ dyads
with respect to the Re-fl2 and Re-fl3 reference molecules is
another important difference to the monofluorene systems
Re-fl1-PTZ and Re-fl1. This indicates that the additional
nonradiative relaxation process occurring in Re-fl1-PTZ is
inactive in Re-fl2-PTZ and Re-fl3-PTZ.

Figure 2a shows transient absorption spectra measured
on deoxygenated 10–4  solutions of the fluorene-based mo-
lecules depicted in Scheme 1 in a time window ranging from
0.5–10.5 µs after laser excitation at 355 nm or 410 nm with
laser pulses of ca. 10 ns duration. No long lived photoprod-
uct is formed in the case of Re-fl1, but for the Re-fl1-PTZ
dyad an absorption signal peaking at around 520 nm is ob-
served (top panel, solid trace). Prior work and our own
spectroelectrochemical studies indicate that this absorption
signal can be attributed to the phenothiazine radical cat-
ion:[10,13] The top panel in Figure 3 shows optical absorp-
tion spectra of the Re-fl1-PTZ and Re-fl1 molecules mea-
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sured under application of oxidative potentials to acetoni-
trile solutions of these molecules in an optically transparent
thin-layer electrochemical cell.[14]

Figure 2. (a) Transient absorption spectra measured on deoxy-
genated CH3CN solutions of the fluorene molecules depicted in
Scheme 1 after excitation with 10 ns laser pulses at 410 nm. The
spectra were detected in a 10 µs time gate starting 500 ns after the
excitation pulse. The dashed trace is the triplet-triplet absorption
spectrum of trifluorene at 77 K as taken from the literature.[3a] (b)
Transient absorption of the same molecules in CH3CN detected
with a time delay of 1 ns after excitation at 400 nm with pulses of
150 fs width.

Figure 3. Spectroelectrochemistry of the Re-fln-PTZ dyads in
CH3CN solution. Potentials are reported vs. SCE. The dotted
traces are the radical cation spectra of bifluorene (fl2) and trifluor-
ene (fl3) taken from the literature.[16a]

The wavelength range of Figure 3 corresponds exactly to
that used in Figure 2, notably a spectral region in which
the parent (unoxidized) compounds are transparent. The
absorption band observed for Re-fl1-PTZ in the spectroelec-
trochemical experiment (Figure 3) corresponds to that ob-
served in transient absorption (Figure 2). Cyclic voltamme-
try (see Supporting Information) shows that the PTZ radi-
cal cation forms at a potential of 0.8 V vs. SCE, which is in
line with prior investigations.[13a,13d] Thus, it is clear that an
electron transfer photoproduct is observed for the mono-
fluorene-bridged dyad.

The transient absorption spectra of Re-fl2-PTZ and Re-
fl3-PTZ in Figure 2a (middle and bottom panels) are mark-
edly different from that observed for Re-fl1-PTZ (top
panel). The absorption peak at 520 nm is absent in the spec-
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tra of the longer congeners, indicating that a PTZ·+ radical
cation is not formed in these instances. Furthermore, the
transient absorption spectra of the two longer dyads
strongly resemble those observed for the respective refer-
ence molecules that lack the PTZ moiety. For both Re-fl2-
PTZ and Re-fl2 there is a single broad band centered
around 600 nm, whereas for both Re-fl3-PTZ and Re-fl3
there is a double band with peaks at around 560 and
670 nm. The question arises of what species these absorp-
tion bands are due to. Since photoexcited tricarbonylrheni-
um(I) diimines are strong electron acceptors,[15] one pos-
sibility to be considered is the formation of oxidized
fluorene oligomers. Up to oxidizing potentials of 1.0 V vs.
SCE, spectroelectrochemical investigations of the Re-fl2-
PTZ and Re-fl3-PTZ dyads (Figure 3) only produce evi-
dence for the PTZ·+ radical cation, whereas the Re-fl2 and
Re-fl3 reference molecules stay transparent in the spectral
region of interest. At a potential of 1.5 V vs. SCE, also the
reference molecules exhibit spectroelectrochemical signals
(dashed traces). The resulting spectra are similar to those
previously reported for chemically oxidized bi- and trifluor-
ene (dotted traces in Figure 3),[16] and are attributed to the
fluorene-localized radical cations.[17] The spectral signatures
of these radical cations are clearly different from the tran-
sient absorption signals in Figure 2, and the inescapable con-
clusion is that the photoproducts in Re-fl2, Re-fl2-PTZ, Re-
fl3, and Re-fl3-PTZ are not bi- or trifluorene radical cations.

