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ABSTRACT: In natural and artificial photosynthesis, light absorption and catalysis are separate
processes linked together by exergonic electron transfer. This leads to free energy losses between
the initial excited state, formed after light absorption, and the catalytic center formed after the
electron transfer cascade. Additional deleterious processes, such as internal conversion and

vibrational relaxation, also dissipate as much as 20-30 % of the absorbed photon energy.



Minimization of these energy losses, a holy grail in solar energy conversion and solar fuels
production, is a challenging task, because excited states are usually strongly coupled which results
in negligible kinetic barriers and very fast dissipation. Here we show that topological control of
oligomeric {Ru(bpy)s} chromophores resulted in small excited-state electronic couplings, leading
to activation barriers for internal conversion by means of inter-ligand electron transfer of around
2000 cm™! and effectively slowing down dissipation. Two types of excited states are populated
upon visible light excitation, i.e. a bridging-ligand centered metal-to-ligand charge transfer
(MLCT(Lm)), and a 2,2’-bipyridine-centered MLCT (MLCT(bpy)), which lies 800-1400 cm™!
higher in energy. As a proof-of-concept, bimolecular electron transfer with tri-tolylamine as
electron donor was performed, which mimics catalyst activation by sacrificial electron donors in
typical photocatalytic schemes. Both excited states were efficiently quenched by tri-tolylamine.
Hence, this novel strategy allows to trap higher energy excited states before internal conversion
and vibrational relaxation set in, saving between 100 and 170 meV. Furthermore, transient
absorption spectroscopy suggests that electron transfer reactions with tri-tolylamine produced the
corresponding L," -centered and bpy'-centered reduced photosensitizers, which involve different
reducing abilities, i.e. —0.79 V and —0.93 V vs NHE for L™ and bpy", respectively. Thus, this
approach probably leads in fine to a 140 meV more potent reductant for energy conversion schemes
and solar fuels production. These results lay the first stone for anti-dissipative energy conversion
schemes which, in bimolecular electron transfer reactions, harnesses the excess energy saved by

controlling dissipative conversion pathways.

Introduction
In natural photosynthesis, early time-scale dynamics, that include vibrational relaxation

(VR) and internal conversion (IC) in molecular chromophores, are exergonic and can dissipate



around 20-30 % of the absorbed photon energy, which could otherwise be transformed into useful
chemical potential.! Artificial molecular approaches to solar energy conversion suffer from
analogous energy losses. It is therefore of paramount importance to tame these dissipative
pathways for efficient and optimal solar energy conversion schemes. To this end, dissipative
processes in singlet fission? or in hot carrier solar cells® were previously explored. Ultimately,
photosynthesis was re-wired to promote electron extraction directly from photoexcited
photosystems, avoiding the electron transfer reaction chain which also dissipates energy.*

In the vast majority of molecular chromophores, according to Kasha’s rule, VR and IC are
usually fast and take place before any bimolecular or long range reactivity (Figure 1, top).> IC
involves an isoenergetic transformation between excited states of the same multiplicity, so it is not
dissipative per se. However, IC usually generates a vibrationally excited molecular entity, which
dissipates energy to the medium via VR to reach the lowest excited state. The key to trap high-
energy excited states is to delay IC/VR-mediated dissipation pathways, so that energy demanding
bimolecular chemistry that leverages the excess energy, such as electron transfer to create a
catalytic reaction centre, can be performed. Ideally, the activated catalytic site inherits the excess
driving force, which translates into enhanced oxidative / reductive potentials, and persists long
enough to react with specific substrates. This scheme of anti-dissipative energy conversion could
lead to significant improvements in energy conversion devices, photoredox catalysis and solar

fuels production.



Traditional Energy Conversion

f Kasha Behavior Fast IC w
=——|VR : !
S, 1I© VR —
T 13
IC VR Strong
Negligible */
s v
/ T4 Dissipated
T E
\SO Cat nergy j
Anti-Dissipative Energy Conversion
f Anti-Kasha Behavior Slow IC w
=———|VR
T e
S n ﬁ VR
— High
AD-Cat Barrier_% Weak
y Coupling

I

T1 Excess

Energy
Cat Saved

= Y,

Figure 1: Top: Jablonski-Perrin diagram and schematic representation of Kasha scenarios, with strong electronic

coupling between excited states and fast IC, in traditional energy conversion. Bottom: The anti-dissipative energy
conversion approach requires anti-Kasha scenarios, with weak electronic coupling between the excited states and slow
IC, that allows to activate high-energy catalysts. (IC: internal conversion, VR: vibrational relaxation, ISC: intersystem
crossing, AD-Cat: anti-dissipative catalyst, Cat: traditional catalyst). Parts of this figure have been adapted from Ref.

