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This work explores the concept that differential wave function
overlap between excited states can be engineered within a
molecular chromophore. The aim is to control excited state wave
function symmetries, so that symmetry matches or mismatches
result in differential orbital overlap and define low-energy trajec-
tories or kinetic barriers within the excited state surface, that drive
excited state population toward different reaction pathways. Two
donor–acceptor assemblies were explored, where visible light ab-
sorption prepares excited states of different wave function sym-
metry. These states could be resolved using transient absorption
spectroscopy, thanks to wave function symmetry-specific photoin-
duced optical transitions. One of these excited states undergoes
energy transfer to the acceptor, while another undertakes a back-
electron transfer to restate the ground state. This differential be-
havior is possible thanks to the presence of kinetic barriers that
prevent excited state equilibration. This strategy can be exploited
to avoid energy dissipation in energy conversion or photoredox
catalytic schemes.
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In the late 1960s, after analyzing many examples of textbook
organic chemical reactions, Woodward and Hoffman postu-

lated that any concerted chemical reaction must proceed with
orbital symmetry conservation (1, 2), and later, Eaton extended
this concept to transition metal complexes (3). Correlation dia-
grams were used to interpret that the symmetry of the transition
states dictates the product selectivity. Years later, the influence
of symmetry on the simplest chemical reactions, i.e., energy/
electron transfer, has been studied by comparing different (su-
pra)molecular systems. These systems usually include the same
electron donor–acceptor pairs, and variations are made using
bridges of diverse geometries to connect them. This allowed the
systems to span several donor–acceptor relative orientations,
encompassing, thus, cases where donor and acceptor wave function
symmetries match or mismatch, without modifying the underlying
energetics (4–10).
In a prominent example, nature itself relies on wave function

symmetry to control the directionality of the electron transfer
flow in the respiratory chain of Thermus thermophilus. It has
been proposed that a conformational change of a redox mediator
copper site triggers a switch of its ground state wave function
symmetry, from that one matching with a donor to that one
matching with an acceptor (11). However, despite more than 50 y
of electron and energy transfer research, we found very few ex-
amples where the same molecular system or interface undergoes
different reaction pathways depending on wave function prop-
erties. Different rates for electron transfer from small molecules
to gold surfaces were observed when different molecular orbitals
were populated (12). Also, orbital-specific optical electron transfer

transitions were resolved in cyanide-bridged {OsII-RuIII} mixed
valence systems by means of electronic Stark spectroscopy (13).
Furthermore, orbital-specific dipolar energy transfer was demon-
strated in supramolecular {Re-Co} assemblies (14). Additionally,
the influence of quantum interference and orbital symmetry were
theoretically shown to result in several distinct exchange energy
transfer pathways within the same donor–acceptor system (15).
In a very recent report, oppositely polarized charge transfer

excited states within the same chromophore were manipulated to
preferentially access high-energy excited states (16). This was
based on differential spatial wave function overlap, mainly con-
trolled by donor–acceptor distances. We are also working on the
concept that differential wave function overlap between excited
states can be engineered within a molecular chromophore.
However, instead of controlling donor–acceptor distances, our
strategy is based on controlling wave function symmetries (17),
so that symmetry matches or mismatches help in driving the
excited state trajectories. To achieve this, probe systems should
be rigid and hold fixed donor–acceptor orientations, for which
cyanide-bridged multimetallic assemblies are ideal candidates
(18–22). In this contribution, we explore two donor–acceptor
assemblies, namely, [Ru(tpy)(bpy)(μCN)Ru(py)4(μNC)Cr(CN)5]
(RuRuCr) and [Ru(tpy)(bpy)(μNC)Cr(CN)5]

− (RuCr−) (Fig. 1),
where visible light absorption prepares ruthenium-centered
MLCT excited states of different wave function symmetry.
Nanosecond and femtosecond transient absorption spectroscopies
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(nsTAS and fsTAS, respectively) revealed that one of these states
readily engages in exchange energy transfer to the chromium ac-
ceptor, while another one undergoes back-electron transfer to
restate the ground state in a much slower timescale. Since the
photogenerated MLCT states are not equilibrated in the analyzed
timescale, this strategy can be used to avoid energy dissipation in
energy conversion or photoredox catalytic schemes.

