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Tuning Electron-Transfer Driving Force in Photosynthetic

Special Pair Models
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Visible-light excitation of a family of bimetallic ruthenium
polypyridines with the formula [Ru'(tpy)(bpy)(u-CN)Ru"(py),LI"
(RuRuL""), where L=Cl7, NCS, DMAP and ACN, was used to
prepare photoinduced mixed-valence (PI-MV) MLCT states as
models of the photosynthetic reaction center. Ultrafast transient
absorption spectroscopy allowed to monitor photoinduced

IVCT bands between 6000 and 11000 cm™'. Mulliken spin
densities resulting from DFT and (TD)DFT computations
Introduction

In natural photosynthesis, primary charge separation affords a
photoinduced mixed valence (PI-MV) system, formed by two
redox-active chlorophylls from the special pair that share a
single positive charge, [Chl;,-Chl,gl*"  (Figure 1a)."? PI-MV
systems are those where the mixed-valence core is created in
the excited state as a result of a charge transfer process
triggered by photoexcitation.®'? Like their ground-state mixed
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revealed the modulation of the charge density distribution
depending on the ligand substitution pattern. Results are
consistent with PI-MV systems ranging from non-degenerate
Class Il to degenerate Class Ill or II/Ill, with electronic couplings
between 1000 and 3500 cm™". These findings guide the control
electron localization-delocalization in charge-transfer/charge-
separated excited states, like those involved in the photo-
synthetic reaction center.

valence (GS-MV) analogs, PI-MV systems serve as models for
electron transfer reactivity, but in the excited state.

In degenerate mixed-valence systems, where the diabatic
potential energy surfaces (PES) minima are isoenergetic or
redox-symmetric (Figure 1d), electronic coupling plays the
major role in defining charge density distribution, which can be
finely tuned utilizing different bridges.">' In non-degenerate
systems, where the diabatic PES well depths are non-equivalent
(Figure 1e), the free-energy difference or redox asymmetry is
crucial.’>™'”! An additional key feature of PI-MV systems, which is
absent in GS-MV systems, is the charge-transfer counterpart
(CTC), which evolves from the same charge transfer event that
creates the PI-MV core. This is decisive, since CTC can alter the
free-energy difference between the diabatic PES, biasing charge
density distribution, and, with this, the reactivity of the PI-MV
system."® For example, in the photosynthetic reaction center,
CTC is the separated negative charge initially located on Chl,,*~
(Figure 1a), an auxiliary chlorophyll from the A branch that is
closer to Chl,, than to Chl,z." This results in the stabilization of
an asymmetric distribution of the positive charge density within
the PI-MV core, with the oxidizing redox equivalent mostly
located on Chl,, and oriented towards a tyrosine moiety, which
favors hole transfer in Photosystem 1L Thus, in the context of
solar-to-chemical transformations, it is imperative to study and
control charge density distribution within PI-MV systems as a
means to achieve a desired reactivity.

Photoinduced IVCT (PI-IVCT) absorptions, monitored by
means of transient absorption spectroscopy (TAS) techniques,
provide valuable information about electronic coupling ele-
ments and charge density distribution in the excited state. Like
for GS-MV systems, the generalized Mulliken-Hush (GMH)
model®?? can be applied to PI-MV systems, and equations (1)
and (2) can be used to calculate the electronic coupling matrix
element Hp, for degenerate (Figure 1d) and non-degenerate
(Figure 1e) systems upon integration of the PI-IVCT band.

