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The Excited-State Creutz—Taube Ion
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Abstract: The excited-state version of the Creutz—Taube
ion was prepared via visible light excitation of
[(NH;)sRu"(u-pz)Ru™(NH;)s]*". The resulting excited
state is a mixed valence {Ru™?(u-pz* )Ru" "} transient
species, which was characterized using femtosecond
transient absorption spectroscopy with vis-NIR detec-
tion. Very intense photoinduced intervalence charge
transfers were observed at 7500 cm™', revealing an
excited-state electronic coupling element Hp,=
3750 cm™. DFT calculations confirm a strongly delocal-
ized excited state. A notable consequence of strong
electron delocalization is the nanosecond excited state
lifetime, which was exploited in a proof-of-concept
intermolecular electron transfer. The excited-state
Creutz-Taube ion is established as a reference, and
demonstrates that electron delocalization in the excited
state can be leveraged for artificial photosynthesis or
other photocatalytic schemes based on electron transfer

chemistry. D
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Introduction

Solar energy conversion and photocatalysis intensively
exploit excited-state chemical processes.'” Intra/intermo-
lecular excited-state electron transfer chemistry stands out
as one of the basic steps in complex sequences that follow
photon absorption.”! It pertains to photosynthetic schemes,
where it drives the chemical potential of the absorbed
energy to the reaction centers and prepares solar fuels, to
photovoltaic devices, where it injects electrons in photo-
electrodes, and to a multitude photoredox catalytic reactions
that allow to obtain fine chemicals. However, a prototypical
model of intramolecular excited-sate electron transfer has
not yet been established.

The prototypical model for intramolecular ground-state
electron transfer is the Creutz-Taube ion, [(NH;)sRu"(u-
pz)Ru"(NH,);]’* (CT’*, where pz=pyrazine, Scheme 1),
which gave rise to the field of molecular mixed valency and
became a hallmark of electron transfer research.®” Mixed
valence (MV) systems are those where the same chemical
fragment is present in two formally different oxidation
states. "2 In CT**, a Ru" and a Ru™ metal ion constitute a
MV core with a dn-dn’ electronic configuration. MV
systems offer a unique playground for chemists to study the
fundamentals of intramolecular electron transfer under a
variety of different conditions. Systematic variations of
temperature,'” pressure,' solvent identity,*"! redox-ac-
tive site potentials!"" and bridges connecting those redox
sites'>2?2 are usually translated into clear experimental
observables. Therefore MV systems in general, and the
prototypical CT* ion in particular, serve as models for how
those variations affect electron transfer reactions. One of

Traditional Approach
Ground-State MV N

I~ e

Rulll_

e s\ AT N

CT>* Y,
3 3
' /NHs I/NH3
HN—RU—N”  SN—RGI—NH;
H3N l _H N | This Contribution
3 3
e 4 : Excited-State MV \
+
CT hy

¢ L
-7I|2u —'7Tu —

* CT4+ /

Scheme 1. Sketches of the Creutz—Taube ion (CT°*), its one-electron
reduced form (CT*"), and the excited-state Creutz-Taube ion (*CT*").
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the most striking features of MV systems is their interva-
lence charge transfer (IVCT) absorption, a process in which
photon absorption is accompanied by an electron transfer
from the formally reduced site to the formally oxidized site
within the MV core. The IVCT band characteristics can be
related to the thermal pathways of electron transfer.”! In
addition to the basic interest in electron transfer itself,
applied research on mixed valency deals with charge
delocalization and charge transport along molecular junc-
tions. The target is to achieve molecular wire behavior and
to implement such molecular materials in molecular
electronics.?+*