Results
The UV-vis-NIR absorption profiles of RuRuCr and RuCr− in
DMSO are shown in the SI Appendix, Fig. S1, and those of their
one electron oxidized species RuRuCr+ and RuCr and one
electron reduced species RuRuCr− and RuCr2-, are displayed in
the SI Appendix, Fig. S2. For RuRuCr, the absorption spectrum
is governed by MLCT transitions at 27,300 and 21,500 cm−1,
centered on the {Ru(py)4} and {Ru(tpy)(bpy)} fragments, re-
spectively (23). The first one electron oxidation occurs on
{Ru(py)4}, and this results in a significant decrease of the high-
energy band, with a smaller effect on the low-energy band. Im-
portantly, RuRuCr+ contains a (dπ6)–(dπ5) mixed valence
{RuRu} core that gives rise to a broad ground state intervalence
charge transfer (GSIVCT) absorption that extends to the NIR
and peaks below 10,000 cm−1 (SI Appendix, Fig. S2, Inset). On
the other hand, one electron reduction affords a tpy•− radical
anion, with spectral features at 27,200 and 19,300 cm−1 and weak
and broad transitions to the red. For RuCr−, {Ru(tpy)(bpy)}
MLCT absorptions dominate at 20,900 cm−1, and they disappear
for RuCr due to chromophore oxidation. The absence of a mixed
valence system in RuCr makes it NIR silent. RuCr2− presents the
features of the tpy•− radical anion. Photoexcitation in the MLCT
manifold of RuRuCr and RuCr− in DMSO at room temperature
triggers energy transfer processes to the {Cr(CN)6} acceptor,
affording microsecond-lived chromium-centered emissive 2E
states. However, in both cases, ruthenium-centered 3MLCT
emission is also discernable, although with very weak intensity
(23). To shed light on the excited state dynamics behind this
complex behavior, nsTAS experiments using vis-NIR detection
were performed. RuRuCr was excited into the MLCT manifold
at 25,800 cm−1 (387 nm), in DMSO at room temperature. Dif-
ferential spectra at selected time delays are presented in SI
Appendix, Fig. S3, and the complete set is shown as a three-
dimensional (3D) map in Fig. 2. In the first 10 ns, the evolution
of the time absorption traces shows a slight increase between
21,000 and 22,000 cm−1 and a noticeable decrease between 13,000
and 19,000 cm−1 (SI Appendix, Fig. S3). At longer time delays, a
spectrum with two maxima at 21,050 and 15,400 cm−1 can be
observed, that monotonically decays to zero. Inspection of the
kinetic trace at 15,400 cm−1 (Fig. 2) confirms differential ab-
sorption changes in two different time scales. This suggests that
two species with different lifetimes are detected in this experi-
ment, consistent with the dual 3MLCT-2E emission observed in
steady-state measurements. A multiwavelength global analysis of
the nsTAS data reveals two decay lifetimes, one under 10 ns and
the other one in the microsecond range (SI Appendix, Table S1). A
target analysis (24–26) with two parallel, independently decaying

species was followed to model the excited state decays, and the
resulting species-associated differential spectra are shown in
Fig. 2. One of these excited states decays in 13.1 μs to the ground
state, and we assign it to the chromium-centered 2E(Cr) state
(black curve in Fig. 2). This differential spectrum presents two
maxima, at 21,050 and 15,400 cm−1 (475 and 650 nm). This pat-
tern is ascribed to excited-state intervalence charge transfers, from
the ruthenium(II) ions to the excited chromium(III), and resem-
bles that one observed for 2E states in related cyanide-bridged
{Cr-Ru-Cr} multimetallic complexes (27–29). The other excited
state (red curve in Fig. 2) deactivates restating the ground state in
4.4 ns, and its differential absorption spectrum includes features of
an oxidized ruthenium ion and also those of the tpy•− radical
anion (SI Appendix, Fig. S2). These are typical differential features
of {Ru(tpy)(bpy)}-centered MLCT states of monometallic com-
plexes, such as [Ru(tpy)(bpy)(CN)]+ (17). It involves a minimum
at 21,100 cm−1 and weak and broad photoinduced absorptions to
the red. The decay of this state is responsible for the transient
absorption changes observed during the first few nanoseconds (SI
Appendix, Fig. S3). This differential spectrum lacks any strong
photoinduced absorptions in the NIR, which are usually associ-
ated with photoinduced intervalence charge transfers (PIIVCT) as
observed in other mulitmetallic assemblies (30). We assign this
absence to the orientation of the ruthenium dπ(t2g) orbital bearing
the excited hole in this MLCT excited state, that is orthogonal to
the intermetallic z axis (17, 31). Therefore, this differential spectrum
is ascribed to a 3MLCTxy state with an {RuIII(tpy•−)(bpy)(μCN)
RuII(py)4} electronic configuration.
nsTAS experiments on RuCr− in DMSO at room temperature

