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The exploitation of excited state chemistry for solar energy
conversion or photocatalysis has been continuously increasing,
and the needs of a transition to a sustainable human develop-
ment indicate this trend will continue. In this scenario, the study
of mixed valence systems in the excited state offers a unique
opportunity to explore excited state electron transfer reactivity,
and, in a broader sense, excited state chemistry. This Concept
article analyzes recent contributions in the field of photo-

Introduction

Mixed valence (MV) systems are those including the same (or
very similar) redox active fragment(s) in different formal
oxidation states, creating the simplest donor-acceptor moieties,
{D—AL" MV systems were used to explore a wide variety of
chemical scenarios for electron transfer,”® from transition
metals® to organics”” and other main-group elements,"” from
solution to rigid media"™ or the solid state.'” MV systems have
been traditionally studied in the ground state, using electro-
chemical techniques,"™ spectroscopic methods,"*'® or combi-
nations of both. However, in a context of intensive use of
excited state chemistry for solar energy conversion or photo-
catalysis, the study of MV systems in the excited state is required,
since they offer a unique opportunity to explore excited state
electron transfer reactivity in particular, and excited state
chemistry in general.

Ground state MV systems are usually prepared from a non-
MV precursor {D-D’} or {A’-A} via (electro)chemical oxidation or
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induced mixed valence systems, i.e. those where the mixed
valence core is absent in the ground state but created upon
light absorption. The focus is on the utilization of photoinduced
intervalence charge transfer bands, detected via transient
absorption spectroscopy, as key tools to study fundamental
phenomena like donor/acceptor inversion, hole delocalization,
coexistence of excited states and excited state nature, together
with applications in molecular electronics.

reduction of D' or A’ fragments, respectively, generating a
{D—A} MV system (Figure 1). Observation of D—A intervalence
charge transfers (IVCT) using vis-NIR absorption spectroscopy
allows for the determination of key parameters related to the
thermal D—A process like the donor-acceptor electronic
coupling Hp,. Photoinduced MV (PIMV) systems are also
prepared from non-MV starting materials, but use light to
trigger charge transfer events that oxidize or reduce D' or A’
fragments. Transient {D—A(C)} MV cores are generated, where C
is the counterpart also generated in the charge transfer event
(Figure 1). The influence of C in the PIMV properties of {D—A(C)}
systems is determinant, which makes them inherently different
from ground state analogs. Key to address PIMV systems is
ultrafast transient absorption spectroscopy (TAS), which allows
the detection of photoinduced IVCT (PIIVCT) absorptions in the
NIR and the determination of excited state electronic couplings.
Until recently, and despite more than 60 years of inves-
tigations about ground state MV systems, very few PIMV
systems had been reported and studied as such. Earliest
examples from the 80s study photoinduced electron transfer
and explicitly refer to the creation of PIMV cores using light,
where no MV system was present in the ground state."”'® Since
then, PIMV systems have been studied indirectly, analyzing
absorption and emission bandshapes,"**” resonant Raman and
electrooptical absorption spectroscopies®’ ™ on non-MV sys-
tems, or directly, using time resolved IR spectroscopy®” or UV-
vis TAS.*?! However, to the best of our knowledge, the first
observations of PIIVCT bands date from the 905, with only a
handful of later reports.®*¥ In this Concept article, the focus is
on the opportunities to study fundamental electron transfer
phenomena and applications, that arise from the observation of
PIIVCT bands using TAS and modelling of the results thereof.
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Figure 1. a) General molecular designs related to ground-state mixed valence (GSMV) and photoinduced mixed valence (PIMV) systems. Potential energy

surfaces describing the main features of b) GSMV and c) PIMV systems.

