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In this paper we have investigated the efficiency of the intramolecular electron transfer process in a
family of Ru''-Fe dyads, previously shown to perform the light-driven activation of an iron-bound water
molecule. The Ru chromophore and Fe catalytic units are connected at different lengths through
a triazole group attached to an alkyl chain containing either three or five carbon atoms. The driving
force for Fe oxidation is modified by adding ethyl ester substituents on the bipyridines completing
the coordination sphere of a [Ru(bpy)s]®*-like chromophore. Transient absorption measurements and
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simulations were used to obtain the rate constants of internal charge transfer for the different
complexes. The parameters governing the electron transfer process, reorganisation energy 4 and
electronic coupling Hag were obtained, and the observed variations are discussed within the framework
of Marcus theory, which can help in understanding how to optimize the design of molecular photo-
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Introduction

The past decades have witnessed a tremendous development of
efficient and selective light-driven catalytic processes, notably
in the fields of synthetic photochemistry® and solar fuels.””
When compared to electro- or thermo-catalytic procedures, a
challenge inherent to photocatalysis is the synchronisation of
the fast physical processes of photon absorption and genera-
tion of excited states (fs to ns timescale) with the slow chemical
reactions involving multi-electron, multi-proton transfers
and structural rearrangements necessary to perform catalysis.
These two functions, light absorption and catalysis, can either
be assumed by the same molecule, a ‘photocatalyst’, or by two
distinct units: one capable of performing photo-induced redox
processes (photoredox unit) activating a second catalytic unit
for chemical transformations. Only a few catalysts behave as
photocatalysts,®® as the requirements associated with the
absorption of visible light and generation of excited states
well-suited to undergo redox reactions limit their scope.™
Moreover, sustaining efficient light absorption throughout its
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different redox states may interfere with the multi-electron
catalytic processes. These limits can be overcome with the
addition of an appropriate chromophore. In photocatalytic
systems where the functions of light absorption and catalysis
are assumed by different units, the initial step consists in
generating efficiently, that is in high yield, a long-lived charge-
separated (CS) state between the two moieties via photo-induced
electron transfer (ET).

A family of complexes that well serves as a photoredox
component is that of ruthenium polypyridines, widely used
for their stability and tuneable properties.'® These complexes
are employed either in bimolecular configurations,"'* or
in covalently linked chromophore-catalyst assemblies.'*"?
The latter approach offers the possibility to go beyond the
diffusion-limited processes which characterise the bimolecular
approach and, at the same time, allows optimising the struc-
tural elements that influence the formation of a CS state which,
within the framework of Marcus theory,'® is controlled by the
driving force (—AG°), the reorganisation energy (Z), and the
electronic coupling (H,g) between the two redox partners.
In linked chromophore-catalyst systems, the electronic cou-
pling depends on the nature of the donor and acceptor units as
well as the bridge that connects those two moieties. Indeed, the
bridge not only sets the distance between the donor and
acceptor, but it also determines the electron transfer mecha-
nism that operates between them, that is via tunnelling or
hopping through the bridge.’”*® The molecular orbitals of the
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bridge, if significantly higher in energy than those of the donor
and acceptor, do not participate directly in the process, but
these represent virtual states determining the electronic cou-
pling, H,gp, between the two units: in this case, the electron
transfer reaction proceeds via a super-exchange mechanism,
and the ET rates exhibit an exponential dependence on the
distance. On the other hand, if the molecular orbitals of the
bridge involved in the electron transfer lie at similar energies
as the donor and/or acceptor, the bridge participates directly
in the electron transfer process which occurs via a hopping
mechanism, less sensitive to the distance between the donor
and the acceptor.***!

In this work, we examine the impact of distance and driving
force on the intramolecular electron transfer process in a family
of covalently linked ruthenium chromophore-catalyst complexes.
The aim is to evaluate the role of the intervening triazole-alkyl
chain bridge, as well as the influence of the driving force, on the
efficiency of the intramolecular ET, in an effort to go toward a
mechanistically driven approach to photocatalysis. The complexes
investigated, designed to perform the visible light activation
of the catalytic unit,* are shown in Fig. 1. The chromophore
units are bis-heteroleptic ruthenium complexes bearing either
bipyridine ligands (1 and 2), or modified bipyridines featuring
four electron-withdrawing ethyl ester units on their periphery
(3 and 4) having different lengths between their components.
The catalyst, [Fe"(Ls*)CI]", is an Fe' ion wrapped by a penta-
dentate amine/pyridine ligand (Ls*) reported to perform the
catalytic oxidation of organic substrates in the presence of
oxygen-containing oxidants, and for which the spectroscopic
signature of the active Fe™(0) intermediate has been reported.>**
In a previous study involving 1-OH,, where the chloride ligand is
substituted by a water molecule, we have shown that upon the
absorption of visible light, the complex undergoes two sequential
one-electron photo-oxidations of the iron catalyst leading to the
formation of an active Fe™(O) species, able to perform oxygen
atom transfer onto a substrate.*