More than fifty years after the appearance of the CT°*
ion, research on this field is still very active,”™*! but has
been primarily focused on ground-state mixed valence
(GSMV) systems. This has been favored by the experimen-
tal accessibility of IVCT absorptions, on one hand, and
ground state redox potentials, which are an additional key
feature that allow to characterize electronic communication
between the redox sites,*” on the other hand. Additionally,
time-resolved spectroscopic techniques have been applied to
study GSMV systems upon excitation in their IVCT
band.*'~% However, the advent of robust and sensitive
ultrafast transient absorption techniques with broad band
detection (especially in the NIR) has also promoted
investigations in a different type of MV systems, which are
not MV systems in their ground states. In such photoinduced
mixed valence (PIMV) systems, MV fragments are created
only upon absorption of a photon,”® and photoinduced
intervalence charge transfer (PIIVCT) bands are observed
only in the excited state.’”"! Therefore, PIMV systems are
prototypical models for intramolecular excited-state electron
transfer. In fact, many reported bimetallic coordination
complexes involve excited states that are PIMV systems,
like MLCT states in Cu'-Cu'™® or MMLCT states in
Pt"Pt"*%] compounds, but this has been rarely pointed
out or analyzed in detail. Furthermore, PIMV systems can
be potentially incorporated into molecular electronics,
where light inputs drive controlled changes in molecular
conductivity, similar to what happens in photo-switchable
mixed valence systems.[!

With this in mind, we sought to prepare an excited state
analog of the CT’" ion. To this end, we started with
[(NH;)sRu"(u-pz)Ru™(NH,)s]** (CT**, Scheme 1) as a pre-
cursor. In CT**, both ruthenium ions are Ru", and therefore
it can be described as a dn®-dn® bimetallic complex. Visible
light excitation prepares *CT**. There, a negative charge
from the bimetallic core is transferred to the pyrazine
bridge, populating a manifold of metal to bridge charge
transfer (MBCT) excited states. Thus, this process generates
a transient mixed valence core with a dn’-dn’ electronic
configuration bridged by a pyrazine radical anion, i.e., an
excited-state CT ion. In this contribution, we investigate the
absorption features and the dynamics of the MBCT states of
this PIMV system by means of femtosecond transient
absorption spectroscopy (fsTAS) using vis-NIR broadband
detection. These experiments were complemented with DFT
and (TD)DFT calculations, that help to understand the
spectroscopy and electronic structure of the excited-state CT
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ion. Altogether, the PIMV system *CT'" is a model for
intramolecular excited-state electron transfer and will serve
as a cornerstone for systematic studies.

Results and Discussion

The vis-NIR absorption spectrum of CT*" in D,O is shown
in Figure 1. It is governed by a rather intense MBCT band,
from ruthenium-centered dn to pyrazine-centered n* orbi-
tals. The maximum is located at 18200 cm™, with a molar
extinction coefficient of 30000 M'cm™.) A simplified
molecular orbital diagram was already reported (Fig-
ure S1),>%%1 which allows to understand the electronic
spectroscopy. This model considers Ru-pz backbonding
interactions that selectively stabilize the b;, and destabilize
the b,, orbitals. The rather simple structure of this com-
pound affords only one ligand orbital, m*,(bs,), to be
involved in visible light absorption. The main contributions
to the absorption band are known to originate in a
dry(by,)—m*,, transition with minor contributions of dg,-
(nb)—m*,, at slightly lower energy. The spectroscopic
properties of several related compounds can be successfully
described with this model.">*" Qur spectroelectrochemical
measurements upon one-electron oxidation of CT** in D,O
to give CT°" (Figure 1a) show that the intensity of the
MBCT absorption decreases to 21000 M'cm™, in agree-
ment with previous reports.”] Furthermore, an intense
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Figure 1. a) vis-NIR absorption spectrum of CT**, CT** and *CT** in
D,0 at room temperature. b) orbital origin of the MBCT electronic
transitions in CT**, and IVCT electronic transitions in CT° ™.
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IVCT absorption appears at 6400 cm'. Both are a conse-
quence of a semi-occupied dg,(b,,) orbital, which is a worse
donor for MBCT absorptions, and the acceptor of the IVCT
absorptions.