The dashed trace in the bottom panel of Figure 2a is the
triplet-triplet absorption spectrum of trifluorene in a 2-
methyltetrahydrofuran glass at 77 K as taken from litera-
ture.[3a] The similarity of this spectrum to the transient ab-
sorption spectra of Re-fl3 and Re-fl3-PTZ is striking, and it
appears plausible to conclude that a trifluorene-localized
triplet excited state is populated upon photoexcitation of
these molecules. By analogy, the photoproduct observed for
the shorter Re-fl2 and Re-fl2-PTZ molecules is assigned to a
bifluorene-localized triplet state, although the triplet-triplet
absorption spectrum of bifluorene does not appear to have
been reported in the literature so far. A prior study of the
phosphorescence properties of fluorene oligomers at 77 K
showed that the energy of their lowest lying triplet excited
states is strongly dependent on the length of the oligomers
(Scheme 2).[3]

Scheme 2. Energy-level diagrams for the Re-fln-PTZ molecules. The
energies of the fluorene-localized excited states are taken from the
literature.[3]
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For monofluorene this state (3fl1) is at 2.86 eV, for bi-

fluorene (3fl2) at 2.43 eV, and for trifluorene (3fl3) at 2.25 eV.
The energy of the rhenium/phenanthroline 3MLCT excited
state is ca. 2.6 eV,[11] i.e., this state is energetically below the
3fl1 state, but above the 3fl2 and 3fl3 levels. This sequence of
energy levels is consistent with all of the above experimental
observations: (i) in Re-fl1-PTZ and Re-fl1 the lowest-lying
excited state is the 3MLCT level, hence the observation of
3MLCT emission in addition to fluorene fluorescence in
these two molecules (Figure 1b, top panel), (ii) in Re-fl2-
PTZ, Re-fl2, Re-fl3-PTZ, and Re-fl3 the lowest-lying excited
states are fluorene-localized triplets, hence the observation
of their spectral signatures in transient absorption (Fig-
ure 2a, middle and bottom panels), and hence the absence
of 3MLCT emission in these compounds. Phosphorescence
from the fluorene triplets is not observed at room tempera-
ture.

Femtosecond time-resolved transient absorption spec-
troscopy (Figure 2b) shows that the abovementioned pho-
toproducts form almost immediately after excitation. After
1 ns, the PTZ·+ radical cation signature is already observed
for Re-fl1-PTZ (top panel). Likewise, the spectral signatures
of the bi- and trifluorene triplets (3fl2 and 3fl3) are observed
after this time delay for Re-fl2-PTZ, Re-fl2, Re-fl3-PTZ, and
Re-fl3 (middle and bottom panels). The temporal evolution
of these signals after pulsed excitation at 400 nm is shown
in Figure 4a. The PTZ·+ population (detected at 520 nm) in
Re-fl1-PTZ (top panel) builds up with a time constant of
1.9 ns. In Re-fl2-PTZ and Re-fl2 the 3fl2 state (as detected at
600 nm) is populated with time constants of 1.3 and 1.8 ns,
respectively, whereas in Re-fl3-PTZ and Re-fl3 the 3fl3 pop-
ulation (detected at 660 nm) builds up with time constants
of 0.9 and 1.3 ns, respectively. As illustrated by Figure 4b,
all of these photoproducts decay on a microsecond time
scale. The lifetime of the PTZ·+ radical cation of Re-fl1-PTZ
in deoxygenated acetonitrile solution is 1.3 µs, i.e., thermal
back-electron transfer from the reduced rhenium complex
to the oxidized amine is slow. Long-lived charge-separated
states are not uncommon for rhenium–phenothiazine do-