¢ with permission from the PCCP Owner Societies.
Kasha’s rule is substantiated in strong electronic coupling between the different excited
states, which results in negligible barriers for IC/VR dissipative pathways (Figure 1, top).

Therefore, poor excited-state electronic coupling scenarios, where high kinetic barriers mediate

IC/VR (Figure 1, bottom), must be explored to realize anti-Kasha photochemistry and anti-



dissipative energy conversion. Prototypical polynuclear ruthenium polypyridines’® provide an
ideal platform for these studies because their excited states have clear spectroscopic handles, with
well-defined long-lived metal-to-ligand charge transfer (MLCT) transitions and they are widely
used in energy conversion schemes and photoredox catalysis.’

The excited-state kinetics of mononuclear and polynuclear polypyridine complexes have
been studied for decades. The classical example is [Ru(bpy):]*" (bpy = 2,2’-bipyridine) where
absorption of a photon leads to a '"MLCT state that has a lifetime on 40 + 15 f5.!° This state
undergoes efficient intersystem crossing (ISC) that ultimately leads to the thermally equilibrated
lowest excited state within 300 fs.!! In Ru(1I) polypyridyl complexes, IC can take the form of inter-
ligand electron transfer (ILET), where the MLCT-excited electron is transferred from one ligand
to the other. This occurs both in homoleptic complexes, where it proceeds without free energy
changes, and in heteroleptic complexes, like [Ru(bpy)2(phen)]** (phen = 1,10-phenanthroline),
where it is exergonic. In the majority of the studied {Ru(bpy)s} analogues, ILET takes place from

femtoseconds up to tens of picoseconds, 1272

and some cases have been reported with slower ILET
in the 100 ps timescale.?! Furthermore, IC in the form of electron transfer within different portions
of the same ligand is commonly observed when extended ligands like DPPZ (dipyrido[3,2-a:2’,3'-
c]phenazine) and TPPHZ (tetrapyrido[3,2-a:2',3'-c:3",2"-h:2",3""-j]phenazine) are utilized. In
[Ru(bpy)2(dppp2)]>* (dppp2 = pyrido[2',3":5,6]pyrazino[2,3-f][1,10]phenanthroline),**> an
analogue to [Ru(bpy)2(dppz)]**,? electron transfer from the proximal to the distal portion of dppp2
occurs in 26 to 67 ps depending on the nature of the solvent. Seminal work on Ru(II)-Ru(II)
TPPHZ complexes reported intra-ligand electron transfer from the proximal to the distal portion

of the TPPHZ ligand that ranged from 1.5 ps in CH3CN to 140 ps in CH>Cl,.2* For the osmium

analogue, this occurred in 0.9 ps and 100 ps in CH3CN and CHxCl,, respectively. In



[Ru(dtb)2(tpphz)]** (dtb = 4,4'-di-tert-butyl-2,2'-bipyridine),> a precursor to useful dinuclear
photocatalysts,?¢ light excitation leads to an excited state distributed across all ligands that relaxes
to the proximal portion of TPPHZ in 1.2 ps and undergoes further intra-ligand electron transfer on
a timescale of 240 ps. Also in polynuclear systems, IC in the form of ILET or other electron
transfers occur in the sub-ns timescale.?’?° In this context, slow IC in the form of ILET or other
electron transfers is very rare. For example, Huijser ef al. recently reported the population of two
relaxed *MLCT excited states that behaved independently, implying a slow interconversion after
incomplete ILET that takes 20 ps.3%!

Our attention was focused on D, and D, (Figure 2), which are {Ru(bpy)s;} dimers with

outstanding properties in terms of light absorption, photostability3>-3?

and photoredox catalytic
activity.>* Their structures differ in the topology of the bridging ligands L, and L, where the 2,2’-
bipyridine fragments are either connected via the 4 (para) or 5 (meta) positions, respectively.
Recently, it was shown that D, behaves as a typical Kasha chromophore.’®> The excited state
behavior is dominated by the lowest triplet state, which is an emissive Metal-to-Ligand Charge
Transfer *MLCT(L,) state. It includes a bridging ligand radical anion according to
spectroelectrochemistry.? Only very minor differential spectral changes were observed from the
pico- to the microsecond timescale by transient absorption spectroscopy (TAS), highlighting that
the changes of excited-state electronic configuration associated to IC occurred on the sub-
picosecond timescale. Upon excitation and ISC, vibrationally hot SMLCT(L,) relaxed to the
thermally-equilibrated *MLCT(L,) in less than 10 ps, typical for vibrational relaxation processes
in [Ru(bpy)s;]*" and other ruthenium polypyridine chromophores.!®3¢40 Electronic coupling

