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Molecular approaches to solar-energy conversion require a kinetic optimization of light-induced electron-transfer
reactions. At molecular–semiconductor interfaces, this optimization has previously been accomplished through control of
the distance between the semiconductor donor and the molecular acceptor and/or the free energy that accompanies
electron transfer. Here we show that a kinetic pathway for electron transfer from a semiconductor to a molecular acceptor
also exists and provides an alternative method for the control of interfacial kinetics. The pathway was identified by the
rational design of molecules in which the distance and the driving force were held near parity and only the geometric
torsion about a xylyl- or phenylthiophene bridge was varied. Electronic coupling through the phenyl bridge was a factor of
ten greater than that through the xylyl bridge. Comparative studies revealed a significant bridge dependence for electron
transfer that could not be rationalized by a change in distance or driving force. Instead, the data indicate an interfacial
electron-transfer pathway that utilizes the aromatic bridge orbitals.

The ability to control charge-transfer events at illuminated
semiconductor interfaces with a precision such as that
known in molecular donor–bridge–acceptor compounds rep-

resents a goal of both practical importance and fundamental signifi-
cance. In molecular compounds, superexchange can mediate
electron transfer over long distances1,2, whereas conjugated and/or
redox-active bridges provide opportunities for electron hopping3,4.
When the donor is a semiconductor and the acceptor is a molecule,
the corresponding bridge chemistry remains unknown, even though
control of this reaction is important for solar-cell optimization5.
A distance dependence for this interfacial reaction has been
demonstrated with molecular bridges6–8 and in insulating thin
films in core–shell nanoparticles9,10, and is understood as an
exponential decrease in the donor–acceptor electronic coupling,
HAB =HAB

o exp(–β(R – Ro)/2), where HAB
o is the value of HAB at

the van der Waals separation Ro and β is a constant that scales
the distance dependence1. However, the abstracted β values do not
address whether the bridge simply fixes the distance over which
the injected electron tunnels or whether specific pathways are oper-
ative. Reported herein is clear evidence of a specific electron-transfer
‘pathway’ for an interfacial electron transfer from a semiconductor
to a molecule.

The question of whether specific electron-transfer pathways exist
through the intervening matter that separates a donor from an
acceptor has been considered for some time11. In some cases, it is
now known that pathways do, indeed, exist12–14. For example,
nature provides kinetic pathways for biological electron transfer
that are now understood with a high level of sophistication12,13,15,16.
Although a protein continuum β value of 1.4 Å−1 provided reason-
able estimates of long-range electron transfer in reaction centres15,16,
it is now understood that the details of the polypeptide structure as
well as the presence of specific water clusters must be taken into
account to rationalize fully the experimental data12,13. A ‘tunnel-
ling-pathway model’ emerged for electron transfer in proteins and
its educated use at molecular–semiconductor interfaces requires

some experimental verification that such interfacial ‘pathways’ do
exist. To date, models for electron transfer in molecular solar
cells are based solely on thermodynamics and do not account for
specific kinetic pathways that might exist. This is unfortunate
as solar-cell efficiency is generally governed by kinetics and so
the identification of pathways that both promote the desired
electron transfers and inhibit unwanted reactions would be the
most impactful.

How can specific electron-transfer pathways be identified at
molecular–semiconductor interfaces? This is non-trivial and is not
garnered easily from the previously mentioned ‘distance-dependent’
studies in which abstracted β values were subject to large uncertain-
ties because of the limited range of distances possible in mesoporous
TiO2 thin films6,7,9,10,17. A further complication is that observed rate
constants may not unambiguously report on the interfacial electron
transfer of interest18. The acute sensitivity of this reaction to the
number of TiO2 electrons present in the nanocrystallite17 and the
very weak driving-force dependence reported by most19–22, but
not all23, has led many to conclude that observed rate constants
report only on the diffusional encounters of the TiO2 electrons
with the molecular acceptors24–27. Clifford et al. found that inter-
facial electron transfer was most easily understood when the phys-
ical location of the acceptor frontier molecular orbitals was taken
into account19, which has been exploited to optimize interfacial elec-
tron transfer with highly doped degenerate semiconductors28.
Collectively, the prior literature is in line with the viewpoint that
electron transfer from a semiconductor to a molecular acceptor is
sensitive to distance, which naturally raises the question of
whether specific interfacial pathways exist.