follow a similar course. In this case, 19,800 cm−1 (505 nm) ex-
citation was used due to the low extinction coefficient of RuCr−

at 25,800 cm−1. SI Appendix, Fig. S4, shows transient spectra at
selected time delays, and SI Appendix, Fig. S5, shows the com-
plete set as a 3D map. Two exponential processes are observed in
the kinetic trace at 21,050 cm−1 (SI Appendix, Fig. S5), resem-
bling the kinetic behavior observed upon photoexcitation of
RuRuCr. Similarly, we assign this behavior as two excited states
that decay independently to the ground state. Target analysis
reveals lifetimes of 17.4 μs and 8 ns, respectively (SI Appendix,
Table S1). The former is assigned to the chromium centered
2E(Cr), whose differential spectrum presents maxima at 18,900
and 17,200 cm−1 (black curve in SI Appendix, Fig. S5), and the
latter is assigned to a 3MLCT, associated with a negative signal
that mirrors ground state absorption and broad and weak signals
to the red (red curve in SI Appendix, Fig. S5). This pattern also is
the result of additive contributions from the differential spectra
obtained upon one electron oxidation and reduction (SI Ap-
pendix, Fig. S2). This is consistent with the dual 3MLCT-2E
emission observed in steady-state measurements RuCr− as well.
Please note that the chromophoric donor {Ru(tpy)(bpy)} in
RuCr− is monometallic, and hence, the absence of a PIIVCT
band cannot be used to assign the wave function symmetry of the
3MLCT. However, it presents a very similar kinetic behavior as
the 3MLCTxy state in RuRuCr. Thus, we also assign it as a
3MLCTxy with a {RuIII(tpy•−)} configuration and a hole orien-
tation orthogonal to the intermetallic axis.
To gain a deeper insight into the excited state behavior before

and during the energy transfer process, we turned to fsTAS
measurements on RuRuCr in DMSO at room temperature, us-
ing 25,800 cm−1 (387 nm) excitation into the MLCT manifold. SI
Appendix, Fig. S6, shows selected data at different delay times,
and the complete set is presented as a 3D map in Fig. 3. Since
the first picoseconds, a bleach below 19,000 cm−1 and an intense
positive signal around 6,900 cm−1 are observed. The former in-
dicates the loss of ground state population upon photoexcitation.
The latter corresponds to a PIIVCT within the {RuRu} moiety
in the photoexcited trimetallic complex and indicates strong
metal–metal electronic communication (30). Importantly, previous

Fig. 1. Sketches of the complexes studied in this work.
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experiments and theoretical calculations with the [Ru(tpy)(bpy)(μCN)
Ru(py)4Cl]

2+ model system prove the electronic origins of this NIR
band. The kinetic trace at 6,900 cm−1 displays a monoexponential
decay with a time constant close to 100 ps (Fig. 3). At 3 ns this band

has disappeared (SI Appendix, Fig. S6), and the spectrum shows a
completely different pattern that includes photoinduced absorptions
at 21,050 cm−1 and 15,400 cm−1. This spectral profile resembles
the microsecond transient absorption spectra, and therefore, we
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attribute this process to the energy transfer process that feeds the
chromium centered 2E(Cr).
The kinetic trace at 22,700 cm−1 (Fig. 3), instead, reveals the

presence of several processes. A multiwavelength global analysis
of the fsTAS data rendered three exponential processes and an
infinite offset (SI Appendix, Table S1). Therefore, a complex
model was required. We applied the target model depicted in
Fig. 4 to fit the data, which is similar to that previously applied
to the [Ru(tpy)(bpy)(μCN)Ru(py)4Cl]