between the different excited states was strong, and it favored an efficient IC without any

significant kinetic barriers (Figure 1, top), leading to the population of the lowest triplet state in a



few picoseconds, like in [Ru(bpy)s]**. Observations involving a variety of intramolecular
donor/bridge/acceptor processes, ranging from singlet fission to ground- and excited-state

intervalence charge transfers,®>4!-4

revealed that para connectivity promotes stronger electronic
coupling than meta connectivity, suggesting that the topology of the bridge can be exploited to
modulate excited-state electronic coupling.’®>! Therefore, we hypothesized that the meta topology
of the bridge in Dm could lead to poor electronic coupling and thus to an anti-Kasha scenario,
fulfilling the requirements for an anti-dissipative photosensitizer / photocatalyst. Thus, we sought
to explore the IC/VR dissipative pathways of Dm, by means of TAS in the femtosecond (fsSTAS)
and nanosecond (nsTAS) ranges. We also extended the analysis to a series of trinuclear
ruthenium(Il) chromophores (Figure 2) with para substitution topology (Tpm, Tmp) and meta
substitution topology (Tmm).> To mimic catalyst activation, proof-of-concept electron transfer

reactions from a tri-tolylamine (TTA) electron donor were investigated in an anti-dissipative

energy conversion scheme model.
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Figure 2. Structures of the polynuclear ruthenium (II) bipyridines photosensitizers studied in this work. Green and
red carbon atoms denote para and meta connections in the bridging ligands, respectively. They are grouped according
to their photophysical behavior (see text). The polynuclear complexes studied herein are a mixture of diastereoisomers
due to the presence of A and A enantiomers on the Ru(Il) centers. Previous reports on resolved polynuclear complexes

suggest that the presence of stereoisomers is unlikely to affect the photophysical properties and that electronic factors

are the main contributors of excited-state properties. 3375

Results and Discussion

The electrochemical behavior of Dp, Dm, Tpm, Tmp and Tmm is characterized by single-wave
oxidations, revealing negligible metal-metal electronic coupling in the ground state of these
complexes. Reductions occur first in the bridging ligand and the following is bpy-centered in all
cases. 3225657 Table 1 collects the electrochemical data for the polynuclear ruthenium (II)
bipyridines photosensitizers studied herein. Oxidation were recorded in acetonitrile containing
0.IM TBAPFs whereas reductions were recorded in N,N-dimethylformamide (DMF) containing
0.IM TBAPFs. This was done to prevent adsorption events that occurred when acetonitrile was

used to record ligand-centered reductions.

Table 1. Electrochemical data (vs. Ag/AgCl) for the polynuclear ruthenium (II) bipyridines photosensitizers studied

in this work.

E/V
Ru'/Ru!" Ly/Lx bpy/bpy~
ACN# DMF (FWHM)P
DMF
D,*2 1.33 —0.99 ~1.36
Dy, 2 1.33 —0.99 ~1.17
Tom>2 1.38 —0.93 -1.02




Tonp> 1.38 —0.78 —0.94

Tnm™? 1.38 —0.86 —0.96

3a peak to peak separation of 99 mV for all dinuclear and trinuclear as well as for [Ru(bpy)s]**
was measured by cyclic voltammetry. ® FWHM between 82 mV (dinuclear) and 96 mV (trinuclear)
was measured.

The ground-state absorption spectra together with the photoluminescence spectra of Dy, Dm, Tpm,

Tump and Tmm are shown in Figure 3323438

A clear increase in molar absorption coefficients was
observed for dinuclear and trinuclear complexes compared to [Ru(bpy)s3]*>*. For Dm and Tmm, a
broader, more intense n—n* ligand-localized transition was observed between 300 and 380 nm.
Interestingly, the maxima of the MLCT transition remained almost unchanged compared to
[Ru(bpy)s]** which suggests poor ground-state electronic coupling between connected units. For
topologies exhibiting para connection, i.e. Dy, Tpm and Tmp, a larger increase in molar absorption
coefficient was observed, concomitant with a slight redshift of the absorption profile. This is,
however, not easily traceable to differences in electrochemical potentials, see for example D, and
Dm in Table 1. Instead, we assign this behavior to a slightly higher orbital delocalization in para
connected compounds. Dy, Tpm and Tmp exhibited a 'MLCT transition centered at a similar energy
as for [Ru(bpy)3]*" (~ 22200 cm™! or 450 nm), involving 2,2’-bipyridine (bpy) ancillary ligands
and the bridging ligands, and a second at lower energy (~ 20800 cm™' or 480 nm) involving only
the bridging ligands. Larger changes within the series compared to [Ru(bpy)s]** were observed
using steady-state photoluminescence measurements that were consistent with emissive *MLCT
excited states localized on the bridging ligand *MLCT(Lx)). Transient absorption spectroscopy in
the late ns to us (> 50 ns) timescale revealed clear differences between the differential spectra of