Donor/Acceptor Inversion

In non-symmetric PIMV systems where C is not shuttled away
from the MV core, its influence can be so strong that inverts the
donor and acceptor roles with respect to the corresponding
ground state analogs. We studied bimetallic [Ru'-
(tpy)(bpy)(UNC)M"™(CN),]"~, where M=Fe, Ru, Os, in water at
room temperature (Figure 2).2Y Those complexes with Mlll)
ions are GSMV systems, with IVCT energies of 6700, 8800 and
9700 cm™' for M=Ru(lll), Os(lll) and Fe(lll), respectively. This
trend follows the differences between the redox potentials of
the {Ru(tpy)} and the {M(CN)¢} moieties, of 0.33, 0.64 and 0.70 V,
respectively. Therefore, the electronic configuration of the
GSMV systems can be described as {Ru"*°>-M"~?}, or {D—A}. From
a molecular orbitals perspective, {Ru(tpy)} dm orbitals lie below
{M(CN)¢} dmt orbitals. On the other hand, visible light photo-
excitation of those complexes with M(Il) afford {Ru(tpy)}-
centered MLCT excited states. In this case, a PIMV system is
formed where tpy*™ is the charge transfer counterpart C, which
remains close to the PIMV core. Transient absorption spectro-
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scopy with NIR detection permitted the observation of PIVCT
bands at 10000, 7800 and 7500 cm™' for M=Ru(ll), Os(ll) and
Fe(ll), respectively. This trend is opposite to that of the redox
potentials, and reveals a {(tpy*")Ru">-M"*%} electronic config-
uration, or {(C)A-D}. The origin of this inversion in donor
acceptor roles lies on electrostatic repulsion between tpy*~ and
the dnt orbitals of the vicinal Ru ion. This repulsion is so strong
that overcompensates the ground state redox asymmetry, and
results in {Ru(tpy)} dx orbitals lying above {M(CN)} dm orbitals.
Key to this behavior is the non-symmetric nature of these PIMV
systems. In the sections below, the reader will find discussions
about the impact of C in symmetric PIMV systems. Those
systems where C is distantly located from the PIMV core,
essentially behave as their ground state {D—A} analogs,'**
although their photoinduced generation enables unique exper-
imental conditions to study otherwise obscured scenarios.”®

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 2. Top: Sketches of bimetallic [Ru"(tpy)(bpy)(uNC)M""(CN)s]"*". Bot-
tom left: ground state IVCT absorptions (H,0, room temperature). Bottom
right: photoinduced IVCT absorptions obtained in TAS experiments
(excitation at 505 nm, H,O, room temperature). Adapted from Ref. [34] with
permission from the Royal Society of Chemistry.

Hole Delocalization in MLCT Chromophores

In the bimetallic complexes described in the previous para-
graph, PIIVCT absorption bands reveal orbital mixing in the
MLCT excited state and some extent of hole delocalization. In
comparison with {Ru"(tpy*")} MLCT states in monometallic
references, in {(tpy* )RU">-M"*} MLCT in bimetallic com-
pounds the Ru(lll) character of the MLCT-excited Ru(ll) ion is
attenuated to Ru(lll-8). Thanks to delocalization, {(tpy*)Ru">-
M"*® is structurally more similar to the ground state than
{Ru"(tpy*)}, so its potential energy surface is more nested with
that of the ground state. In consequence, non-radiative decay
pathways are disfavored for the delocalized MLCT in bimetallic
complexes, significantly prolonging their lifetimes. For example,
TCSPC measurements yielded MLCT lifetimes of 5.4 ns of
[Ru"(tpy)(bpy)(NCS)I* in water, but 9.3 and 16.6 ns were
obtained for [Ru'(tpy)(bpy)(UNC)M"(CN)s]*~ with M=0Os and Ru,
respectively.® A similar effect was observed for [Ru'-
(tpm)(bpy) (UNC)RU"(L),(CN)I**, with L= pyridine (py) or 4-meth-
oxypyridine (MeOpy). In this case, emission lifetimes of
{(bpy*)RU"2-M"*°} MLCT states, with PIIVCT bands at 8800 and
8100 cm™', were 49.4 and 51.5 ns for L=pyridine and 4-meth-
oxypyridine, respectively in DMSO, versus only 30.5ns for
[Ru"(tpm)(bpy)(NCS)1* (Figure 3).* Theoretical calculations sup-
port a delocalized electronic configuration for these complexes
in their lowest triplet states. The DFT-calculated density of
unpaired electrons for the optimized triplets is clearly distrib-
uted between both Ru ions, and Mulliken spin densities were
0.71 and 0.18 for both Ru ions when L=MeOpy, and 0.79 and
0.13 when L=py. TD-DFT affords computed electronic spectra
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Figure 3. Top: Sketches of bimetallic [Ru"(tpm)(bpy)(UNC)Ru"(L),(CN)I**. Bot-
tom left: DFT-calculated spin density of the lowest triplet state of the L=4-
MeOpy complex. Bottom right: TCSPC emission decays of the bimetallic
complexes with L= py and 4-MeOpy, compared with that of the mono-
metallic reference [Ru”(tpm)(bpy)(NCS)]* (excitation at 505 nm, detection at
700 nm, DMSO, room temperature)