Figure 4. (a) Temporal evolution of the transient absorption inten-
sities at 520 nm (Re-fl1-PTZ), 600 nm (Re-fl2-PTZ, Re-fl2) and
660 nm (Re-fl3-PTZ, Re-fl3) after excitation of CH3CN solutions
at 400 nm with laser pulses of 150 fs duration. (b) Decays of the
transient absorption intensities from (a) in deoxygenated CH3CN.
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nor–acceptor systems due to the occurrence of an inverted
driving force effect.[18] The charge separated state with oxid-
ized phenothiazine and reduced rhenium complex is
roughly 2.2 eV above the ground state (Scheme 2),[18]

thereby making charge recombination highly exergonic and
comparatively slow.[13a,19] Furthermore, the charge recom-
bination process here is spin forbidden. Under identical ex-
perimental conditions, the 3fl2 lifetimes of Re-fl2-PTZ and
Re-fl2 are 8.1 and 7.0 µs, respectively, whereas the 3fl3 life-
times of Re-fl3-PTZ and Re-fl3 are 3.6 and 5.5 µs, respec-
tively.

A noteworthy observation is the direct decay of the 3fl2
and 3fl3 excited states in Re-fl2-PTZ and Re-fl3-PTZ to the
ground states. In these dyads, the respective fluorene triplet
excited states are at higher energies than the charge sepa-
rated state (Scheme 2). In principle, electron transfer from
PTZ to rhenium is therefore energetically possible from the
3fl2 and 3fl3 states. However, transient absorption spec-
troscopy provides no evidence for the formation of pho-
toproducts other than these fluorene-localized triplets even
after long time delays (Figure 2a). In this regard, these fluo-
rene dyads behave like rhenium–anthracene or rhenium–
phenanthrene dyads, in which triplet excited states on the
anthracene and phenanthrene moieties are formed upon
photoexcitation.[18,20]

Comparison of Electron Transfer in Fluorene-, Phenylene-,
and Xylene-Bridged Rhenium–Phenothiazine Dyads

Figure 5a shows transient absorption spectra measured
on acetonitrile solutions of the xylene- and phenylene-
bridged rhenium–phenothiazine dyads from the lower half
of Scheme 1. In all three cases shown in Figure 5a, the spec-
tral signature of the PTZ·+ radical cation is observed after
a time delay of 1 ns, and this signal remains detectable even
after 2 µs.

Figure 5. (a) Transient absorption spectra measured on CH3CN
solutions of the dyads from the lower half of Scheme 1 after time
delays of 1 ns and 2 µs. (b) Rise of the transient absorption inten-
sities at 520 nm (PTZ·+ radical cation).

In the case of the Re-ph2-PTZ molecule (bottom panel),
the initial spectrum is somewhat broadened, but neverthe-
less exhibits the typical features of the PTZ·+ spectrum. The
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rise of the transient absorption intensities at 520 nm after
excitation at 400 nm are shown in Figure 5b. The PTZ·+

electron-transfer product forms with time constants of
770 ps in Re-xy1-PTZ, 450 ps in Re-ph1-PTZ, and 3900 ps
in Re-ph2-PTZ. In prior studies, we reported the kinetics of
phenothiazine-to-rhenium electron transfer in a series of
Re-xyn-PTZ molecules with the bridge length n varying
from 2 to 5.[21] The distance dependence of the electron
transfer in this series is exponential (open circles in Fig-
ure 6), and a distance decay parameter (β) of 0.52 Å–1 was
determined. The newly measured data point for Re-xy1-
PTZ using laser equipment with higher time resolution (cir-
cle at a donor–acceptor distance of 10.6 Å in Figure 6) is in
line with our prior investigations.[21,22] The electron transfer
rate constant (kET) for the bi-p-xylene-bridged system Re-
xy2-PTZ as determined previously is 5�107 s–1, i.e., PTZ-
to-rhenium electron transfer occurs with a time constant of
20 ns.[21]

Figure 6. Rate constants (kET) for photoinduced hole transfer from
rhenium to phenothiazine for various bridges and different donor–
acceptor distances.