2+ model system (17) but
includes an energy transfer to the microsecond living 2E(Cr)
state. The resulting species-associated differential spectra are
shown in Fig. 3. Our observations start after intersystem crossing
from the singlet to the triplet MLCT manifold has taken place
(32). At the beginning of the experiment, three different excited
states with different spectral signatures are populated, which
evolve parallelly with time. One of them has a differential
spectrum with a minimum at 21,300 cm−1, broad and weak
photoinduced absorptions to the red, but no NIR absorptions.
These features agree with those of 3MLCTxy population (red
curve, Fig. 3). It decays to the ground state in 960 ps. This life-
time is somehow shorter than that obtained in nsTAS experi-
ments, but it is still consistent considering the complexity of the
model applied. Another of the initially populated excited states
is a very short lived excited state, and its differential absorption
profile (green curve in Fig. 3) coincides with that assigned to an
excited state with a remote {RuII(tpy•−)(bpy)(μCN)RuIII(py)4}
electronic configuration observed following photoexcitation of
[Ru(tpy)(bpy)(μCN)Ru(py)4Cl]

2+ (17). It is labeled as 3MLCTr,
which is also NIR silent and decays to the ground state in 6 ps,
probably due to the thermal population of 3LF states of the
{Ru(py)4} moiety (33). The third, initially populated excited
state presents negative signals corresponding to the bleached
ground-state MLCT absorptions at 20,400 cm−1 and an intense
PIIVCT at 6,900 cm−1 (blue curve in Fig. 3). The strong NIR
activity is an indication of a photoinduced dπ5–dπ6 mixed-valence
system, which implies that the ruthenium dπ(t2g) orbitals bearing
the excited hole are delocalized over the entire {RuRu} moiety
and that the wave function symmetry is parallel to the interme-
tallic z axis. Therefore, we assign this state as 3MLCTz. Its decay
can be followed by the decrease of the absorption at 6,900 cm−1,
and it is concomitant with the rise of the chromium-centered

2E(Cr) excited state signatures at 21,100 and 15,700 cm−1

(black curve in Fig. 3). This process is the energy transfer, which
takes 106 ps, in accordance with the previously reported value
(23). Similar experiments on RuRuCr under 19,800 cm−1 (505 nm)
excitation in DMSO at room temperature were performed (SI Ap-
pendix, Fig. S7). These allow us to primarily excite {Ru(tpy)(bpy)}-
based MLCT states, rather than {Ru(py)4}-based MLCTs. The
results are analogous to those under 25,800 cm−1 (387 nm) exci-
tation, with the exception that the 3MLCTr state is not observed
(SI Appendix, Fig. S8).
fsTAS experiments on RuCr− under 19,800 cm−1 (505 nm)

excitation in DMSO at room temperature can also be under-
stood with a similar mechanism. Upon excitation, the typical
MLCT features are observed, including a negative signal mir-
roring ground state absorption and weak and broad signals to
the red (SI Appendix, Figs. S9 and S10). At 20 ps, these signatures
have evolved to a differential profile matching that of 2E(Cr).
Also, kinetic traces at 22,800 and 16,800 cm−1 show excited state
activity before 20 ps but negligible changes afterward (SI Appen-
dix, Fig. S10). Global analysis reveals one exponential process with
a time constant of 5.2 ps and an infinite offset in this timescale (SI
Appendix, Table S1), and the corresponding associated differential
spectra are shown in SI Appendix, Fig. S8. We assign the initially
populated excited state as 3MLCTz (blue curve in SI Appendix,
Fig. S10) by analogy with the proposed model for the decay of
RuRuCr. It readily transfers the electronic energy to 2E(Cr) in
5.2 ps, matching the previously reported value (23). The model is
depicted in SI Appendix, Fig. S11. Unfortunately, we were not able
to separately resolve the 2E(Cr) and 3MLCTxy components in this
case, because both have lifetimes longer than the resolution of our
fsTAS experiment, so the black curve in SI Appendix, Fig. S8, is
mainly the differential spectrum of 2E(Cr) with minor contribu-
tions from that of 3MLCTxy.

Discussion
The evolution of the NIR absorption at 6,900 cm−1 for RuRuCr
allows us to follow without interference the decay of the excited
state bearing this unique signal. We assign this band as a PIIVCT
and this state as 3MLCTz, a mixed valence system where the hole
is located on an orbital delocalized over the entire {RuRu} moiety
and parallel to the intermetallic z axis. In these photoinduced