The experimental approach described here utilizes four bistridentate
cyclometallated ruthenium(II) compounds linked to a pendent triphe-
nylamine (TPA) group through either a xylyl- or a phenylthiophene
bridge. When anchored to mesoporous nanocrystalline TiO2 thin
films, pulsed-light excitation is known to result in a rapid excited-
state electron transfer to TiO2 (refs 22,29) The desired reaction of the
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TiO2(e
–) with RuIII and TPA•+ can then be quantified on nanosecond

and longer timescales (Fig. 1). Substituents on the cyclometallating
ligand were used to tune the RuIII/II potential in two series of com-
pounds that differed only in the bridging ligand, 1x versus 1p and
2x versus 2p where the x and p abbreviations indicate the xylyl and
phenyl bridges. Within these series the distance and driving force is
held essentially constant as the the nature of the bridge is varied.
This approach was successful and the comparative study provides the
first compelling evidence for an interfacial pathway and a clear demon-
stration that electron-transfer kinetics can be optimized through a judi-
cious choice of the bridge. Such insights could not have been garnered
had the distance and/or driving forces been changed.

Results
Spectroscopic and redox properties. The visible absorption spectra
of the molecules anchored to the TiO2 thin films were very similar
to those measured for the carboxylate forms of the compounds in
fluid solution. The materials absorb light through the visible
region to beyond 800 nm in all cases. Owing to differences in
the electronic coupling described further below, 1p and 2p have
about twice the extinction coefficients of 1x and 2x (see
Supplementary Fig. 1).

Spectroelectrochemistry was used to quantify the interfacial
energetics in 0.5 M LiClO4/CH3CN electrolyte (Fig. 2). Raising
the Fermi level towards the vacuum level resulted in the reduction
of TiO2, with the characteristic appearance of the TiO2(e

–) absorp-
tion spectrum, as well as small shifts in the molecular absorption
spectrum because of an electric-field effect30. Positive applied poten-
tials resulted in absorption changes consistent with the sequential
and reversible oxidation of the Ru centre and the TPA group; main-
tenance of isosbestic points enabled the determination of absorption
spectra of the one- and two-electron oxidized states of these
molecules. The integrated concentration change measured spectro-
scopically after a potential step of 15–25 mV is plotted as a capaci-
tance in Fig. 2. The electron-donating –OCH3 group on the aryl
ring of the cyclometallating ligand for 1x and 1p lowered the
RuIII/II reduction potential, whereas the electron-withdrawing –CF3
group for 2x and 2p had the opposite effect. The TPA•+/0 reduction
potentials were held constant by maintaining the same substituents
for the entire series under evaluation. For 1x/TiO2 the Ru metal
centre was oxidized prior to the TPA group, whereas for 2x/TiO2

the TPA donor was oxidized prior to the metal centre. The potential
at which equal concentrations of the reduced and oxidized forms
were present was taken as the RuIII/II and TPA•+/0 formal reduction
potentials. The bridge unit had no measurable influence on the

reduction potentials of 1x/TiO2 relative to 1p/TiO2, and only a
small 30 mV shift in the RuIII/II reduction potentials for 2x/TiO2

relative to 2p/TiO2 (Table 1).

Bridge-mediated electronic coupling. Analysis of the absorption
spectra of the mixed-valent forms of these compounds generated
by one-electron electrochemical oxidation was revealing. The
appearance of an absorption band that was absent in the spectra
of the ground and two-electron oxidized states was assigned to an
intervalence charge-transfer (IVCT)-type transition (see
Supplementary Figs 2 and 3). A weak absorption feature was
observed for the mixed-valent form of 2x/TiO2 at approximately
the same energy as 2p/TiO2, but no IVCT band could be
identified for 1x/TiO2. Operating within the approximations of
the classic Marcus–Hush theory, the value of HAB was calculated
directly from the spectral band shape through the Mulliken–Hush
expression (equation (1)):

HAB = (4.2 × 10−4εmaxΔn1/2Eabs)
1/2 /d (1)

where εmax (M
−1 cm−1) is the extinction coefficient of the IVCT band,

Δν1/2 (cm−1) is the full-width at half-maximum (FWHM) of the
Gaussian-shaped band, Eabs (cm−1) is the energy of the transition
maximum and d (Å) is the calculated 14 Å distance between the
redox active Ru and the TPA centres31,32. This analysis revealed an
HAB value of about 1,800 ± 200 cm−1 for 1p/TiO2, 1,000 ± 300 cm

−1

for 2p/TiO2 and <100 cm−1 for 2x/TiO2. The inability to resolve the
IVCT band for 1x/TiO2 also implies a weak electronic coupling with
HAB < 100 cm

−1. Although details of the IVCT energies and band
shapes deserve further study, this analysis supports the hypothesis
that the methyl substituents in the xylyl bridge disrupt the
arylthiophene-bridge conjugation and thereby decrease HAB.