32,34,58

emissive *MLCT excited states in the polynuclear complexes. It is worth to mention that



spectroelectrochemical oxidation of D, 3° and Dm (Figure S1) results in no significant NIR
absorption, pointing, like the electrochemical data in Table 1, to negligible metal-metal electronic

coupling in the ground state.
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Figure 3. Electronic absorption (a), room-temperature (b) and 77K (c) photoluminescence spectra of [Ru(bpy)s]*"
(magenta, dashed), D, (orange), Dm (green), Tpm (blue), Tmp (cyan), Tmm (purple). Electronic absorption and room
temperature photoluminescence experiments were carried out in acetonitrile whereas 77K measurements were carried

out in butyronitrile. For additional information, please refer to publications 32,3458,
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We started exploring the early nanosecond timescale dynamics on Dy, using nsTAS with
460 nm (21200 cm™) excitation (delay times > 1 ns, 1 ns time resolution). At this excitation
wavelength, where absorption maximizes for most of the studied complexes (Figure 3), population
of several Franck-Condon excited states is expected for each complex. In contrast to Dp, the excited
state decay of Dn, is best described using two exponential decays (Figures 4 and S1, Table S1). A
close inspection of the kinetic trace at 20500 cm™! (488 nm) revealed a rise in the first 30 ns, before
the signal decayed to zero indicating ground-state recovery. This implied that, besides the longest-
lived *MLCT(Lm) state, an additional excited state participated to the decay cascade. A target
analysis strategy was employed to obtain lifetimes and species associated differential spectra for
both states. This method afforded excited-state lifetimes of 16 and 515 ns (Table 2), together with
the differential spectra shown in Figure 4. The longest lifetime and its associated differential
spectrum matched those obtained for the emissive *MLCT(L), which also include bridging ligand
radical anions according to spectroelectrochemistry (Figure S2 and details in the SI).32* The
differential spectrum of *MLCT(Lm) does not include any negative signal, consistent with an
increase of absorptivity upon one-electron reduction, in contrast to *MLCT(L,) in Dy, whose
differential spectrum features a prominent bleach as the absorptivity does not significatively
change upon reduction.’»’ SMLCT(Lm) also featured a photoinduced absorption at 8400 cm™!
(1190 nm) assigned to a photoinduced intervalence charge transfer (PIIVCT) involving the two Ru
ions, originated in a {Ru™3Lm )Ru™d} electronic configuration for MLCT(Lm). Similar
PIIVCT were also observed for *MLCT(Ly).>> DFT and TD-DFT calculations of the lowest triplet
state of Dm (Figures S4-S5, Tables S2-S3, and details in the SI) were consistent with our
experimental interpretation. For example, the spin density and SOMOs are localized on one of the

Ru ions, on one hand, and on the Lm ligand (mostly on one of the meta-connected bpy) on the
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other hand (Figure S4). Furthermore, the energy of the calculated transition #8 matches the
experimentally observed band in the NIR (Figure S4). The electron density difference map
(EDDM) for this transition (Figure S5) indicates that it is mainly a Ru'>Ru™ PIIVCT (58%)
with a minor contribution from a Lm* =>bpy LLCT.

The differential spectrum of the shorter-lived species observed in nsTAS of Dn (Figure 4
and Figures S1, S5 and details in the SI) closely resembled the one of [Ru(bpy)s]*" and was
therefore assigned to a MLCT(bpy) state, where the excited electron is located on an ancillary
bpy ligand. The *MLCT(bpy) shows weak signals in the NIR, consistent with poor metal-metal
electronic coupling and a {(bpy* )Ru(Lm)Ru"} electronic configuration. Thus, an anti-Kasha
picture is observed for Dm, with coexisting *MLCT(Lm) and *MLCT(bpy) excited-state
populations (Eq. 1 and 2) that persist until 1500 and 50 nanoseconds, respectively, indicative of a
slowed and activated IC between them (Eq. 3). As observed by fsTAS, an early population
distribution between *MLCT(Lm) and MLCT(bpy) occurred, concomitant with vibrational
relaxation (Figures S6-S7 and Table S1, details in the SI). These observations imply high kinetic
barriers and poor electronic coupling between SMLCT(Lm) and *MLCT(bpy) (Figure 1).
Complementary nsTAS experiments using 387 and 500 nm (25800 and 20000 cm™) excitations,
at the blue and red edges of the absorption band, respectively, afforded virtually identical results
(Figures S8-S9 and Table S1), indicating that population distribution between *MLCT(Lmn) and