Scheme 3. Comparison of rate constants (kET) for hole tunneling across fluorene-, biphenyl- and bi-p-xylene-bridged rhenium–phenothi-
azine donor–acceptor couples. Estimates for the tunneling energy gap (∆ε) and equilibrium torsion angles between the two phenyl units
(φph–ph) of each molecular bridge are also compared. Equation (1) predicts an increase of charge transfer rate constants for decreasing
∆ε and increasing hbb. The latter increases with decreasing φph–ph. A hole tunneling rather than electron tunneling mechanism is active in
these systems.[21]
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It is interesting to compare the kinetics of electron trans-
fer in the Re-xy2-PTZ, Re-ph2-PTZ, and Re-fl1-PTZ dyads
because the donor–acceptor distance in these three mole-
cules is virtually the same (14.9 Å). With the electron do-
nors and acceptors also being identical, the only difference
is the molecular bridge connecting the two redox partners.
Yet, the experimentally determined electron transfer rate
constants (Figure 6) differ significantly between the three
molecules. For Re-xy2-PTZ kET = 5 �107 s–1, for Re-ph2-
PTZ kET = 2.6�108 s–1, and for Re-fl1-PTZ kET =
5.3�108 s–1 (Scheme 3).

Thus, electron transfer across the fluorene bridge is a fac-
tor of two faster than for the biphenyl spacer and an order
of magnitude more rapid than electron transfer across the
bi-p-xylene bridge. The exponential distance dependence of
kET in the xylene systems is clear evidence for a tunneling
process,[21a,23] and it is plausible to assume that electron
transfer in the phenylene- and fluorene-bridged dyads oc-
curs with the same type of mechanism. According to super-
exchange theory, the electronic coupling between distant
donors and acceptors (HDA) bridged by n identical spacer
units is a function of donor–bridge (hDb), bridge–bridge
(hbb), and bridge–acceptor (hbA) couplings, as well as the
so-called tunneling energy gap ∆ε [Equation (1)]: [24]

(1)

In Re-xy2-PTZ, the methyl substituents at the two bridg-
ing units enforce a significantly greater dihedral angle be-
tween the two xylyl spacers than is the case for the two
unsubstituted phenyl units in Re-ph2-PTZ.[21a] Electronic
coupling between individual phenyl units depends crucially
on the torsion angles between them,[25] and therefore hbb
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can be expected to be significantly greater for Re-ph2-PTZ
than for Re-xy2-PTZ. This provides a plausible qualitative
explanation for the higher electron transfer rate in the bi-
phenyl system with respect to the bi-p-xylene dyad, and it
is in line with the previously observed stronger distance de-
pendence of electron transfer rates in oligo-p-xylene bridges
relative to oligo-p-phenylenes.[26]

As far as the fluorene spacer in Re-fl1-PTZ is concerned,
its two phenyl rings may be considered as individual bridge
units that are oriented relative to each other at an even
lower dihedral angle than in the biphenyl system. Crystallo-
graphic studies show that the torsion angle between the two
phenyl units of a given fluorene moiety may be as low as
6°,[27] whereas the typical (equilibrium) torsion angle in bi-
phenyl is around 35° (Scheme 3).[28] Thus, one may argue
that the additional lowering of the phenyl–phenyl torsion
angle is responsible for the higher rate of electron transfer
in Re-fl1-PTZ with respect to Re-ph2-PTZ. However, due
to large differences between the redox potentials of biphenyl
and fluorene, it appears more reasonable to consider the
entire fluorene as one single bridge unit. In this case, the
electron transfer rate acceleration in Re-fl1-PTZ can be ex-
plained by a comparatively low tunneling energy gap ∆ε.
This physical quantity is not directly accessible from experi-
ment,[23] but may be approximated by the difference in the
redox potentials of the donor and the bridge.[29] The rel-
evant donor potential for rhenium–phenothiazine dyads is
the excited state oxidation potential of the rhenium com-
plex because charge transfer in these system occurs through
a hole tunneling (rather than electron tunneling) mecha-
nism.[21] The relevant bridge potential for hole transfer is
the oxidation potential of fluorene, which has been reported
as 1.58 V vs. SCE.[4,16b] For reference, biphenyl is oxidized
at 1.96 V vs. SCE.[30] With an excited state oxidation poten-
tial of 1.42 V vs. SCE for the rhenium hole donor,[21a] one
thus arrives at estimates for ∆ε of 0.16 eV for the fluorene
bridge and 0.54 eV for the biphenyl spacer (Scheme 3).[21b]