that matched the experimental ones, including intense tran-
sitions of PIIVCT character calculated for both complexes at
8095 and 7263 cm™', respectively.

Coexistence of Excited States

Observation of PIIVCT bands can be exploited to resolve MLCT
excited states of different wavefunction symmetries within a
single chromophore and interpret their peculiar dynamics. In
[Ru'(tpy)(bpy) (LCN)RU"(py),CI1*", visible light absorption popu-
lates the MLCT manifold.*® Similar to other bimetallic com-
plexes described above, intense NIR bands are observed in TAS,
ascribed to PIIVCT transitions originating in a {(tpy*)Ru"°-M"*
® MLCT electronic configuration. However, decay of the ground
state bleach, which indicates ground state recovery, was slower
than the decay of the PIIVCT. This pointed to the participation
of an additional excited state in the decay cascade. Target
analysis of TAS data afforded differential spectra for two
separate excited states (Figure 4). The first one, including an
intense PIIVCT band, was ascribed to the {(tpy*”)Ru"—>-M"*%
MLCT state. The second one showed all the characteristics of a
MLCT state, including a nanosecond lifetime, but displayed very
weak NIR photoinduced absorptions and was very similar to the
differential spectrum of the monometallic reference [Ru'-
(tpy)(bpy)(CN)]*. Therefore, its electronic configuration was
assigned as a localized {(tpy*")Ru"-M"} MLCT. This was, to the
best of our knowledge, the first time that two MLCT excited
states with different electronic configurations were demon-
strated to coexist in the nanosecond timescale. Both states are

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 4. Top: Sketch of bimetallic [Ru"(tpy)(bpy)(uCN)Ru"(py),CI1**, and
schemes of coexisting MLCT states indicating the molecular orbital
containing the excited hole. Bottom left: Differential spectra of the strongly
coupled MLCT and the weakly coupled MLCT states obtained upon TAS
(excitation at 387 nm, DMSO, room temperature). Bottom right: population
evolution of the strongly coupled MLCT and the weakly coupled MLCT states
over time.

described as {(C)A-D}, but they are PIMV systems of different
Classes. On one hand, {(tpy*")Ru">-M"*®} MLCT is a strongly
coupled Class Il or II/lll system, with solvent independent
PIIVCT energy and bandshape. DFT calculations on the lowest
triplet afforded a completely delocalized configuration for the
excited hole, in molecular orbitals parallel to the intermetallic
axis, with Mulliken spin densities of 0.50 and 0.47 for both Ru
ions. Crucially, the TD-DFT calculated PIIVCT band at 6925 cm™'
matches that one observed experimentally at 6900 cm™'. On
the other hand, {(tpy*")Ru"-M"} MLCT is a weakly coupled Class |
system, with no PIIVCT absorptions. In this excited state, the
hole is completely localized in an orbital perpendicular to the
intermetallic axis.”® This Class | behavior is an excited state
example of what has been observed in cyanide-bridged
bimetallic compounds in the ground state, where electron
donor ligands were placed in coordination positions perpendic-
ular to the intermetallic axis, forcing hole localization.®”