SMLCT(bpy) is independent of the initially populated Franck-Condon excited state.

hv
Ru(bpy), (L) Ru" (bpy), — Ru"'=%(bpy),(L;,)Ru"*°(bpy),  Eq.1

11 11 hv 111 11
Ru" (bpy),(Lm)Ru" (bpy), — Ru'"(bpy) (Lm)Ru" (bpy), Eq.2
IC/VR
Ru'' (bpy) (Lm)Ru' (bpy), A Ru"=%(bpy), (L, ) Ru'*°(bpy), Eq.3
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Figure 4. nsTAS with 460 nm excitation of Dm (top) and Dp (bottom) in argon-purged acetonitrile at room
temperature. Differential absorption kinetic traces at 20500 cm™ (top left) and 19300 cm' (bottom left), Species
associated differential spectra of *MLCT(bpy) (red spectrum) and *MLCT(Lm) (black spectrum) (top center), and
SMLCT(Ly) (bottom center), and time evolution of the relative populations of *MLCT(bpy) (red curve) and
SMLCT(Lm) (black curve) (top right), and *MLCT(L,) (bottom right).

Table 2. Excited-state properties (lifetimes, t) and thermodynamic parameters (triplet energy Eo, activation energy
for internal conversion Eac, pre-exponential factor Aic, internal conversion rate constant kici, and free energy
difference for internal conversion AGic) for the series of binuclear and trinuclear photosensitizers studied herein.

Dnn Tonm Dy Top Tom
Excited State | "MLCT(Ln) MLCT(bpy) | MLCT(Lam) MLCT(bpy) | *MLCT(L;) | *MLCT(Lnp) | MLCT(Lpm)
T/ ns . sls 16 | 312 9 L2100 0 149 | 559
Eo/em® | 16400° 17200 | 15800° 17200 | 15000 |  15100° |  15800°
Earc/cm™ | 2060 § 1940 . nd ¢ nd | nd
Ac/s? | 5x10" | 4x10" ' nd ¢ nd ! nd
ki /s 2.3 x107 3.3x107 10107 | 101107 | 10M-107
AGic/em™ ¢ | 800 1400 1300 2100 1400
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® Triplet energies were estimated from Franck-Condon lineshape analyses of 77 K emission spectra of the different

complexes. ® At 298 K. © Free energy differences were estimated by approximating the triplet energy Eo for

SMLCT(bpy) to that one of [Ru(bpy)s]** in reference 2. ¢ from ref. 32. ¢ from ref. *? n.d.: non determined

The *MLCT(bpy) = *MLCT(Lm) population transfer was estimated as 800 cm™! downbhill,
since the triplet energy Eo for MLCT(bpy) is expected to be close to the one of [Ru(bpy)s;]**
(17200 cm™), while Eo for *MLCT(Lm) is 16400 cm™ according to Franck Condon lineshape
analysis of 77 K emission spectra. *? Time-resolved emission spectroscopy (TRES) experiments
support this estimation (Figure S11, Table S5 and details in the SI). Unequivocal evidence of
SMLCT(bpy) = *MLCT(Lm) internal conversion activity was collected from temperature
dependent nsTAS, where *MLCT(bpy) lifetimes were monitored from 290 to 350 K for D in
butyronitrile (Figure 5 and details in the SI). Decay of the *MLCT(bpy) states includes
contributions from direct radiative (k4-) and non-radiative (ka»-) transitions to the ground state, and,
in principle, two activated processes that could potentially take place, namely *MLCT(bpy) =
SMLCT(Lm) (kic7) and *MLCT(bpy) = *MC (kic2) internal conversions. This is represented in
equation 4, where each of the activated terms involves a pre-exponential factor (A) and an

activation energy (E,).

—Eay —Eay
o = kar + kanr + iy (T) + kica(T) = kap + kany + Are ®7 + Aye 7 Eq.4
1 “Eay
% = kdr + kdnr + Ale RT Eq 5