Such a large difference in tunneling energy gaps is expected
to lead to significant differences in the overall donor–ac-
ceptor coupling (HDA) according to Equation (1). Since kET

� HDA
2,[31] this can explain the increased electron transfer

rate constant of Re-fl1-PTZ relative to Re-ph2-PTZ qualita-
tively.

Conclusions

Electron transfer across fluorene oligomers cannot be in-
vestigated with rhenium(I) tricarbonyl diimine photosensi-
tizers because of the formation of fluorene-localized triplet-
excited states that do not exhibit any charge transfer chem-
istry. If coordination complexes are to be used in this con-
text, they must have 3MLCT states that are energetically
below 2.2 eV. Thus, Ru(bpy)3

2+ may be an appropriate
choice, although this may require the use of a stronger elec-
tron donor than phenothiazine.[26a,32]

The intramolecular 15 Å hole transfer from phenothi-
azine to a photoexcited rhenium complex is found to be
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dependent on subtle variations in the covalent linker be-
tween the two redox partners. For a bi-p-xylene bridge, the
process is slower than for a biphenyl spacer due to weaker
electronic coupling caused by a greater equilibrium torsion
angle between the methyl-substituted bridge units. For a
single fluorene spacer, the process is faster than for biphenyl
due to a smaller tunneling energy gap caused by the lower
oxidation potential of fluorene with respect to biphenyl.
Taken together, these results highlight the importance of
both conformational effects and bridge redox potentials for
long-range charge transfer.

Experimental Section
General: All 1H NMR measurements were performed using a
Bruker Avance 400 MHz spectrometer. Chemical shifts are re-
ported relative to the tetramethylsilane signal. Finnigan MAT SSQ
7000 and QSTAR XL (AB/MDS Sciex) instruments were used for
electrospray mass spectrometry. Elemental analyses were conducted
by Dr. Hansjörg Eder from the School of Pharmaceutical Sciences
at the University of Geneva.

For optical absorption spectroscopy, a Cary 5000 UV/Vis/NIR
spectrophotometer from Varian was used, and steady-state lumi-
nescence spectra were measured with a Horiba Fluorolog-3 (Jobin–
Yvon) or a Cary Eclipse (Varian) instrument.

Nanosecond transient absorption was conducted with an experi-
mental set-up with an excitation source comprising a Quantel Bril-
liant Nd:YAG laser with integrated Magic Prism OPO, and a probe
source consisting of a 900-W tungsten lamp. The detection system
comprised a Spex 270M monochromator, a Hamamatsu photomul-
tiplier, and Tektronix TDS 540B oscilloscope. Time-resolved lumi-
nescence experiments with a temporal resolution of �15 ns were
performed with the same set up. For all nanosecond time-resolved
experiments, 10–4  solutions of the samples were deoxygenated in
home-built quartz cuvettes via three subsequent freeze–pump–thaw
cycles.

Subnanosecond transient absorption spectroscopy was performed
with the experimental set up described previously.[33] Sample exci-
tation in this case occurred at 400 nm, and the probe beam was a
white light continuum obtained by focusing an 800-nm laser beam
onto a CaF2 window of 3 mm thickness. Samples with optical
densities around 0.1 in a 1-mm cuvette were used for these experi-
ments, and nitrogen gas was bubbled through the solutions during
the experiments.