With this information at hand, fSTAS studies were
performed on CT*' in D,O at room temperature, using
20000 cm ™" (500 nm) excitation. Figure 2a shows the differ-
ential absorption spectra as a 3D map. Immediately after
the pump pulse, the whole visible range is dominated by
negative signals that indicate a loss of ground state
population. These decay monotonically, indicating ground
state recovery (Figure 2b). In the NIR range, a distinct
photoinduced absorption appears around 7500 cm™'. This is
ascribed to the PIIVCT absorptions of the excited-state CT
ion.”*7 Multiwavelength global analysis reveals two expo-
nential processes: a major component with a lifetime of
2.8 ns, and a minor component that lives 136 ps. A target
model consisting of two parallelly decaying excited states
was employed to fit the data.”? The resulting species
associated differential spectra are shown in Figure 2d, while
the model applied is depicted in Figure 2c.” This model
considers that laser excitation populates 'MBCT excited
states, that intersystem cross to the triplet manifold in
around 100 fs.™*” Then, intramolecular vibrational energy
redistribution and vibrational cooling processes take place in
an ultrafast timescale, which is beyond the resolution of our
instrument. Therefore, our observations start with two
different excited state populations, that are already relaxed
and triplet in character. The longest lived excited state
(black spectrum in Figure 2d) bears a bleach at 18200 cm™,
and an intense PIIVCT at 7500 cm ',”*7Y whose orbital
origin is the same than that one of the ground state IVCT
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band in CT°*, d(bs,) — d(b,,) (Figure 2f).%7 In fact, the
electronic configuration of "MBCT(b,,) is identical to that
one of CT*", except for the additional excited electron in a
pyrazine r* orbital in *CT**. We therefore conclude that the
3MBCT(bzg) transient species is the excited-state analog of
CT’". Since d(b,,) and d(bs,) are combinations of the
individual d,, orbitals (Figure S1), in "MBCT(b,,) the excited
hole is delocalized along the bimetallic core, and it can be
described with a {Ru™(u-pz*")Ru""?} electronic configura-
tion.

The intermediate lived excited state (orange spectrum in
Figure 2d) includes a bleach at 18400 cm ™, and weak and
broad photoinduced absorptions to the red. This state is
assigned as *MBCT(nb), in which the excited hole sits in a
d(nb) orbital (Figure 2f). Due to the absence of intense
PIIVCT absorptions, the *MBCT(nb) wave function can be
considered localized, so this excited state can be described
with a {Ru™(u-pz*")Ru"} electronic configuration. In this
picture, no PIIVCTs are expected because the d(b,,) orbital
is fully occupied. The weak and broad photoinduced
absorptions that tail to the NIR probably have d(b;,) —
d(nb) contributions. *MBCT(nb) can be regarded as an
intraconfigurational mixed valence isomer of *MBCT(by,).
According to this interpretation, *MBCT(nb) is higher in
energy than *MBCT(b,,).

Next, theoretical calculations were employed to provide
insights into the electronic structure of *CT*". The lowest
energy excited state was obtained via DFT optimization in
the triplet potential energy surface of CT*" (Table S1). This
affords a spin density that is highly delocalized over the
{Ru(u-pz)Ru} core, with important contributions over the
pyrazine bridge (Figure 3). The (TD)DFT calculated elec-
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Figure 2. a) Differential absorption 3D map obtained from fsTAS with 20000 cm™' excitation of CT*" in D,O at room temperature (upper left).

-1

b) Differential absorption kinetic traces at 7500 cm

. ) Model employed to fit the data. d) Species associated differential spectra of *MBCT (b,,)

(black) and *MBCT (nb) (orange). The inverted ground state absorption was also included (grey). e) Time evolution of the relative populations of
*MBCT (b,,) (black) and *MBCT(nb) (orange). f) Orbital description of the different excited states and origin of the PIIVCT absorption.
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Figure 3. Experimental photoinduced intervalence charge transfer
(PIIVCT) band (black curve) and calculated electronic transitions (red
bars) for the lowest triplet state *CT**. The inset shows the calculated
spin density map.

tronic absorption spectrum of the optimized triplet yields an
electronic transition at 7754 cm™!, in excellent agreement
with the experimentally observed PIIVCT for *CT*"
(Figures 3 and S7, Table S2). As expected for a strongly
delocalized configuration, the calculated electron density
difference for this transition (Figure S8) reveals a n-n*
rather than a charge transfer character. Furthermore,
virtually identical spin densities and calculated electronic
transitions are obtained upon scanning the dihedral angle
between pyrazine and the mer-{Ru(NH;);} plane from 0 to
45° (Table S3), and also upon scanning the dihedral angle
between both mer-{Ru(NH;);} moieties from 0 to 45°
(Table S4).7"" Therefore, the calculated electronic structure
is a very good description of the "MBCT(b,,) state.