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Top: a) PI-MV system in the photosynthetic reaction center, including the oxidized special pair [Chl;,-Chl,g]*" with an asymmetric charge distribution
and the Chl,,*" counterpart. b) Sketches of the bimetallic complexes reported previously. ) Sketches of the bimetallic RuRuL"* complexes studied herein.
Highlighted similarities are the redox fragments (in orange) and the charge-transfer counterpart (in blue). Bottom: Degenerate (d) and non-degenerate (e)
strongly-coupled Class Ill photoinduced mixed valence systems are simple models of MLCT states in bimetallic RuRuL"".
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There, up, is the diabatic transition dipole moment of the
PI-IVCT transition, v,,, is the energy of the PI-IVCT band, e is the
elementary charge, rp, is the donor-acceptor distance, h is
Planck’s constant, c is the speed of light in vacuum, ¢, is the
electrical permittivity of vacuum, N is Avogadro’s number, n is
the refractive index of the solvent and ¢ is the molar absorption
coefficient. Considering that electronic coupling and wave-
function delocalization frequently lead to shorter charge trans-
fer distances than the physical r,,, the value of H,, calculated
from eq. (1) is usually an underestimation. For strongly coupled
Class Ill systems, (1) results in simpler expressions (3) and (4) for
degenerate (Figure 1d) and non-degenerate systems (Fig-
ure 1e), respectively,”® which become useful when experimen-
tal limitations hinder the detection of the whole band envelope
or extinction coefficients are difficult to determine precisely.
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Charge transfer excited states in cyanide-bridged {Ru'-
(tpy)(bpy)-M"(L)s} compounds (Figure 1b), where {M(L)s} is a
non-chromophoric fragment, are excellent models of the photo-
synthetic PI-MV system. In these bimetallic complexes, visible
light absorption populates MLCT states involving simultaneous
i) one-electron oxidation of the {Ru"-M'"} fragment, creating a
mixed valence core that mimics the special pair of chlorophylls,
and ii) one-electron reduction of the tpy ligand, creating a tpy*~
CTC directly attached to the Ru ion, which mimics the auxiliary
chlorophyll in the photosynthetic reaction center. For example,
in photoexcited [Ru"(tpy)(bpy)(u-NCOM"(CN);]>~ with M=Fe’",
Ru?*, 0s®", the presence of the excited electron in the
transiently reduced tpy*~ selectively destabilized the d, orbitals
of the Ru ion directly attached to it. This resulted in an inversion
of the electron-donor and acceptor roles relative to the
corresponding GS-MV systems, evident from the energy shift of
PI-IVCT bands upon changing the redox-asymmetry.?*?”

In this contribution, we explore the charge density distribu-
tion within the PI-MV systems generated upon visible-light
photoexcitation of [Ru"(tpy)(bpy)(u-CN)Ru"(py),LI"* (RuRuL""),
where L=CI", NCS™, DMAP and ACN (Figure 1c), using TAS and
DFT/(TD)DFT calculations. The choice of L with different
electron-donor or acceptor strengths allowed us to tune charge
density distribution. Resulting PI-MV systems spanned from
non-degenerate with mostly localized electronic configurations
(Figure 1e), where the excited-state CTC imbalances the other-
wise degenerate ground-state PES, to degenerate with mostly
delocalized electronic configurations (Figure 1d), where the
impact of CTC compensates the ground-state redox asymmetry.
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Table 1. Photophysical and electrochemical data for RuRuL"* in acetonitrile at room temperature.

L Ru,,"" Absorption Emission (A, =450 nm)
Evz[a]/v
d, (Rug, ) —*(py) d. (Ruy, ) —7*(tpy/bpy) Vimax/10° cm ™! D, %1073 1,/ns 7,/ns
Vimax/ 10> €cm ™ Vinax/10° cm™
- 1.60 26.6 22.8 (sh) 14.4 0.2 2.7 6.9
NCS™ 1.51 274 22.9 (sh) 131 0.3 29 7.1
DMAP 1.60 28.3 22.2 (sh) 14.3 03 3.1 9.4
ACN 1.68 28.8 22.2,23.6 (sh) 14.7 0.3 1.0 6.5

[a] Extracted from Ref. [28].

The findings reported herein provide guidelines to control
charge density distribution in strongly-coupled PI-MV systems,
or, in other words, electron localization-delocalization in
charge-transfer/charge-separated excited states. This is the first
step towards a fine control of excited-state electron-transfer
reactivity in multi-component artificial photosynthesis schemes.