For luminescence decay measurements with subnanosecond time
resolution, samples were excited at 395 nm by a picoquant laser
diode and detected with a Hamamatsu photomultiplier tube. Veril
and interference filters were used to select the wavelength range for
detection. Acetonitrile or dichloromethane of spectrophotometric
grade from the Fluka chemical company was used for all optical
spectroscopic experiments.

Cyclic voltammetry and spectroelectrochemical experiments were
performed using a Versastat3–100 potentiostat from Princeton Ap-
plied Research equipped with the K0264 microcell kit. A silver wire
served as a quasireference electrode. The supporting electrolyte was
a 0.1  solution of tetrabutylammonium hexafluorophosphate in
dry acetonitrile. Prior to voltage scans at rates of 200 mV/s, nitro-
gen gas was bubbled through the solutions. For spectroelectro-
chemical experiments an OTTLE cell (Omni-cell from Specac) was
employed.[34]
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Supporting Information (see also the footnote on the first page of
this article): Protocols for syntheses and product characterization
data, cyclic voltammetry data, luminescence decay data.

Acknowledgments

Financial support from the Swiss National Science Foundation
through grant number PP002-110611 is acknowledged.

[1] a) R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes,
R. N. Marks, C. Taliani, D. D. C. Bradley, D. A. Dos Santos,
J. L. Bredas, M. Logdlund, W. R. Salaneck, Nature 1999, 397,
121–128; b) M. Gross, D. C. Müller, H. G. Nothofer, U. Scherf,
D. Neher, C. Brauchle, K. Meerholz, Nature 2000, 405, 661–
665; c) J. Jacob, S. Sax, T. Piok, E. J. W. List, A. C. Grimsdale,
K. Müllen, J. Am. Chem. Soc. 2004, 126, 6987–6995; d) S. Oys-
ton, C. S. Wang, I. F. Perepichka, A. S. Batsanov, M. R. Bryce,
J. H. Ahn, M. C. Petty, J. Mater. Chem. 2005, 15, 5164–5173;
e) S. Kappaun, H. Scheiber, R. Trattnig, E. Zojer, E. J. W. List,
C. Slugovc, Chem. Commun. 2008, 5170–5172; f) X. J. Wang,
E. Perzon, J. L. Delgado, P. de la Cruz, F. L. Zhang, F. Langa,
M. Andersson, O. Inganas, Appl. Phys. Lett. 2004, 85, 5081–
5083; g) M. Tavasli, S. Bettington, M. R. Bryce, H. A. Al Attar,
F. B. Dias, S. King, A. P. Monkman, J. Mater. Chem. 2005, 15,
4963–4970; h) C. S. Wang, M. R. Bryce, J. Gigon, G. J.
Ashwell, I. Grace, C. J. Lambert, J. Org. Chem. 2008, 73, 4810–
4818.

[2] a) N. Takeda, S. Asaoka, J. R. Miller, J. Am. Chem. Soc. 2006,
128, 16073–16082; b) S. Asaoka, N. Takeda, T. Lyoda, A. R.
Cook, J. R. Miller, J. Am. Chem. Soc. 2008, 130, 11912–11920.

[3] a) D. Wasserberg, S. P. Dudek, S. C. J. Meskers, R. A. J.
Janssen, Chem. Phys. Lett. 2005, 411, 273–277; b) V. A. Mon-
tes, C. Perez-Bolivar, N. Agarwal, J. Shinar, P. Anzenbacher, J.
Am. Chem. Soc. 2006, 128, 12436–12438.

[4] R. H. Goldsmith, L. E. Sinks, R. F. Kelley, L. J. Betzen, W. H.
Liu, E. A. Weiss, M. A. Ratner, M. R. Wasielewski, Proc. Natl.
Acad. Sci. USA 2005, 102, 3540–3545.