For *MLCT(bpy) in Dm, only one activated term was sufficient to accurately account for the

experimental observations (Figure 5) in the entire temperature range investigated herein, revealing
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no sizeable *MLCT(bpy)=>>MC (see discussion in the SI). This enabled a modified Arrhenius
analysis using equation 5 that yielded an activation energy of 2060 cm™!, and a pre-exponential
factor of 5 x 10'! s7! (Table S3). In this analysis, the non-exponential term kg + kqnr was fixed to
its value for SMLCT(bpy) in [Ru(bpy)s;]**, 4.1 x 10° s7! (see the SI for details).?? kar + kan values
between 1 x 10* s™' and 1 x 10° s! afforded identical results, while 1 x 107 s! led to noticeable
deviations from the experimental data points. Table 2 collects the excited-state properties and
thermodynamic parameters for the excited-state decay of Dm. A schematic Jablonski diagram
describing the excited decay cascade for Dy, is depicted in Figure 6 and a discussion about the
different contributions to the decay of MLCT(bpy) in Dn is presented in the supporting information
(Figure S12). Most importantly, the IC rate constant k;c; observed for Di at room temperature,
2.2 x 107 s7!, is at least four orders of magnitude smaller than those for VR and IC in usual

chromophores like D, and [Ru(bpy);]**, where values of 10!''-10'? ¢!

are usually
obtained.!%!1-2038:39 This is substantiated by a high barrier of 2060 cm™! for Dy, while the barrier
for isoenergetic ILET in [Ru(bpy)s]** is around 700 cm™' in butyronitrile, as derived from the
IVCT absorption of the ground-state reduced form and temperature dependent ESR studies.*-%
Insights provided here are unique, since in previous reports of coexisting MLCT populations

located on different ligands, interconversion was not observed, precluding the quantification of the

ILET barrier. 3°

15
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Figure 5. Left: Experimental kinetic traces (dots) and best fits (lines) at 20500 cm™ (488 nm) for Dm (top) and at
18550 cm™ (539 nm) for Tmm (bottom). Fits were performed using target analysis. Right: Decay constants (dots) and

best fits (lines) of the *MLCT(bpy) states derived from nsTAS of D (top) and Tmm (bottom) in butyronitrile. Fits were
performed using equation 5.
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Figure 6. Schematic Jablonski-Perrin diagrams showing the excited state cascade for a) Dp, Tmp and Tpm, which include
a fast IC (grey arrow) and electron transfer in the presence of an electron donor (green arrow), generating a charge
separated (CS) product CS(Lx"™), where Lx is either L or Lmp or Lpm. For b) Dm and Tmm, a slow IC (red arrow) allows
the interception of high energy excited states via electron transfer (blue arrow) in the presence of an electron donor,

generating a high-energy charge separated product, CS(bpy™).

The results presented herein indicate that an all-meta substitution pattern, like in D and
Tmm, is key to slow down IC. Indeed, nsTAS at room temperature of the all meta-connected
trinuclear complex Tmm (Figure 2) afforded results analogous to those for D, with lifetimes of 9
and 312 ns for *MLCT(bpy) and *MLCT(Lmm), respectively (Figure S13, Tables 2 and S1). For
Tmm, the modified Arrhenius analysis (Eq. 5) yielded Eo = 1940 cm™ and A =4 x 10! s7! (Figure
5), and kic1 = 3.2 x 107 s7! at room temperature, all very similar to those obtained for Dm (Table
2). In fsSTAS, the behavior of Tum (Figures S14 and S15, Table S1) also resembles that of Dp. In
contrast to all-meta substitution, introduction of para- connections vicinal to meta- connections,
as in Trp and Tpm (Figure 1), is sufficient to reinstate electronic coupling and generate a fast IC

between *MLCT(bpy) and *MLCT(Lmp/Lpm), respectively. In fact, nsTAS at room temperature of
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both Tmp and Tpm can be adequately described, like that of D, using only one exponential decay
of 149 and 559 ns, respectively (Figures S16 and S17, Tables 2 and S1). fsTAS of both Twp and
Tpmare also consistent with IC in the sub-ns timescale (Figures S18 and S19, Table S1). Eq of the
emissive states is 15800 cm™! for Tmm, and 15900, 15100 and 15800 cm™!, for Dy, Tmp and Tpm,
respectively (Table 2).5? This afforded driving forces for the downhill IC processes of 1400 cm™!
for Tmm, and 1300, 2100 and 1400 cm™!, for Dy, Tmp and Tpm, respectively (Table 2). In comparison
with the 800 cm™' estimated above for Dn, it seems that no clear trend is discernible and that, to
the extent of the temperature range explored herein, no evidence of a driving force modulation of
the IC process was observed.

In fact, it appears that the topology of the bridge is the main contributor to control the
dissipative IC pathways in the chromophores studied here. Differences in para- and meta-
conjugated systems and their impact in photophysical properties have been extensively studied.
For example, in aminostilbene and green fluorescent protein chromophore derivatives, para
isomers were found to stabilize perpendicular molecular geometries in the excited state which
provide a fast pathway to the ground state, in comparison to meta isomers which have therefore
longer excited-state lifetimes.%'~%* Also, in donor-acceptor systems connected at the meta positions
of a phenyl bridge, weak electronic coupling in the ground state was found to be enhanced in the
excited state, providing a fast pathway to forward electron transfer upon excitation, and a slow

back electron transfer.>-¢7

However, the IC process analyzed herein occurs between different
excited states, and not between an excited state and the ground state, as in the studies mentioned
above. Besides, the multichromophoric nature of polynuclear ruthenium polypyridines results in a

more complex scenario with charge transfer states involving different molecular fragments.