As mentioned above, the bridge connecting the Ru-chromo-
phore and the Fe-based catalyst is a triazole unit, resulting from
“click”” synthetic procedures,> connected to a saturated alkyl
chain containing either three (3C) or five (5C) -CH,- units.
Ruthenium chromophores are well-suited for click procedures,

X X

Fig. 1 Structure of the compounds studied.
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with numerous examples being reported.>*** The role of the
triazole bridge in photo-induced and thermal electron transfer
processes has been investigated in the literature.>*? In the
donor-acceptor systems examined, distinctive photo-induced
electron transfer processes have been identified: hopping
pathways resulting in fast charge separation;**® tunnelling
pathways in Zn-porphyrin-fullerene dyads; but also
cases where the photo-induced CS process was slow*> or
blocked**** although thermodynamically feasible. An asym-
metric role of the bridge with respect to photo-induced oxida-
tion or reduction within the same system has also been
reported.>®

A successful method, to increase the driving force for the
intramolecular electron transfer and stabilise it over time, is
the flash-quench method which consists in quenching the
excited state of the chromophore either by adding in excess
amounts, or by grafting on it, an electron donor or acceptor, in
order to generate either the reduced or oxidised state of the
chromophore, respectively. This species is a better reductant
(oxidant) than the excited state and is longer-lived because its
disappearance relies on second-order charge recombination
with the oxidised (reduced) quencher. Under such conditions
(i.e. thermal electron transfer), electron transfer through the
triazole bridge could be observed even when hindered in the
excited state.>®?73441,45747

39-41

Results and discussion
Electrochemical properties

Cyclic voltammetry studies have been performed on the reference
catalyst compound [Fe"(Ls*)CI]" and on dyads to obtain the
driving force for possible electron transfer processes occurring
between the chromophore and the catalyst. For [Fe"(L;>)CI]", the
Fe'/Fe"" redox event is observed at E;, = 0.60 V vs. SCE in
acetonitrile.”” Compounds 1 and 2 containing unmodified
bipyridines on the chromophores present the same electroche-
mical profile (Fig. S1, ESIt): oxidation of Fe'' to Fe™ appears at
0.58 V, while the Ru"/Ru" redox process is observed at E;j, =
1.25 V (1.24 V for 2), allowing for a driving force —AG® = 0.66
(0.67) eV for intramolecular Fe" oxidation by Ru'. For both
compounds bearing ester bipyridine groups, 3 and 4, Fe"
oxidation occurs at E;,, = 0.59 V, while the Ru"/Ru" wave
appears at E;;, = 1.45 V, exhibiting a +0.20 V anodic shift
as compared to the unmodified bipyridine analogues. This
can be explained by the incorporation of four electron-
withdrawing groups which induce a decrease in the electronic
density at the metal centre. This results in an increased
driving force (—AG° = 0.86 eV) to perform Fe" oxidation. Thus,
we anticipate that the ester-containing dyads should be more
efficient in generating the Fe'™ species.

On the cathodic side, reduction waves are observed at
—1.32 V vs. SCE for 1 and 2 and at —0.92 V for 3 and 4,
respectively. These processes, assigned to the reduction of a
bipyridine of the ruthenium chromophore ([Ru"(bpy),(bpy)* 1),
will be short-handed as Ru' in the following text. The reduction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 1 Summary of mid-point potentials for the different dyads in
acetonitrile in the presence of 0.1 M of tetrabutyl-ammonium
hexaflouro-phosphate (TBAPF¢), reported vs. SCE; AG for Fe oxidation
has been obtained from AG® = F(Ey»(Fe"/Fe") — E1o(Ru"/Ru"), where Fis
the Faraday constant (F = Nae)

Complex Ej,(Fe"/Fe")/V  Eyp(Ru™/Ru™)/V AG/eV  Ejpn(Ru™/Ru')/V
1 0.58 1.25 —0.67 —1.32
2 0.58 1.24 —0.66 —1.32
3 0.59 1.45 —0.86 —0.92
4 0.59 1.45 —0.86 —0.92

potential of the ruthenium excited state (Ru*) for the process
Ru* — Ru', given by

E15(Ru*/Ru’) = E;p(Ru™/Ru’) — E°°(Ru*)

with E°(Ru*) estimated from the emission spectra of the
chromophore,*® amounts to 0.80 V vs. SCE for the dyads 1
and 2 and to 1.10 V for the ester modified dyads. These results
suggest that Ru* should be able to oxidise Fe'" to Fe'™ in all the
dyads, with driving forces —AG® = —E;,(Fe™/Fe') + E;,(Ru*/
Ru') = +0.22 eV and +0.52 €V. As in previous studies,***”***" no
redox event associated with the triazole bridge was observed.
This suggests that in these dyads, a super-exchange mechanism
rather than electron-hopping through the bridge should operate.
To resume, the electrochemical data, reported in Table 1, indi-
cate that Fe"" oxidation is thermodynamically feasible from both
Ru™ and Ru* species and that both electron transfer processes
are more favoured in the ester-substituted complexes.