[5] C. Y. Chi, C. Im, G. Wegner, J. Chem. Phys. 2006, 124, 024907.
[6] a) R. H. Goldsmith, O. DeLeon, T. M. Wilson, D. Finkelstein-

Shapiro, M. A. Ratner, M. R. Wasielewski, J. Phys. Chem. A
2008, 112, 4410–4414; b) S. P. Dudek, M. Pouderoijen, R. Ab-
bel, A. Schenning, E. W. Meijer, J. Am. Chem. Soc. 2005, 127,
11763–11768; c) C. Atienza-Castellanos, M. Wielopolski,
D. M. Guldi, C. van der Pol, M. R. Bryce, S. Filippone, N.
Martín, Chem. Commun. 2007, 5164–5166; d) C. van der Pol,
M. R. Bryce, M. Wielopolski, C. Atienza-Castellanos, D. M.
Guldi, S. Filippone, N. Martín, J. Org. Chem. 2007, 72, 6662–
6671; e) Y. Chen, M. E. El-Khouly, X. D. Zhuang, N. He, Y.
Araki, Y. Lin, O. Ito, Chem. Eur. J. 2007, 13, 1709–1714; f) G.
Zhou, M. Baumgarten, K. Müllen, J. Am. Chem. Soc. 2008,
130, 12477–12484; g) T. Miura, R. Carmieli, M. R. Wasielew-
ski, J. Phys. Chem. A 2010, 114, 5769–5778.

[7] a) W. B. Davis, W. A. Svec, M. A. Ratner, M. R. Wasielewski,
Nature 1998, 396, 60–63; b) F. Giacalone, J. L. Segura, N.
Martín, D. M. Guldi, J. Am. Chem. Soc. 2004, 126, 5340–5341;
c) J. Wiberg, L. J. Guo, K. Pettersson, D. Nilsson, T. Ljung-
dahl, J. Mårtensson, B. Albinsson, J. Am. Chem. Soc. 2007,
129, 155–163; d) J. Fortage, E. Goransson, E. Blart, H. C.
Becker, L. Hammarström, F. Odobel, Chem. Commun. 2007,
4629–4631.

[8] H. B. Gray, J. R. Winkler, Annu. Rev. Biochem. 1996, 65, 537–
561.

[9] a) O. S. Wenger, B. S. Leigh, R. M. Villahermosa, H. B. Gray,
J. R. Winkler, Science 2005, 307, 99–102; b) O. S. Wenger, H. B.
Gray, J. R. Winkler, Chimia 2005, 59, 94–96; c) O. S. Wenger,
Coord. Chem. Rev. 2009, 253, 1439–1457.

[10] G. Ajayakumar, K. R. Gopidas, Photochem. Photobiol. Sci.
2008, 7, 826–833.

Eur. J. Inorg. Chem. 2010, 4843–4850 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4849

[11] a) L. Wallace, D. P. Rillema, Inorg. Chem. 1993, 32, 3836–3843;
b) W. D. Bare, N. H. Mack, J. N. Demas, B. A. DeGraff, Appl.
Spectrosc. 2004, 58, 1093–1100; c) O. S. Wenger, L. M. Henling,
M. W. Day, J. R. Winkler, H. B. Gray, Inorg. Chem. 2004, 43,
2043–2048.

[12] a) G. H. Dieke, H. M. Crosswhite, B. Dunn, J. Opt. Soc. Am.
1961, 51, 820–827; b) O. S. Wenger, C. Wickleder, K. W.
Krämer, H. U. Güdel, J. Lumin. 2001, 94, 101–105; c) O. S.
Wenger, S. Benard, H. U. Güdel, Inorg. Chem. 2002, 41, 5968–
5977; d) O. S. Wenger, H. U. Güdel, Inorg. Chem. 2001, 40,
5747–5753.

[13] a) P. Y. Chen, T. D. Westmoreland, E. Danielson, K. S.
Schanze, D. Anthon, P. E. Neveux, T. J. Meyer, Inorg. Chem.
1987, 26, 1116–1126; b) W. D. Bates, P. Y. Chen, D. M. Dattel-
baum, W. E. Jones, T. J. Meyer, J. Phys. Chem. A 1999, 103,
5227–5231; c) M. E. Walther, O. S. Wenger, ChemPhysChem
2009, 10, 1203–1206; d) S. A. Alkaitis, G. Beck, M. Grätzel, J.
Am. Chem. Soc. 1975, 97, 5723–5729.
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