Results and Discussion
Photophysics and Excited-State Dynamics

The UV-vis absorption of RuRuL"® in acetonitrile was domi-
nated by MLCT transitions,”® and the data was summarized in
Table 1. The energy of the d,(Ru)—n*(py) MLCT increased in
the order ClIm<NCS™ <DMAP<ACN, tracking the electron-
donor or acceptor character of L. The d (Ruy)—n*(tpy/bpy)
MLCT transitions appeared as shoulders around 22000 cm™’,
with the exception of RURUACN®", for which this transition was
resolved and displayed a maximum at 22200cm™'. The
influence of L on the d (Ruy)—n*(tpy/bpy) MLCT energy was
therefore not clear from these experiments.

All compounds studied here were emissive in acetonitrile at
room temperature (Figure 2). Excitation/emission maps are
shown in Figures S1-54, as well as the normalized emission
spectra under 22200 cm™' (450 nm) excitation. No significant
dependence of the emission maxima upon photoexcitation
wavelength was observed. A correlation was found between
the emission maxima and the reduction potential of the Ru""
couple of the {Ru(tpy)(bpy)} moiety (Table 1), consistent with a
3MLCT origin mainly located on this fragment. Emission
quantum yields under 22200 cm™ (450 nm) excitation were
between 2x107* and 3x107*, similar to related compounds.®'"
Photoluminescence lifetimes were evaluated via TCSPC meas-
urements under the same conditions. Best fits were obtained
with biexponential functions involving, in all cases, one lifetime
close to 1 ns and another one close to 10 ns (Table1 and
Figures S5-58). This reveals the presence of two emissive *MLCT
states, *MLCTz and *MLCTxy, consistent with previous reports
on RuRuCl** in DMSO.B” Both states include a tpy*~ but differ
in the configuration of the excited hole (vide infra).

In an attempt to observe steady-state emission from both
*MLCT states, explorations at 80 K in a butyronitrile frozen glass
matrix were undertaken. Franck-Condon analysis of the
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RuRuDMAP* RURUACN®
26 24 22 20 18 16 14 12 26 24 22 20 18 16 14 12

v/ 10%m”’ v/10%m’

Figure 2. Normalized absorption (black solid lines), excitation (dashed black
lines) and emission (red solid line) spectra of RuRuL"" in acetonitrile at room
temperature.

observed emission bands was performed,®" and good fits were
obtained considering a single emitting state (Table ST and
Figures S9-S12). The resulting trend for the extracted Eg
followed our observations at room temperature. The Huang-
Rhys factor S is a measurement of the nuclear displacement
between the equilibrium geometries of the ground and excited
states, and small values indicate similar geometries. Therefore,
its decrease along the series ACN > DMAP >NCS™ > Cl~ revealed
a progressive nesting of the states involved in the correspond-
ing radiative transitions. This was a consequence of increasing
hole delocalization, and was consistent with the strong
delocalized character of the excited hole previously reported for
RuRuCP* in DMSO.” Values for ho between 1200 and
1300 cm™', typical for C—C and C—N stretching acceptor modes
in ruthenium polypyridines,®*>% were obtained, except for
RuRuCP* where it is slightly larger. A similar situation was
observed for the resulting Av,,,, around 1200-1400 cm ™' except
for L=CI~ with over 1800 cm™". This might have resulted from
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noticeable contributions from the minoritarian emissive state
for RuRuCPl’™.