PIIVCT absorptions allowed not only to resolve the
population of two MLCT states with different electronic
configuration, but also enabled to monitor their reactivity in
real time. Incorporation of a {Cr(CN)¢} energy acceptor to the
bimetallic Ru complex described in the previous paragraph
yielded a trimetallic [Ru"(tpy)(bpy)(LCN)RU"(py).(uNC)Cr(CN)]
complex, which showed Cr* emission after Ru-centered MLCT
excitation, arising from an energy transfer process. However, a
weak Ru-centered MLCT emission was still detectable, indicat-
ing that energy transfer was not complete. TAS revealed that
the same two MLCT states as in the bimetallic model were
populated. The intense PIIVCT band at 6900 cm™' was observed
to decay concomitantly with the rise of Cr* signals with a time
constant of 106 ps, pointing to an efficient energy transfer
process from the strongly coupled (Class Ill or 1I/1ll) MLCT to Cr¥,
where hole delocalization facilitated orbital overlap and a
Dexter mechanism. In striking contrast, the perpendicular
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symmetry and localized nature of the weakly coupled (Class )
MLCT made it insensitive to the presence of the energy
acceptor: no energy transfer takes place form this MLCT and its
lifetime remains almost unchanged with respect to the
bimetallic reference. This important discovery of bifurcated
excited state reaction pathways was possible thanks to PIIVCT
bands as wavefunction symmetry specific spectroscopic
handles.®®

Nature of Excited States in Earth-Abundant
LMCT Chromophores

In high-valent iron chromophores, promising Earth-abundant
scaffolds for sustainable energy conversion, LMCT states
dominate light absorption, but short-lived metal-centered (MC)
states play a crucial role in decay cascade.’**” In these complex
systems, many different electronic configurations are accessible
in the excited state decay cascade, and the observed dynamics
are usually multiexponential. In this scenario, identification of
spectroscopic handles that help to reveal the -electronic
structure of specific excited states and their dynamics is
required. Thanks to PIIVCT bands, LMCT states and MC states
can be successfully resolved in iron complexes with carbene-
phenolate {(OCO*)} ligand scaffolds (Figure 5).*" In [Fe"-
(OCO),I-, visible light excitation leads to {Fe'(OCO*")(OCO)}
LMCT states. They include a {(OCO*")(0OCO")} ligand-based PIMV
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Figure 5. Top: Sketch of the [Fe"(OCO),]~ complex. Middle: Electronic
structures of GS, LMCT and *MC states. The ligand-based PIMV system is
highlighted in gray. Bottom left: Differential spectra of LMCT and MC states
obtained upon TAS (excitation at 500 nm, toluene, room temperature).
Bottom right: population evolution of LMCT and MC states over time.
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core, and Fe(ll) is both the charge transfer counterpart and the
bridge connecting both ligands. Therefore, these LMCT states
are {D-(C)-A} PIMV systems. Their differential spectra display
optical activity in the NIR. In contrast, MC states are described
with a {Fe"*(OCO*")(0OCO*)} electronic configuration, lack any
MV core and are NIR silent. In fact, target analysis of TA data for
[Fe"(OCO),]” indicated the participation of two excited states
(Figure 5). First, the LMCT state, with a ground state bleach and
an intense and broad PIIVCT in the NIR, that deactivates as fast
as 200 fs. This process feeds a second excited state, MC, with a
ground state bleach but NIR silent, that decays in 7 ps to the
ground state.

Chemical oxidation of the Fe(lll) complex affords a Fe(IV)
chromophore, with slightly different excited state dynamics.""
Excitation of [Fe"(0CO),] leads to {Fe"(OCO*)(OCO")} LMCT
states, with a ligand-based PIMV core and a Fe(lll) counterpart
and bridge. Thus, these states also are {D-(C)-A} PIMV systems,
identical to the reduced complex in terms of D and A, but with
C in a different oxidation state. This affords a PIIVCT energy shift
from below 8000 cm™ to 11000 cm™' upon oxidation. Since
both iron complexes are symmetric PIMV systems, the impact of
C is equal for both D and A, and therefore its origins are related
to an alteration of superexchange pathways that accompany
the change in the electronic configuration of the Fe ion. For this
of [Fe"(0CO),] complex, LMCT states showing intense PIIVCT
bands are observed in TAS. Their lifetime is only 11.8 ps, so they
probably populate low lying MC states whose lifetime is too
short to allow experimental detection.