Fig. 4. Target model applied to fit the transient absorption data, considering separate electron transfer and energy transfer pathways for RuRuCr. Electronic
coupling between states of different wave function symmetry is small and results in two separate reaction pathways.
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mixed valence interactions, {Ru(py)4} is the donor moiety, and
{Ru(tpy)} is the acceptor, as in related model systems (17, 31).
The donor–acceptor roles are reversed with respect to the ground
state, as a result of the presence of the tpy•− radical anion (30).
3MLCTz is responsible of the energy transfer process as it clearly
feeds the 2E(Cr) state with a lifetime of 106 ps.
A pivotal aspect of our target models for RuRuCr and RuCr−

is whether the 3MLCTxy states decay feeding 2E(Cr) or not. If a
sequential model is applied to fit the nsTAS data, i.e., a model
where 3MLCTxy states feed 2E(Cr), two differential spectra very
similar to each other and to that of 2E(Cr) are obtained, both for
RuRuCr (SI Appendix, Fig. S12) and for RuCr− (SI Appendix,
Fig. S13). This lacks any physicochemical meaning, considering
the well-known excited state behavior of {Cr(CN)6} (27, 34–36),
and is a strong indication that two parallel, noncommunicating
states are participating in the decay cascade. Additionally, 3MLCTxy
lifetimes in RuRuCr (4.4 ns) and RuCr− (8.3 ns) are not significantly
different from those in the reference complexes [Ru(tpy)(bpy)(μCN)
Ru(py)4Cl]

2+ (6.3 ns) and [Ru(tpy)(bpy)(CN)]+ (13.4 ns), that bear
the same donor core without any energy acceptor (17). 3MLCTxy
lifetimes are, instead, very different form 3MLCTz lifetimes (106 ps
for RuRuCr and 5.2 ps for RuCr−). Thus, we can conclude that
3MLCTxy→2E(Cr) energy transfer is not significantly operative.
Photolytic decomposition leading to {Ru(tpy)(bpy)(solvent)}

species could eventually be the origin of the signals assigned here
to 3MLCTxy states. To explore this issue, RuRuCr and RuCr−

were irradiated at 450 nm for 4 h in DMSO at room tempera-
ture, affording minimal changes in the absorption spectrum and
very low photodecomposition quantum yields (SI Appendix, Fig.
S14). Moreover, complementary nsTAS/fsTAS experiments on
RuCr− in water at room temperature yield a 3MLCTxy lifetime
of 950 ps (SI Appendix, Figs. S15 and S16 and Table S1). This is
one order of magnitude longer than the reported 120-ps MLCT
lifetime of [Ru(tpy)(bpy)(OH2)]

2+ (37), definitively supporting our
assignment. Unfortunately, analogous experiments with RuRuCr in
water could not be performed due to solubility reasons. Addition-
ally, small amounts of precursor material impurities have also been
considered as the origin of the signals assigned as 3MLCTxy states.
For example, [Ru(tpy)(bpy)(CN)]+ is a synthetic precursor of
RuRuCr (23). Based on the spectral shapes and lifetimes of the
transient signals, MLCT states in this monometallic complex be-
have, in fact, similar to 3MLCTxy in RuRuCr (38). However,
definitive proof of the genuineness of our assignment comes from
electrochemical measurements, which are known to be much
more sensitive to the presence of impurities than transient ab-
sorption. In this work, spectroscopic measurements have been
performed on crystalline samples of RuRuCr, which show clean
electrochemistry (23). Furthermore, detection of 3MLCTxy in the
analogous RuCr−, with very similar spectral shape and lifetime to
that of 3MLCTxy in RuRuCr, provides further evidence support-
ing our rationale. In that case, the ruthenium-based precursor is
not [Ru(tpy)(bpy)(CN)]+ but [Ru(tpy)(bpy)Cl]+ instead (39). The
chlorido-complex is so weakly emissive that emission quantum
yield measurements are impossible (40). Therefore, residual
emission signals from small amounts of this complex can be safely
ruled out as the origin of dual emission or the 3MLCTxy in RuCr−.
Furthermore, reductive spectroelectrochemistry on RuCr− (SI
Appendix, Fig. S2) shows clear isosbestic points. This is strong
evidence on the absence of any other {Ru(tpy)(bpy)} complexes,
that, if present, would be subject of electrochemical reduction at
very similar potentials and would therefore break isosbestic points.
Taking our results into concert, we can safely conclude that