Time-resolved absorption spectroscopy. Figure 3a displays
absorption-difference spectra measured at the indicated delay
times after pulsed-laser excitation of 2x/TiO2. The corresponding
data for 1x/TiO2 is given in Supplementary Fig. 4. The absorption
band centred at 740 nm was characteristic of TPA•+ and the
metal-to-ligand charge-transfer (MLCT) bleach was diagnostic of
the oxidized Ru chromophore. Contributions from the excited
states were negligible and spectral simulations based on the
spectroelectrochemical data were found to model the transient
data accurately, which allowed the relative concentrations of RuIII

and TPA•+ to be quantified at all times after laser excitation. The
prompt appearance of the oxidized molecules indicated a rapid
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Figure 1 | The strategy utilized to demonstrate an electron-transfer pathway from TiO2 to a molecule. Pulsed laser excitation initiates the excited-state
injection that yields an electron in TiO2 (TiO2(e

–)) and an oxidized molecule. The subsequent reaction of the TiO2(e
–) with the oxidized molecule shown is

then quantified on nanosecond and longer timescales. The exceptional aspect of these molecules is that they vary only in the geometric torsion about the
aromatic bridge (grey), Bx = xylyl- or Bp = phenylthiophene. Hence, a bridge dependence for this reaction cannot be attributed to distance or driving force
and must result from an interfacial electron-transfer pathway that utilizes the bridge orbitals.
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excited-state electron injection, kinj > 10
8 s−1 in all cases. Comparative

studies with cis-Ru(dcb)2(NCS)2-sensitized TiO2 (dcb, 2,2′-
bipyridine-4,4′-dicarboxylic acid) revealed that the injection yields
were near unity. For the xylyl-bridged sensitizers, about 15% of
the TPA•+ signal increase was time resolved, consistent with
nanosecond RuIII → TPA hole transfer, kht = 2 × 108 s−1. The
appearance of TPA•+ for the phenyl-bridged molecules required
picosecond time resolution and was about an order of magnitude
faster, kht = 4 × 109 s−1 (Supplementary Fig. 5).

Electron-transfer kinetics. Visual inspection of the data in Fig. 3a
reveals that the bleach associated with RuIII returns to pre-excitation
levels on a faster timescale than does the long-wavelength
absorption caused by TPA•+. Similar observations were made after
pulsed-light excitation of 1x/TiO2. In contrast, recombination to
RuIII and TPA•+ occurred simultaneously for the phenyl-bridged
sensitizers such that the normalized absorption-difference spectra
were time independent.

The kinetics for interfacial electron transfer to yield ground-state
products are non-exponential and satisfactorily fit to a sum of two

Kohlrausch–Williams–Watts (KWW) functions (equation (2))33:

ΔA(λ,t) = ARuIII (λ)e
−(kRuIII t)

β

+ ATPA•+ λ( )e−(kTPA•+ t)β (2)

�k =
1
kβ

× Γ
1
β

( )[ ]−1
(3)

In these expressions, β is related to the breadth of an underlying
Lévy distribution of rate constants. The average rate constant,
�k, was calculated as the first moment (equation (3))34. The wave-
length-dependent amplitudes ARuIII and ATPA•+ were linked to a
specific rate constant and plotted against the observation wavelength
to yield decay-associated spectra (DAS) for the two components35.
Typical DAS are given in Fig. 3b with �kRuIII = 6.2 ± 0.6 × 105 s−1

and �kTPA•+ = 1.7 ± 0.2 × 104 s−1. The DAS spectra thus provided
clear evidence that the two kinetic processes were the reduction
of the RuIII or TPA•+ groups. Charge recombination to give a
Ru model compound that did not contain a pendant TPA donor
occurred with an average rate constant of �kRuIII = 1.9 ± 0.2 × 104 s−1.
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Figure 2 | The interfacial density of states for 1p/TiO2, 1x/TiO2, 2p/TiO2 and 2x/TiO2. The distributions at positive potentials were abstracted from
spectroelectrochemical data measured in 0.5 M LiClO4/CH3CN. The distributions shaded in blue correspond to RuIII/II redox equilibria and those shaded in
red correspond to TPA•+/0. The free energy stored in the excited states, ΔGES, was subtracted from the RuIII/II distributions to estimate the excited-state
reduction potentials that were found to overlap with the TiO2 acceptor states that are shaded in grey.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.2549 ARTICLES