To explore the nature of the emitting excited states, we
performed nanosecond transient absorption spectroscopy
(nsTAS) measurements with vis-NIR detection and 22200 cm™
(450 nm) excitation in acetonitrile at room temperature. Fig-
ure S13 shows differential absorption spectra at selected time
delays for RuRuL"*. In all cases, three absorption features were
observed. First, a negative signal around 20000 cm™' that
indicated ground-state population loss. Second, a broad photo-
induced absorption between 18000 and 10000 cm™" ascribed to
the transiently reduced terpyridine ligand tpy*.**>" For L=
NCS™ and DMAP, this band overlapped with a photoinduced
L—Ru" LMCT transition, also detected in the ground-state
absorption spectroscopy of the one-electron oxidized forms of
RuRuNCS?** and RuRuDMAP** Third, an intense photo-
induced absorption was observed in the NIR between 11000
and 6000 cm™', that corresponded to a PIIIVCT transition.®®
Multiwavelength global analysis of the data was performed,
and two exponential processes were required to adequately fit
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Figure 3. Upper left: differential absorption 3D map obtained from nsTAS
experiments on RuRUDMAP** under 450 nm excitation in acetonitrile at
room temperature. Upper right: time absorption profiles (open circles) and
corresponding fittings from target analysis (solid lines) using a parallel two-
state model. Bottom left: species-associated differential spectra of *MLCTz
(red line) and *MLCTxy (blue line). Bottom right: relative concentration
evolution over time.
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Figure 4. Kinetic target models employed for RuRuL" " (top) and orbital
schemes of the excited hole for *MLCTz, *MLCTxy and *MLCTr (bottom).
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the data. In each case, two nanosecond lifetimes were
determined, which matched those obtained from TCSPC
measurements. Next, target analysis with parallelly decaying
states was conducted to extract species-associated differential
spectra (Figures 3 and S14-S16). The kinetic models employed,
which considered that both states decay directly to the ground
state as revealed by biexponential emission decays, are
displayed in Figure 4. For all four RuRuL"*, the species-
associated differential spectrum of the shorter-lived excited
state showed, along with the ground state bleach and the
photoinduced absorptions between 18000 and 10000 cm™, a
PI-IVCT band in the NIR. The presence of the latter is a hallmark
of excited-state metal-metal electronic coupling, indicating a
significantly delocalized electronic configuration for the excited
hole. This was a consequence of a favorable symmetry of the d,
orbitals involved along the intermetallic z axis, so these shorter-
lived states are labeled *MLCTz. The longest-lived excited state,
on the other hand, was NIR-silent. The lack of intense PI-IVCT
signatures revealed poor electronic coupling between the Ru
ions, stemming from unfavorable symmetry of the d, orbitals
involved. The excited hole was therefore localized, and the
longest-lived state labeled as *MLCTxy. This behavior was
completely analogous to that previously reported for RuRuCI**
in DMSO.2

Next, to shed light onto the kinetic mechanisms that
populate the emissive states, we performed femtosecond
transient absorption spectroscopy (fsTAS) experiments in
acetonitrile at room temperature, with vis-NIR detection and
under 22200 cm™" (450 nm) excitation (Figures S15-518). Con-
sidering a 100 fs intersystem crossing,®**” our observation time
window involving an approximate resolution of 150 fs started
already with triplet populations. For RuRuCI**™ and
RuRUDMAP®*, it was necessary to consider three exponential
processes in the global analysis of the data. Target analysis was
undertaken using a model inspired in that previously utilized
for RuRUCP*™ in DMSO (Figure 4).5% It consisted of three
parallelly-decaying states, which are populated from the
Franck-Condon states in a timescale faster than our time
resolution. Two of these states decay in the nanosecond
timescale. Their differential absorption profiles and lifetimes
matched those obtained from nsTAS for *MLCTz and 3MLCTxy.
The third excited state, which decayed in hundreds of pico-
seconds, featured a differential absorption spectrum showing
weak positive signals around 20000 cm™, instead of a ground-
state bleach (Figure S15). Additionally, the photoinduced
absorption band in the NIR was absent. This revealed a rather
localized configuration for the excited hole, sitting in a d,
orbital that was not involved in the d (Ruy)—n*(tpy/bpy)
transition and was therefore centered at the {Ru(py),L} frag-
ment. This excited state with a remote electronic configuration
was labeled as *MLCTr. For RuRuUNCS?*, global analysis of the
data also required three exponential processes, but target
analysis (Figure S16) was performed using a different kinetic
model, depicted on Figure 4. There, our observation window
started with *MLCTxy and a vibrationally excited hot-*MLCTz.
hot->MLCTz underwent vibrational cooling in 8 ps, feeding a
thermally relaxed *MLCTz state which decayed in 2.3 ns to the
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Table 2. Difference between the redox potentials of the Ru™" couples, GS-IVCT and PI-IVCT absorption data, calculated MSD and Ruy/Ru, ratios, and
ground-state and excited-state electronic couplings for RuRuUL"* in acetonitrile at room temperature.
L NI\ GS-IVCT PI-IVCT