3MLCTxy is inert toward the {Cr(CN)6} energy acceptor in
RuRuCr and RuCr− and that back-electron transfer leading to
ground state recovery is the only operative reaction pathway for
3MLCTxy. This can be rationalized in terms of Dexter theory
(41). The donor-acceptor orbital overlap required for exchange
energy transfer is negligible for 3MLCTxy. In this excited state,

located in the {Ru(tpy)(bpy)} fragment, the hole is perpendic-
ular to the intermetallic axis, precluding an efficient overlap with
the metallic orbitals of the {Cr(CN)6} acceptor that correspond
to the octahedral t2g (dxz or dyz). However, in 3MLCTz the hole
resides in an orbital parallel to the intermetallic axis. This allows
for an effective overlap with acceptor orbitals and opens an
energy transfer reactive pathway. The 3MLCTz→2E(Cr) time
constant is higher for RuCr− than for RuRuCr because in the
latter the donor orbitals are delocalized over the {RuRu} core
and therefore the overlap with the acceptor is smaller. In con-
trast, rationalization of the 3MLCTz→2E(Cr) energy transfer
under a Förster mechanism seems difficult. Emission of the
donor MLCT states occurs from 15,400 to 14,300 cm−1 (600 to
700 nm), while {Cr(CN)6} absorption is close to 13,000 cm−1

(very close to the emission energy since ligand field transitions
are not expected to undergo significant Stokes shifts), and it is spin
forbidden, with an extinction coefficient below 0.4 M−1 cm−1 (42).
This renders a negligible spectral overlap, required for the dipolar
energy transfer to occur (43). Additionally, while 3MLCTz and
3MLCTxy may present slightly different energies or transition di-
pole moments, these differences seem too small, especially in the
case of RuCr−, to account for the despair reactivity of 3MLCTz
and 3MLCTxy.
We would like to stress that it is not inherent of 3MLCTz and

3MLCTxy to have separate fates. In fact, in the model compound
[Ru(tpy)(bpy)(CN)Ru(py)4Cl]

2+ where there is no energy ac-
ceptor, 3MLCTxy and 3MLCTz have the same fate, i.e., both
undergo back-electron transfer to restate the ground state. It is
only in the presence of a symmetry-selective Dexter energy ac-
ceptor such as {Cr(CN)6} that 3MLCTxy and 3MLCTz pop-
ulations follow different pathways. The selectiveness is originated
in the requirement of efficient donor–acceptor orbital overlap for
electron exchange interactions to take place. In other words, ef-
ficient orbital overlap allows for exchange interactions that define
a low-energy Dexter energy transfer pathway from 3MLCTz to the
acceptor. Poor donor–acceptor orbital overlap hampers exchange
interactions, resulting in an obstacle for the Dexter pathway
starting from 3MLCTxy. This shows how wave function symmetry
impacts excited state trajectories related to electron exchange-
mediated reactivity. Additionally, it should be kept in mind that
for wave function symmetry to dictate the fate of the excited
states, it is a prerequisite that these excited states are isolated one
from another, this is, that the barriers mediating their intercon-
version are high, in the absence of an energy acceptor. That is
exactly the photophysical scenario in the model compound
[Ru(tpy)(bpy)(CN)Ru(py)4Cl]

2+, where excited states of different
wave function symmetry are observed to coexist up to the nano-
second timescale (17). Thus, precise control of excited state
populations and reaction pathways requires us not only to engi-
neer wave function symmetries but also to identify and syntheti-
cally tailor the electronic factors governing interconversion
between excited states. In particular, the spectroscopy of 3MLCTz
and 3MLCTxy undoubtedly shows that they bear the excited hole
in molecular orbitals with different wave function symmetry. Wave
function symmetry-specific transitions, such as the PIIVCT in
RuRuCr, allow for the spectroscopic resolution of both states.
However, differential orbital overlap within each excited state

has another very important consequence. The positive charge
density (i.e., the excited hole) in 3MLCTz involves different
fragments of the molecule than in 3MLCTxy. From this point of
view, interconversion of 3MLCTz and 3MLCTxy can be regarded
as an electron transfer reaction, where reorganization energy
(both internal and external) is implicit. We believe that the origin
of the kinetic barrier that prevents fast interconversion between
3MLCTz and 3MLCTxy is strongly related to this reorganization
energy. High-level theoretical calculations could certainly provide
key insights into this matter by, for example, helping to identify
minima of different electronic configurations in the 3MLCT
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potential energy surface (44), on one hand, and which nuclear
coordinates are involved in the transition between them, on the
other hand. These are, however, beyond the scope of the present
study. Although further investigations are required to confirm our
hypothesis, we postulate that it is the interplay between wave
function symmetry-directed orbital overlap and reorganization
energy that determines the existence of kinetic barriers between
excited states.