NATURE CHEMISTRY | VOL 8 | SEPTEMBER 2016 | www.nature.com/naturechemistry 855

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://www.nature.com/compfinder/10.1038/nchem.2549_comp1x
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1x
http://www.nature.com/compfinder/10.1038/nchem.2549_comp2p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp2x
http://dx.doi.org/10.1038/nchem.2549
http://www.nature.com/naturechemistry


Single-wavelength kinetics monitored at the peak maximum of
750 nm for TPA•+ and 510 nm (or 540 nm) for RuIII with overlaid
fits are given in Fig. 3c,d. The kinetic data measured between 510
and 540 nm represent a bleach that is inverted in Fig. 3 to aid
comparisons. These kinetic data are distinctly different to those of
1p/TiO2 and 2p/TiO2, for which the abstracted rate constants
were the same within experimental error (Fig. 3c,d insets)29.

Discussion
The spectroscopic and electrochemical data clearly indicate that
the approach described above for the identification of an inter-
facial electron-transfer pathway was successful. To a very good
approximation the thermodynamics and distance for interfacial

electron transfer were held at parity, with only the nature of the
intervening bridge being altered. Significantly, the Eo(TPA•+/0)
reduction potentials were the same for all the compounds
studied. Density functional theory (DFT) indicated that the
methyl substituents in the xylyl bridge destabilized the planar
configuration of the arylthiophene moiety by about 40 kJ mol–1

relative to the phenyl bridge. The extinction coefficients of the
xylyl-bridged compounds were about half those with phenyl
bridges, a behaviour that is also consistent with decreased
conjugation36,37. Marcus–Hush analysis of the absorption spectra
of the one-electron oxidized forms of these molecules revealed an
approximate tenfold decrease in electronic coupling (HAB)
through the xylyl bridge. The important role that electronic coup-
ling plays in interfacial electron transfer was revealed by kinetic
experiments in which a laser pulse was used to inject electrons
into TiO2 and the subsequent electron transfer to the singly oxidized
molecules was quantified.

For the phenyl-bridged molecules, electron transfers to the
remote TPA•+ and the more proximate RuIII centre were identical.
The kinetics were non-exponential, yet overlaid raw transient
data as well as average rate constants revealed that the electron
transfer to both acceptors was the same, �kRuIII /�kTPA•+ = 1. Strong
electronic coupling, HAB > 1,000 cm

−1, provides highly delocalized
molecular orbitals that promote a rapid adiabatic electron
transfer. At such a strongly coupled interface there is no kinetic
advantage for a RuIII → TPA hole transfer; however, the larger

Table 1 | E1/2, k and HAB for compounds anchored to TiO2.

Compounds E1/2*
(RuIII/II)

E1/2*
(TPA•+/0)

�kRuIII

(105 s−1)

�kTPA•+

(105 s−1)
HAB

†

(cm−1)
1x/TiO2 870 960 5.4|| 0.51|| <100
1p/TiO2 870 960 0.19¶ 0.19¶ 1,800
2x/TiO2 1,030 940 6.2|| 0.17|| <100
2p/TiO2 1,060 940 0.19¶ 0.19¶ 1,000

*Potentials are in mV vs NHE. †The values for 1p/TiO2 and 2p/TiO2 were abstracted from IVCT
analysis of the mixed-valent form of the compound, and the values for the xylyl-bridged sensitizers
are set as lower limits (see the Supplementary Information). ||Values abstracted from fits to
equation (2) with β = 0.19. ¶Calculated with β = 0.26, which corresponds to recombination to the
equilibrium system (see text).
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surface dipole formed when the TPA is oxidized is known to
enhance open-circuit photovoltages22.

In contrast with the phenyl-bridged molecules, electron transfer
to the remote TPA•+ was slow relative to electron transfer to RuIII

for the xylyl-bridged compounds, �kRuIII /�kTPA•+ > 10. Indeed, after
pulsed-laser excitation of 2x/TiO2, electron transfer to the remote
TPA•+ was the only kinetic process observed at long observation
times. Theoretical calculations indicate that the xylylthiophene-
bridge molecular orbitals were further removed from the RuIII/II

and TPA•+/0 reduction potentials than were those of the phenylthio-
phene bridge, which resulted in decreased mixing and more-loca-
lized molecular orbitals. A Marcus–Hush analysis of the mixed
valent forms directly indicates a weak electronic coupling through
the xylyl bridge, HAB < 100 cm

−1, which probably underlies the
temporal data.