Vina/ 10° cm 1! MSD®! Hpa/cm™ Vi 10° cm™! MSD® Hoa/cm ™

(e/10° M 'ecm ™) (e/10° M 'em™)

Ruy, Ru, ratio Ruy, Ru, ratio

cl- 0.87 10.4 (3.9) 0.11 0.81 0.14 1590 7.0 (5.7) 0.45 0.50 0.90 3530
NCS™ 0.75 9.7 (4.3) 0.10 0.70 0.14 1610 6.4 (5.2) 0.57 0.36 1.58 <3200
DMAP 0.61 8.9 (7.5) 0.11 0.73 0.15 2010 6.5 (5.2) 0.74 0.22 3.35 <3240
ACN 0.44 6.8 (9.5) 0.46 0.48 0.96 1850, 3400 7.9 (3.8)9 11.2 2.7)¢ 0.89 0.04 22.25 1320 @
[a] Extracted from Ref. [28]. [b] MSD exclusively on the Ru ions, without contributions from additional atoms. [c] Extracted from Gaussian deconvolution
(Figure S29). [d] Calculated as the average of the Hp, values obtained applying Eq. (2) to the deconvoluted Gaussian functions.

ground state. *MLCTxy decayed to the ground state in 7.1 ns.
For RURUACN?*, a simpler two-state parallel model was
sufficient to fit the data (Figures 4). These states corresponded
to 3MLCTz and *MLCTxy, and their lifetimes and differential
absorption spectra (Figure S18) agreed with those determined
from nsTAS.

PI-IVCT Bands and Charge Density Distribution of *MLCTz
States

Before focusing on the mixed valence properties of RuRuL"" in
the excited state, we considered ground-state mixed valence
analogs. It was shown that the one-electron oxidized forms of
RuRuL"" show intense GS-IVCT bands (Table 2 and Figure 5).*®
The energy of those transitions was directly related to the redox
difference between the metal ions, following the expected
trend. DFT and (TD)DFT calculations had an excellent match
with the experiment,”® providing access to charge density
distributions via Mulliken Spin Densities (MSD) (Table 2).
Particularly useful was the ratio between the MSD for both Ru
ions, which is a better descriptor of charge delocalization than
Hpa or a® and correlates with the energy of the GS- and PI-IVCT
bands for cyanide-bridged compounds.”” In the ground state,
the compound with L=ACN was a Class lll or I/l GS-MV
system, where the positive charge was equally distributed
between the redox fragments despite the structural
asymmetry.”®*? This implied virtually degenerate diabatic PES
minima within this GS-MV system (Figure 1d),”® since any
significant energy difference would have resulted in an unequal
charge distribution despite a strong electronic coupling or
Class Il or II/1ll behavior (Figure 1e).***4 The electronic coupling
Hpa was calculated using eq. (3), and a value of 3400 cm™" was
obtained from the most intense GS-IVCT transition. For L=CI",
NCS™ and DMAP, the MSD ratio clearly pointed to an unequal
charge distribution, where Ru, dominated and was therefore
the acceptor fragment in the related GS-IVCT transitions. This
was consistent with non-degenerate PES in the ground state
(Figure 1e). In these cases, the broad shape of the GS-IVCT
bands pointed to a Class |l behavior. Hp, was calculated
employing the GMH expressions (1) and (2), considering
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Figure 5. GS-IVCT (top) and PI-IVCT (bottom) absorption bands of RuRuL"*
in acetonitrile.

crystallographic donor-acceptor distances of 5.1 A*! Values of

1590, 1610 and 2010 cm™" were obtained for L=Cl", NCS™ and
DMAP, respectively, similar to those reported for related
cyanide-bridged Class Il systems, 26274652