Photoinduced Excited-State Isomerization
Approaching a PIMV Molecular Photoswitch
Behavior

PIMV systems allowed for developing a new concept in
molecular electronics. Typically, molecular photoswitches are
donor-acceptor systems where light absorption triggers rever-
sible isomerization reactions. Electronic communication is
strong in one of the isomers but negligible in the other, so light
inputs can be used to turn electron transfer on and off.
Recently, a very different strategy was proposed based on PIMV
states (Figure 6)."2  [Ru"(bpy),(Lp)Ru"(bpy),]**, where Lp=
2,24 ,4":2",2""-quaterpyridine, is a {Ru"(bpy);} dimer connected
at the para positions of the bridging ligand. In the ground state,
one electron electrochemical oxidation affords a {Ru"(Lp)Ru"}
core. This is a {D—A} MV system, which doesn't present any IVCT
absorption and therefore it belongs to Class |, where both Ru
ions are practically decoupled from each other. Nevertheless,
photoexcitation with visible light populates the MLCT(Lp) state
that, according to TAS, includes the fingerprint absorptions of
the reduced Lp and significant PIIVCT absorptions at 8340 cm™".
Therefore, its electronic configuration can be described as {Ru
¥(Lp*")Ru"}. This is a {D-(C)-A} Class Il PIMV system, where the
presence of C plays a determinant role. This MLCT state is a
symmetric system, so the impact of C is related to changes in
superexchange pathways upon bridge reduction. Lp is a

I+
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Figure 6. Top: Bimetallic [Ru(bpy),(uLp)Ru(bpy),]** approach a PIMV photo-
switching behavior between a non-planar, Class | ground state and a
planarized Class Il MLCT state. Bottom: Absorption spectra of both species
(ACN, room temperature). The absorption spectrum of the MLCT(Lp) state
was reconstructed using TAS data (excitation at 460 nm), from where
electronic coupling was derived. Adapted from Ref. [42] with permission
from the PCCP Owner Societies.

biphenyl-type bridge, and can be interpreted as a chelating
analogue of 4,4-bipyridine. These ligands are known to under-
go significant conformational changes upon reduction, in which
the tilted biphenyl motif planarizes in a semiquinoid
structure. Planarization of the bridge enhances orbital overlap
and boosts superexchange electronic coupling. Thus, despite
virtually identical Ru—Ru distances, Hpy ~0cm™ in the tilted
ground state, while Hp, >450cm™ in the planarized excited
state. DFT calculations support this interpretation, with calcu-
lated dihedral angles of 30° for Lp in the ground state bimetallic
complex, and 4° for Lp®*~ in the MLCT state. The exceptional
photostability™ of [Ru"(bpy),(Lp)Ru"(bpy),]*" results in reversi-
ble on-off cycles corresponding to excitation-decay. However,
the remaining challenge is to extend the stability of the high-
energy species via lifetime extension, and to provide bidirec-
tional control of the PIMV photoswitch.

Conclusions and Outlook
The detection and analysis of PIIVCT bands enabled the
discovery of fundamental phenomena, like donor/acceptor

inversion, coexistence of MLCT states of different symmetry up
to the nanosecond timescale, and bifurcation of excited state
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reaction pathways based on wavefunction symmetry. Addition-
ally, PIIVCT bands are useful spectroscopic handles in Earth-
abundant LMCT chromophores, that allow to determine the
nature of the excited states that participate in the decay
cascade. Furthermore, PIMV systems are the base of a new
concept in the design of molecular photoswitches, that relies in
conformational changes of bridging ligands upon optical/
photoinduced charge transfers. With the availability of robust
commercial TAS setups with NIR detection, the stage is set for
PIIVCT bands to become a widespread tool in excited state
electron transfer and in photochemistry.
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