Therefore, direct comparisons with literature results are difficult. Along the series of compounds
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explored here, interchromophore distance variations are minimal and therefore through-space
interactions between the excited states involved in the IC process probably remain similar.
However, one of the main consequences of changing the topology of the bridge is related to the
dihedral angle between the different {Ru(bpy)s} fragments within an oligonuclear chromophore,
which can modulate through-bond interchromophore interactions. In the ground state, the
calculated DFT structures of D *° and Dy (AA diasteroisomer) (Figures S20 and S21, Tables S6-
S8) afford identical dihedral angles of 30° within the bridging ligand, both strongly deviated from
planarity. *MLCT(bpy) states in D, (which are transiently populated upon light absorption but not
resolved in our experiments) and Dn are also expected to have similar dihedral angles of 30°,
because the bridging ligands are present in their non-reduced forms like in the ground state.
However, the calculated DFT structures of SMLCT(L,) and *MLCT(L), which include Ly~ and
Lm* radical anions, afford dihedral angles of 4 and 16°, respectively (Table S7).3° Hence, while
Ly* is almost perfectly planar, L~ significantly deviates from planarity. It is therefore likely that
the bridging ligand dihedral angles within the *MLCT(Lm/Lmm) excited states of Dm and Tmm,
respectively, lead to a poorer overlap of the electronic wave functions of the excited states
involved. In this picture, the hindrance of through-bond interactions is the physical origin of the
IC barrier in the all-meta-connected chromophores. In contrast, when a para-substitution is
present, the bridging ligand radical anions approach planarity, promoting an efficient overlap of
the electronic wave functions of the excited states involved, reinstating through-bond interactions
and a fast IC.

With this clear excited state description, we noticed that the higher energy excited state
SMLCT(bpy) of D and Tmm was sufficiently long-lived to perform bimolecular electron transfer,®

and could hence be intercepted before IC/VR for anti-dissipative energy conversion. These higher
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energy-state could save between 800 cm™' (100 meV) and 1400 cm™ (170 meV) for Dm and Tum,
respectively (Table 2). As a proof-of-concept for anti-dissipative catalyst activation, we
investigated bimolecular electron transfer using tri-tolylamine (TTA) as an electron donor and D,
as an electron acceptor by means of nsTAS. This reaction mimics catalyst activation by (sacrificial)
electron donors in reductive photocatalysis like CO; reduction or other photoredox schemes. 3+¢°
The formation of oxidized tri-tolylamine (TTA™) was clearly evident in nsTAS (Figures S23-S26)
in the time range 1 ns — 1 ps, through the large absorption changes observed in the 15000-20000
cm! (500-800 nm) range, with a maximum at 14900 cm™' (670 nm).®® To provide insights into the
electron transfer mechanism, different amounts of TTA were added to solutions of Dy, and a global
analysis of the nsTAS results was applied (Figures S22-S25). The resulting *MLCT(Ly) and
SMLCT(bpy) decay constants were found to increase upon the addition of TTA (Figure 7a and
Table S9) which were analyzed according to equation 6. Linear fits afforded bimolecular
quenching rate constants (k;) of 4.0 x 10° M!s™! and 7.9 x 10° M!'s! for *MLCT(Lm) and
SMLCT(bpy), respectively (Figure 7¢). These k, are in agreement with diffusion limited processes
for catalyst activation.

kObS = kO + keT[TTA] Eq 6
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Figure 7. a) Kinetic traces at 670 nm (dots) and fits (lines) derived from nsTAS of Dm solutions in argon-purged
acetonitrile, with different concentrations of tri-tolyalamine (TTA). b) Spectral reshaping during nsTAS of Dm (3.8
mM) with 1.6 mM TTA in acetonitrile at room temperature. Differential spectra at selected time delays are shown,
normalized to the maximum assigned to TTA™. c¢) Observed decay constant of *MLCT(Lm) (black dots) and
SMLCT(bpy) (red dots) derived from nsTAS and linear fits, which afforded bimolecular quenching rate constants (kq)
0f4.0x10°M!sand 7.9 x 10° M's ! for *MLCT(Lm) and *MLCT(bpy), respectively. d) Differential spectra obtained
upon one-electron (solid blue line) and two-electron (dashed blue line) reduction of Dm in acetonitrile. e) Strategies
for quenching higher energy states using TTA as electron donor. The different excited state, i.e. *"MLCT(bpy) and
SMLCT(Lm) are represented by the red and black coloring, respectively. Excited-state electron transfer with TTA
shows the formation of CS(bpy*") (right, blue) and CS(Lm") (left, green) and the corresponding TTA™ (not shown).