In the MLCT excited state the picture was different. The
presence of the tpy*~ CTC provokes an inversion of donor-
acceptor roles, as observed in related PI-MV systems including
the {Ru(tpy)(bpy)} moiety.?**! In this context, PI-IVCT energies
were expected to follow the trend L=CI" <NCS™ <DMAP <
ACN, in an opposite correlation with the redox difference
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between the metal ions AE relative to that for GS-IVCT energies.
However, TAS experiments revealed a different behavior, with
PI-IVCT energies following the order L=NCS™ ~DMAP < Cl~ <
ACN. DFT and (TD)DFT calculations of the lowest triplet states
were performed (Tables S2, S4, S6 and S8) to help in the
interpretation of the experimental observations. Calculated
transitions matched the differential absorption spectroscopy of
*MLCTz states including PI-IVCT bands (Tables S3, S5, S7 and S9
and Figures S19-526). Therefore, calculated electronic structures
were a good description of *MLCTz in these compounds. MSD
ratios were obtained and a preliminary analysis indicated, as
expected, an opposite trend relative to the ground state
(Figure 6 and Table 2).

Considering all the aforementioned facts, we interpreted
the PI-IVCT energies according to the following rationale. For
L=NCS", DMAP and ACN, calculated MSD for Ruy, was larger
than that for Ru,, suggesting that in those cases Ruy, was the
acceptor in the PIFIVCT transitions. RURUACN®* showed the
most localized configuration for *MLCTz, with the positive
charge density mainly located on Ruy, and the highest PI-IVCT
energy (Figure 6 and Table 2). This PI-MV system clearly
belonged to Class Il as revealed by a broad PI-IVCT.
RuRuUDMAP** also showed a predominantly unbalanced charge
distribution, but with larger contributions from Ru, than in
RUuRUACN®". As expected for a larger degree of delocalization,
the energy of the PI-IVCT was lower than that for L=ACN.
Unfortunately, our experimental spectral window precluded the
observation of the low-energy flank of the PI-IVCT band for L=
DMAP. However, the PI-IVCT band shape was significantly
narrower than that for RURUACN?", pointing to a Class Il or II/1ll

GSMV doublets

Rug=0.11  Rug=0.81 Rup=0.10  Ruyes=0.70
RuRuCI®* RURUNCS
PIMV triplets

Ru,,=0.45
RuRuCI?+

Rug=0.50 Ruy = 0.57

RURUNCS?2*

RUNCS= 0.36

behavior. For L=NCS, also belonging to Class Ill or II/Ill, charge
distribution was still unbalanced but only slightly, and the MSD
ratio approached 1. Stronger delocalization in RuRuNCS>*
shifted the PI-IVCT energy to the red, but, simultaneously,
energy matching between the PES minima within the PI-MV
system afforded and additional boost of Hp, and, with it, a
blue-shift of the PI-IVCT band. As a result, this transition
appeared at approximately the same energy than that of
RuRuUDMAP?**, For L=Cl", very similar MSD were obtained for
both Ru ions, pointing to a quasi-symmetric distribution of
charge density. Implicit was a compensation of the ground-
state redox asymmetry by the tpy*~ counterpart, and a virtual
equalization of PES minima. As previously determined in DMSO,
*MLCTz in this compound also belongs to Class Il or II/lll. Here
the significant blue shift provoked by an excellent energy
matching between the PES minima prevailed, and the PI-IVCT
transition occurred at an energy slightly higher than that for L=
NCS™ and DMARP. For this classification, it should be noted that
the solvent inertial response, i.e. the primary contribution to
solvent reorganization, occurs faster than a picosecond,”*** and
therefore those PI-MV systems reported here live sufficiently
long for solvent molecules to reorient and shape, after vibra-
tional relaxation, a Marcus-Hush scenario like their GS-MV
analogues. In this context, inversion of donor-acceptor roles
was verified for L=NCS~, DMAP and ACN, while in L=Cl" those
roles vanished and PI-MV interactions had only marginal
charge-transfer character and result in charge resonance
transitions.>>"