Conclusions
In RuRuCr and RuCr−, wave function symmetry determines the
trajectory undertaken by photoexcited MLCT population. While
3MLCTz follows an energy transfer pathway, 3MLCTxy proceeds
through a back-electron transfer trajectory (Fig. 4 and SI Ap-
pendix, Fig. S9).
Fundamental to these observations is the spectroscopic handle

provided by the PIIVCT band in the NIR transient spectra of
photoexcited RuRuCr, which is state-specific and therefore en-
ables us to resolve the fate of the different excited states. Also
crucial is that the coexisting 3MLCT excited states have different
wave function symmetry, which leads to differential orbital overlap
within each state. Consequently, the positive charge density dis-
tribution involves different molecular fragments in both coexisting
3MLCTs. This is associated with a reorganization energy for their
interconversion and a poor electronic coupling between them. The
outcome is a kinetic barrier that potentially allows for trapping
high-energy intermediate states, prior to dissipative internal con-
version to the lowest 3MLCT. This kinetic barrier can be exploited
to catalyze high-energy demanding reactions or to avoid photoin-
duced oxidative/reductive power losses in energy conversion
schemes. Our observations prove the concept that it is possible to
drive the excited state population within a molecular chromophore
toward different reaction pathways by engineering the excited state
wave function symmetries. This is a first step toward a compre-
hensive manipulation of excited state manifolds of molecular
chromophores. Further steps include identifying and synthetically
tailoring the electronic factors governing the interconversion bar-
riers between the different excited states and, ultimately, control-
ling the relative population of the different excited states.
Importantly, RuRuCr and RuCr− are excellent models for

complex biological systems, where energy or electron transfer, or
in a more general sense, any reactivity of a single molecular
species, are controlled by, for example, conformational changes.

Similar mechanisms, based on differential wave function overlap
and coupling, might also be involved in natural photosynthesis,
with the effect of avoiding dissipation. However, to the best of
our knowledge, clear state-specific spectroscopic handles are yet
unknown.

Materials and Methods
RuRuCr and RuCr(TPP) (TPP, tetrapheylphosphonium) were available from
previous studies (23, 39). Anhydrous DMSO and ACN were provided by Sigma
Aldrich and used as supplied. Aqueous solutions of RuCr− were prepared by
dissolving it in DMSO and adding water until the DMSO/water ratio was
higher than 20:80.

UV-visible spectra were recorded with a Hewlett-Packard 8453 diode
array spectrometer in the range 190 to 1,100 nm. All the spectroelec-
trochemical experiments were performed using a three-electrode optically
transparent thin layer electrochemical cell (45, 46), with millimolar solutions
of the compounds using [TBA]PF6 0.1 M as the supporting electrolyte.
Photolysis studies were performed following a previously reported proce-
dure (47) using a 450-nm illumination LED source. Ultrafast transient ab-
sorption (TA) experiments were conducted using an amplified Ti:sapphire fs
laser system (Clark MXR CPA2101 and 2110, 1 kHz, full width at half the
maximum = 150 fs, λexc = 387 and 505 nm, 200 to 300 nJ per pulse) with TA
pump/probe Helios and EOS detection systems from Ultrafast Systems. For
the picosecond to nanosecond experiments (Helios), white light was gen-
erated focusing a fraction of the fundamental 775-nm output onto a 2-mm
sapphire disk (∼430 30s760 nm) or a 1-cm sapphire disk (∼800 to 1,600 nm). A
magic angle configuration was employed to avoid rotational dynamics. Ex-
citation pulses of 387 and 505 nm wavelength were generated by a non-
collinear optical parametric amplifier. Band pass filters with ±5 or ±10 nm
were used to ensure low spectral width and to exclude 775-nm photons. For
the nanosecond to microsecond experiments (EOS), white light (∼370
to >1,600 nm) was generated by a built-in photonic crystal fiber super-
continuum laser source with a fundamental of 1,064 nm at 2 kHz output
frequency and pulse width of ∼1 ns. All measurements were conducted in a
2-mm quartz cuvette under argon atmosphere. Obtained data were treated
by global and target analyses using the R package TIMP and GloTarAn
(24–26).

Data Availability. All study data are included in the article and SI Appendix.
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