The kinetic data indicate that observed rate constants do, indeed,
report on interfacial electron transfer and are not rate limited by dif-
fusional encounters of the injected electron and the oxidized sensi-
tizer. A preliminary temperature-dependent study revealed a
significant barrier, the details of which will be reported elsewhere.
Given the homologous nature of these molecules and the parity of
the TPA•+/0 reduction potentials, it is clear that the pathway for elec-
trons includes transfer through the bridge orbitals. The use of
methyl substituents that sterically prevent planarization and lower
electronic couplings in molecular donor–bridge–acceptor com-
pounds has been exploited previously in molecular energy
transfer38, thermal electron transfer39 and light-driven electron
transfer40–43. This is the first example at an interface and is impor-
tant for controlling electron transfer at illuminated semiconductor
interfaces that does not necessitate the loss of free energy or rely
on distance.

Prior reports and DFT analysis indicate that the direct oxidation
or reduction of the bridge through a ‘hopping mechanism’ can be
ruled out under these experimental conditions44. The lowest-
energy bridge-dominated unfilled molecular orbitals are >3 eV,
whereas the filled molecular orbitals are within 1 eV of the RuIII/II

and TPA•+/0 reduction potentials. This suggests that electron trans-
fer occurs by a ‘hole’-transfer superexchange mechanism with the
filled bridge orbitals. This mechanism is well established in purely
molecular compounds and has recently been shown to support
long-range electronic communication over distances of >27 Å
through an oligophenylene bridge that provides an electronic coup-
ling intermediate to that reported here for the xylyl- and phenylthio-
phene bridges44. Although there would be no kinetic advantage to
hole superexchange through an oligophenylene bridge immobilized
on semiconductor surfaces, the data reported here indicate that this
bridge would also provide a pathway for electron transfer over
large distances.

Conclusion
The spectroscopic and redox behaviours of a homologous series
of four rigid molecules anchored to semiconducting mesoporous
TiO2 thin films were quantified. The electronic coupling was
tuned by the introduction of methyl groups that inhibited the
planarization of a thiophene unit with an aromatic ring of a
triarylamine donor. DFT indicated that the coplanar geometry was
destabilized by 40 kJ mol–1; Marcus–Hush analysis of the IVCT
absorption bands revealed that HAB decreased by about a factor of
ten. The orientation of the arylthiophene bridge was found to
influence significantly the electron transfer from TiO2 to a distal
acceptor and thereby provide the first compelling evidence of a
pathway for this important interfacial reaction. These data reveal
that through-bond pathways need to be considered in the develop-
ment of fundamental mechanistic models for interfacial electron
transfer at molecular–semiconductor interfaces. Furthermore, the
molecular arrangement of the bridge atoms can have a dramatic

influence on interfacial electron transfer that can be exploited to
optimize the efficiency of solar-energy conversion. Although enhan-
cing conjugation in donor–bridge–acceptor sensitizers has been a
uniform goal of practitioners seeking state-of-the-art devices over
the past half-decade, this work shows for the first time the possible
benefit of disrupting the said conjugation.

Methods
Synthetic procedures. All the synthetic procedures are detailed in Supplementary
Methods 1.

Sensitized thin films. Mesoporous nanocrystalline TiO2 thin films were prepared
as described previously45. The as-prepared TiO2 thin films were immersed in
∼1 × 10−4 M solution of the compounds over 12 hours for saturation surface
coverage for the spectroelectrochemistry. The absorbance of the film was controlled
at ∼0.4 at 532 nm for transient-absorption measurements in the transmission mode.
All the samples were purged with argon gas for at least 30 minutes prior
to experimentation.

Spectroelectrochemistry. Steady-state ultraviolet–visible (UV-vis) absorption
measurements were carried out on a Varian Cary 50 spectrophotometer at room
temperature. Potential steps were applied by a BAS model CV-50W potentiostat.
Sensitized TiO2 thin films on fluorine-doped tin oxide glass (15 Ω per square)
were used as the working electrodes, along with a AgCl/Ag pseudoreference
electrode and a platinum-disk counter electrode; the electrodes were positioned in a
1 cm quartz cuvette and used as the standard three-electrode cell. The
pseudoreference electrode was calibrated against a ferrocenium/ferrocene (Fc+/Fc)
standard before and after the experiments and was converted into a normal
hydrogen electrode (NHE) with the Fc+/Fc half-wave potential of +630 mV
versus (vs) NHE46.