Finally, electronic coupling matrix elements H,, were
calculated for the GS-MV and PI-MV systems based on RuRuL"*

Rup=0.11 Rupwap=0.73  Ruy,=0.46 Rupcy=0.48

RuRuDMAP4* RuURUACN#**

Rutb= 0.74 RUDMAP =0.22
RUuRuDMAP3*

Ru-tb =0.89 RUACN =0.04
RURUACN?3*

Figure 6. Computed spin density maps (isovalue 0.004) for the lowest-energy doublet GS-MV states (top) and triplet PI-MV states (bottom) in acetonitrile, and

calculated Mulliken Spin Densities for each Ru ion.
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(Table 2). Molar absorption coefficients of *MLCTz states were
derived from their differential absorption spectra, using eq. (5)
and [Ru(bpy)s;]** as an actinometer (Figure 5 and Table 2).*

In <1 — Lﬁ;,) ref ref
[refloAeys/ _ N Oy (5)
|n(‘| — AR ) nsagx

[SloAe;,/

There, AA,, are the experimental differential absorptions of
reference and sample at a specific wavelength wi, [ref], and [S],
are reference and sample concentrations, respectively, Ae are
the differential molar absorption coefficients of the reference
and sample (the last one unknown) at a specific wavelength wi,
I'is the optical pathlength, 5 are the quantum efficiency for the
population of the corresponding excited state of the reference
and sample, and o are the absorption cross section of reference
and sample at the excitation wavelength. According to this
procedure, 7 for the population of 3MLCTz was a key parameter.
Since 1 was related to the branching ratio of the excited-state
populations, which were only semi-quantitatively determined in
our target analysis, the extinction coefficients obtained were
only approximate. Thus, for all Class Ill or Class II/lll compounds,
equations (3) and (4) were utilized. For Class Il systems, the
GMH expressions (1) and (2) were applied.

The results obtained were consistent with our interpretation
of PIHIVCT energies. RURUACN*" in the ground state and
RuRuCP™* in the *MLCTz excited state were degenerate Class Il
or II/lll systems with symmetric charge distributions within the
mixed-valence cores, despite asymmetric chemical structures. In
this scenario, Hp, was around 3500 cm™'". In the other corner,
RURUACN’" in the MLCTz excited state and RuRuCI*" in the
ground state were typical non-degenerate Class Il systems with
considerable Hp, between 1320 and 2000 cm ™.

This work translates a strategy widely used for the
modulation of charge density distribution in the ground
state®®” to PI-MV excited states. Interestingly, the effect that
the CTC has on the degenerate ground-state Class Il or II/Ill
RURUACN** is similar to what has been observed for the
ligand-based mixed valence system [Ni(pdt*)(pdt*")]” (pdt=
2,3-pyrazinedithiol) upon protonation of one of the redox-active
moieties, which breaks PES degeneracy and decreases elec-
tronic coupling.®”

Conclusions

Modulation of charge density distribution within PI-MV states,
which is of utmost importance because it determines reactivity
of charge-transfer/charge-separated excited states, was demon-
strated exploiting ligand substitution in cyanide-bridged bimet-
allic complexes. The asymmetric influence of the charge-transfer
counterpart, like in the photosynthetic special pair, biases the
free-energy difference between the diabatic PI-MV states. This
bias can be modulated and even compensated using ligands
with the necessary electron-donor or acceptor character,
resulting in a range of PI-MV systems from non-degenerate
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Class Il to degenerate Class Ill or II/lll. Further studies exploring
the limits of our approach are underway in our labs.
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In bimetallic {(tpy)Ru-Ru(L)}, MLCT
excited states prepared upon visible
light absorption are photoinduced
mixed valence systems. This makes
them excellent models of the photo-
synthetic reaction center. In these
models, the balance of positive
charge density is determined by the
tpy radical anion and can be finely
controlled by ligand L substitution.
Impacts on electronic spectroscopy of
photoinduced IVCT bands are
discussed with the help of TD-DFT.
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