Interestingly, the excited state band lies about 1300 cm™
higher than the ground state band, although *MBCT(b,,)
and CT’" share the same d(b,,) configuration of the excited
hole. The diabatic energy difference within the metal-metal
donor-acceptor pair is not significantly affected by the
excited electron on the bridge n* orbital, because both
*MBCT(b,,) and CT°" are symmetric systems. Therefore,
the energy shift is a direct consequence of the increased
electronic coupling.

The notorious asymmetry of the PIIVCT band with a
low-energy skewing is a further indication of strong
electronic coupling. Its full width at half maximum is
2200 cm™', larger than the 1400 cm™ observed for the
ground state CT°* (Table 1). Furthermore, like the ground
state IVCT, the PIIVCT band is solvent independent (Fig-
ure S2). Strikingly, solvent independence is evident at time
delays as short as 1ps after excitation. This result is
significative per se because it demonstrates that in the
excited state the solvent is averaged in a very fast timescale
(107"2s) after the PIIVCT absorption event (107*s). DFT
calculations also point to a strong electronic coupling, since
Mulliken spin densities are calculated to be equally 0.65 for

1
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Table 1: Properties of the ground-state intervalence charge transfer
(GSIVCT) and excited-state intervalence charge transfer (PIIVCT) bands
in the ground state and in the excited state of CT°" and *CT*',
respectively, in D,0.

Property GSlvcTe PIIVCT
v[em™] 6400 7500
EMTem™] 5000 10500

Av,yy [em™] 1400 2200

Hoa [em™] 3300 3750
Solvent Dependence independent independent

each Ru ion, and a very intense PIIVCT transition is
calculated.

All the aforementioned indicates that the excited-state
Creutz-Taube ion is a MV system that belongs to Class II/
IIT or Class III according to Robin, Day and Meyer."™ In
this context, the donor-acceptor electronic coupling element,
Hpy, is best calculated™! using Hp = Vye/2, Where v, is the
energy of the PIIVCT maximum. Hp,=23750cm™' for
*MBCT(b,,), 15% higher than that for ground-state CT°*
(Table 1). The physical origin of the significant increase in
Hp, is not related to drastic structural changes that may
accompany reduction of the pyrazine, like with 4,4'-bipyr-
idine or other biphenyl bridging ligands.”” Instead, the
enhancement in Hp, is probably a consequence of an
increased number of virtual states (other MBCT states, MC
states) that help in mixing donor-acceptor orbitals via
superexchange interactions in the excited state. In related
work,™ a comparison of pz and pz*~ as bridging ligands in
MYV systems could only qualitatively conclude that they
promoted similar electronic couplings. This conclusion was,
however, of limited applicability, since the PIIVCT band
was measured in a rigid polymeric matrix. The influences of
this medium in reorganization energies resulted in a red shift
of the PITVCT against the ground state IVCT, opposite to
what was observed here, obscuring a quantitative compar-
ison. In fact, our study is the first quantitative determination
of the electronic coupling of the excited-state Creutz—Taube
ion in the same conditions than those utilized for the
prototypical ground-state CT*".