The nature of the activated catalyst models formed in the bimolecular electron transfer

reactions, i.e. the charge separated (CS) states, was revealed by nsTAS in the time range 1 ps —
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400 ps. Upon quenching of *MLCT(Lm) and *MLCT(bpy) in the sub-us timescale, CS species are
essentially completely formed at a time delay of 1 s, as evident in the kinetic traces at 14900 cm™
! (Figure 7a). Recombination of CS species usually proceeds following second-order kinetics, and
experimentally this is observed as an intensity loss without significant spectral reshaping since the
only process involved is the back electron transfer between the oxidized and reduced species to
afford the ground state. Instead, we observed, concomitant with a general intensity loss throughout
the whole spectral range, a notorious spectral reshaping in the us timescale (Figures 7b and S23-
S26). Photoinduced absorptions above 16000 cm™' and below 14000 cm™ are observed to decay
faster than the sharp maximum at 14900 cm™' (670 nm) ascribed to TTA™. This strongly suggests
that different CS species, both including TTA", are being formed in the photoinduced electron
transfer reaction that quenches S>MLCT(Lm) and *MLCT(bpy). Notably, reductive
spectroelectrochemistry of D reveals enhanced absorptions above 16400 cm™ (625 nm) and
below 14400 cm™ (694 nm) for Dm(bpy™) in comparison with Dm(Lm™) (Figure 7¢). Therefore,
we believe that both Di(bpy™) and Dm(Ln™") are produced in the reaction with TTA and that the
observed faster decay above 16000 cm™' and below 14000 cm™! stems from a loss of Dm(bpy™)
population. This would be striking, since the only case reporting electron transfer from two
independent MLCT states® is intramolecular in nature, and yielded the same, lowest-energy
charge-separated photoproduct.”’ According to our interpretation, electron transfer from TTA to

D seems to undergo two main pathways (Figure 7g):

Ru'"=%(bpy), Ru*%(bpy), + TTA — Ru''(bpy), Ru''(bpy), + TTA""  Eq.7

Ru' (bpy) (L,)Ru*(bpy), + TTA - Ru'(bpy) (L,)Ru'(bpy), + TTA"*  Eq.8
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While reaction 7 generated a trivial Dm(Lm™) radical anion, this is, with the additional electron
located on the LUMO, reaction 8 produces a high energy, non-conventional LUMO+1 D (bpy™)
transient anion. This result highlights the unique usefulness of light conversion, since generation
of LUMO+1 anions is impossible by solely electrochemical methods. Reduction potentials of —
0.93 V and —0.79 V vs NHE for bpy" and Lm", respectively, show that the 100 meV saved by
blocking excited-state dissipation are translated into a 140 meV more potent reductive
photocatalyst. At this point, it is difficult to establish if Dm(bpy™) directly recombines with TTA™,
if it forms Dm(Lm™) before recombination, or if both pathways are in competition, since our
attempts to model these kinetic traces failed. In any of those cases, the Dim(bpy™) lifetime of around
30 us (Figure 7b) implies a slow ILET process, much slower than the slow ILET between
SMLCT(bpy) and *MLCT(Ln), promoted by an all-meta substitution pattern, and is very promising

for the design of solar energy conversion schemes.

Conclusion

Topological control of dissipative IC/VR processes was demonstrated in polynuclear
{Ru(bpy)s} photosensitizers. All-meta isomers undergo slow internal conversion by means of
ILET in their MLCT excited states, and probably also in their reduced forms. Activation barriers
for IC of around 2000 cm™! allowed to trap high-energy excited states 800-1400 cm™' (100-170
meV) over the lowest excited state. This excess energy was capitalized performing proof-of-
concept bimolecular electron transfer reactions with a tri-tolylamine electron donor, which mimics
catalyst activation by a sacrificial electron donor. This reaction seemed to produce high-energy
reducing agents, 140 meV more powerful than the one generated from the lowest excited state.

This amount of spared energy is significant for solar energy conversion schemes and solar fuels
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production and offers a novel economic pathway to prevent energy losses in anti-dissipative energy

conversion schemes.
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TOC Synopsis
Poor excited-state electronic coupling in all-meta connected {Ru(bpy)s} polynuclear compounds
results in slow internal conversion by means of inter-ligand electron transfer, allowing to exploit

high-energy excited states in bimolecular reactions and saving considerable amounts of energy.
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