Transient-absorption spectroscopy. Nanosecond transient-absorption
measurements were obtained on an apparatus similar to that described previously45.
Briefly, samples were excited by a frequency-doubled Q-switched pulsed
neodymium-doped yttrium–aluminium–garnet laser (Quantel USA (BigSky)
Brilliant B; 532 nm, 5–6 ns FWHM, 1 Hz, ∼1 cm in diameter) at ∼45° to the thin-
film substrate surface. A 150 W Xe arc lamp (Applied Photophysics) served as the
probe beam orthogonal to the excitation direction. Detection was achieved by a R928
photomultiplier tube (Hamamatsu) optically coupled to a monochromator
(Spex 1702/04). Transient data were acquired using a computer-interfaced digital
oscilloscope (LeCroy 9450, Dual 350 MHz). Transient signals were typically
averaged with 30–50 laser pulses. Kinetic-data fitting was performed in Origin 9
using the Levenberg–Marquardt iteration method for least-squares error
minimization, and spectral modelling was performed using a code written in
Mathematica 10. Excited-state injection yields for all the compounds were
determined by comparative actinometry using cis-Ru(dcb)2(NCS)2 as the reference
with an injection yield equal to one (Supplementary Table 147).

DFT calculations. Ground-state geometries of the xylyl- and phenylthiophene
bridges were optimized and the orbital energies were calculated using B3LYP
and the 6-31G(d) basis set. The calculation was carried using the Gaussian
09 Package48.

HAB calculation. Using equation (1), HAB was calculated individually for both
1p and 2p.

2p. The growth and recession of a charge-transfer band was evident in the steady-
state UV-vis spectroelectrochemical data, but was analysed explicitly by subtracting
the ground-state spectrum at an applied potential that could not oxidize TPA or the
RuII centre (see above (Fig. 1)). After the various spectra at higher applied potentials
were subtracted from the ground state, we observed a bleach of the MLCT
absorbance at 530 nm and a growth of TPA•+ absorbance that occurred at
around 730 nm. There was a significant growth and decay of an absorbance peak to
the high-energy side of the formal TPA•+ absorbance attributed to an IVCT band.
This band, centred at 15,500 cm−1 (645 nm), reached a maximum at 995 mV vs
NHE. Five unique Gaussian fits of the band yielded values for Eabs (vide supra)
and Δν1/2. εmax was estimated from the extinction coefficient of a structurally similar
compound at 19,230 cm−1 (520 nm) and 23,200 cm−1 (431 nm) with extinction
coefficients of 41.5 × 103 and 39.1 × 103 M−1 cm−1, respectively49. Under the
assumption that the number of 2p molecules in the intervalence state is equal
to the number in the ground state (that is, a complete one e– oxidation to the mixed
valence state), a ratio of absorbance values and extinction coefficients was employed,
and ten values of HAB were calculated. The average of these values is reported
in Table 1.

1p. A similar analysis was performed for 1p. The growth occurred at energies similar
to the bleach of the ground state of 1p, which complicated the analysis when the
ground state was used as a reference spectrum. To circumvent this, the fully oxidized

NATURE CHEMISTRY DOI: 10.1038/NCHEM.2549 ARTICLES

NATURE CHEMISTRY | VOL 8 | SEPTEMBER 2016 | www.nature.com/naturechemistry 857

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://www.nature.com/compfinder/10.1038/nchem.2549_comp2x
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp2p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp2p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp2p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1p
http://www.nature.com/compfinder/10.1038/nchem.2549_comp1p
http://dx.doi.org/10.1038/nchem.2549
http://www.nature.com/naturechemistry


spectrum was treated as the ground state of the system. A depletion of TPA•+

absorbance at 740 nm and a growth of the RuII-centred absorbance at 530 nm were
observed. Similar to 2p, the growth and recession of a band was attributed to an
IVCT transition. The band maximum was observed at 905 mV vs NHE, and was
centred at 20,620 cm−1 (485 nm). The extinction coefficients used for the structural
analogue of 1p were observed at 18,800 cm−1 (532 nm) and 22,780 cm−1 (439 nm)
with reported values of 32.8 × 103 and 44.9 × 103 M−1 cm−1, respectively49. The
approach used to calculate the IVCT extinction for 1p was the same as that for 2p.
The average value is given in Table 1.
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