Notable are excited state lifetimes of *CT**. To the best
of our knowledge, "MBCT(b,,) in *CT*" is the longest-lived
excited state of mono-imine Ru complexes reported to date.
*MLCT states in monomeric [Ru(NH,)s(pz)]*" and [Ru-
(NH,)s(pzH)]*" reference compounds live 225 ps and 25 ps,
respectively.">®") This was interpreted in terms of activated
population of MC states for [Ru(NH;)s(pz)]** (Figure 4).
For [Ru(NH,)s(pzH)]*", stabilization of the *MLCT due to
protonation disfavored MC population, but also led to a
highly coupled and barrierless *MLCT—GS transition. In
*CT**, "MBCT states are also stabilized due to coordination
of the second Ru ion in the distal N atom of pz. Never-
theless, strong electron delocalization nests the potential
energy surface of 3MBCT(bzg) with that of the ground state
CT**, and in consequence a poor Franck-Condon factor is
involved in the *MBCT(b,,)—GS transition. Actually, if
electron delocalization is impeded as in *MBCT(nb), a
situation similar to that of [Ru(NH;)s(pzH)]*" is observed.
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Figure 4. a) ground- and excited-state potential energy surfaces that explain excited state lifetimes in [Ru(NH;)s(pz)]*" (green), [Ru(NH,)s(pzH)]**
(cyan), MBCT(nb) (orange) and MBCT (b,,) (black). b) Stern—Volmer analysis of bimolecular electron transfer between *CT** and BQ in DMF at

room temperature.

Extension of excited state lifetimes by a factor of 2 thanks to
hole delocalization has been previously observed.” But the
*MBCT(b,,) lifetime in *CT*" of 2.8 ns is, strikingly, at least
two orders of magnitude larger than that of [Ru(NH;)s-
(pzH)]**, fully leveraging delocalization effects. In fact, this
allows *CT*" to enter the arena of excited state bimolecular
reactivity, illustrating the importance of excited-state mixed
valence systems.

The nanosecond lifetime of *CT*' was exploited for
bimolecular electron transfer, a key reaction in photo-
catalysis and energy conversion, with benzoquinone (BQ) as
an electron acceptor in DMF [Eq. (1)].

Rulllfé (‘upzof)RuIIer + BQ _ Rulllfé (//th)RuIHo 4 BQ.— (1)

RuHI—() (‘upZ)RuIH»b + BQ.— _ RuII (/th)RuII + BQ (2)

3MBCT(ng) lifetimes were observed to decrease upon
increasing BQ concentrations (Figures S3-S6). A Stern—
Volmer analysis (Figure 4b) afforded a bimolecular quench-
ing constant of (94+1)x10° M's™, consistent with diffusion-
controlled processes. No evidence of the charge separated
state formed, consisting of BQ*~ and CT’" [Eq. (1)], was
observed. This implies that charge recombination by means
of back electron transfer [Eq.(2)] is faster than forward
electron transfer, impeding accumulation and detection of
the charge-separated products. Further experiments con-
cerning the influence of intramolecular electron transfer
(electron delocalization) in intermolecular electron transfer
reactions are underway in our labs.

Conclusion

The excited-state Creutz-Taube ion *CT'' has been
prepared and characterized. The electronic configuration
was determined to be analogous to that of the ground-state
Creutz-Taube ion CT*, with photoinduced IVCT absorp-
tions originating in d(bs,) — d(b,,) transitions. Electronic
coupling in the excited state is very strong, and higher than

Angew. Chem. Int. Ed. 2022, €202211747 (5 of 7)

in the ground state due to a multitude of excited states that
participate in the super-exchange interactions. An immedi-
ate consequence of electron delocalization is the extension
of excited state lifetimes of *CT*" by two orders of
magnitude, which was leveraged in proof-of-concept bimo-
lecular reactions with a benzoquinone acceptor. Thus, a
reference for photoinduced mixed valence systems and
intramolecular excited-state electron transfer is established.
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The Excited-State Creutz—Taube lon
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The Creutz—Taube ion was prepared as
an excited state that includes a bridging
pyrazine radical anion. It features an
intense photoinduced intervalence
charge transfer band, which allowed to
directly address electronic delocalization
and electronic coupling in the excited
state. This species is competent for
photoinduced electron transfer, illustrat-
ing the potential of photoinduced mixed
valence species for photocatalysis.
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