Photophysical properties

The absorption spectrum of the Fe" redox state of the [Fe™(Ls>)CI]"
catalyst exhibits a maximum at 400 nm (¢ = 5000 M ' em™ ),
originating from an MLCT Fe" — pyridine transition.> Upon
excitation at 355 nm, an emission spectrum (Fig. 2) with a

emission intensity / a. u.

500 600
wavelength / nm

Fig. 2 Evolution of the emission spectrum of the catalyst moiety in the
H,O/CHsCN (4:1) mixture. Emission-gated spectra (gate: 10 ns) were
obtained upon excitation with 355 nm laser flash (energy: 10 mJ) of an
argon purged solution.

400
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maximum at 475 nm is observed at early times (10 ns) which
broadens at longer times (100 ns), hinting at the presence of
a shoulder at ~530 nm. This suggests the presence of hetero-
geneity in the excited states, some possibly close in energy to the
chromophore’s ones. No transient absorption was observed, even
at short times (Fig. S2, ESIt). The decay kinetics of the observed
emission could not be resolved as it disappears within the time
resolution of our apparatus; however, from the spectra evolution,
it could be estimated to be ~30 ns. Such lifetime, uncommonly
long for Fe" polypyridine complexes, has previously been
observed for similar iron complexes for which high-spin (HS) Fe"
excited states, lower in energy than 'MLCT, are populated and
deactivated via a transition to a low-spin (LS) state.”>*® Equili-
bration between different HS states has been observed to cause
biphasic decays.>

In the case of the chromophore-catalyst complexes, the
absorption spectra (Fig. 3) exhibit a band at 290 nm (310 nm
for the ester-bearing bipyridines), originating from the chromo-
phore m-n* transition, and broad MLCT bands in the 400-
500 nm region. In line with previously published results,*">>
absorption bands for the ester-bipyridines complexes are red-
shifted by ~20 nm. Such a shift is reflected in the emission
spectra (Fig. S3, ESIt) where maxima are observed at 610 nm for
complexes 1 and 2, and at 640 nm for 3 and 4. This evidences,
in agreement with the electrochemical results, the presence
of a low-lying LUMO in the latter group. No emission bands
associated with the catalyst were observed because excitation
light at 460 nm is only absorbed by the ruthenium moiety
(e[Fe"(Ls>)CI]" < 1000 M " em ™).

All the complexes studied exhibit biexponential emission
decay kinetics (Fig. 4 and Table 2), sharing a long-living
component (t = 1100 ns), slightly longer than that of the
reference [Ru(bpy);]**.*® This has previously been observed
for ruthenium chromophores functionalised with the triazole
attached via its carbon atom.>”*” Biexponential decay of emis-
sion, often observed for heterobimetallic complexes,”"**** may
have several causes. It can be due to the presence of conformers
with different efficiencies for quenching of the excited state by

100000
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- 3
= —a
_G 60000
s
~ 40000
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0 : : \
200 300 400 500 600 700
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Fig. 3 Ground state absorption spectra for the complexes investigated in
H,O/CH=CN (4:1).
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Fig. 4 Emission kinetics at the emission maximum (left) and transient absorption spectra at 100 ns (right) after the laser pulse, for the different
compounds in H;O/CHzCN (4 : 1). Optically matched absorption at 460 nm. Decays have been fitted with a biexponential curve (red traces). On the right,
the amplitude of the absorption spectra, taken at 100 ns after the laser pulse, is consistent with the excited state lifetimes.

Table 2 Emission maxima and emission lifetimes. Lifetimes have been
obtained from the biexponential fit of emission decays (cf. ESI)

Complex Apm/DM 74/n8 T,/n8

(3 5 y ~ >
Fe"(Ls%)Cl]t 470, 530 30 30
1 610 1100 (39%) 70 (61%)
2 610 1100 (74%) 50 (26%)
3 650 1100 (81%) 120 (19%)
4 650 1150 (98%) 100 (2%)

energy/electron transfer, or from the equilibration between
close-lying excited states. It is worth noting that in the com-
pounds studied, the bridge might present some flexibility due
to the alkyl chain,> allowing for different conformations, some
possibly more prone to quenching. Regarding the possibility of
having quenching by energy transfer, we notice that the relative
amplitude of the fast emission phase is significantly lower
for the ester-containing complexes, a fact that is tentatively
attributed to the preferential localization of the electron on the
ester-substituted bipyridine groups in the MLCT excited state
(*Ru).”>? Such fast phase is largest for complex 1 where the
shortest distance between the Fe atom and the excited state on
the Ru chromophore is expected, in particular if the latter is
localised on the bipyridine with the attached triazole linker.
These observations are consistent with a possible energy
transfer occurring in the conformers presenting a short-lived
emission. However, the energy levels of the catalysts should lie
higher than, or close to, those of the chromophore, a fact
implying a slow energy transfer rate and inefficient quenching.
Another possible explanation for the observed short-lived com-
ponent could be a reductive quenching of *Ru" state by Fe",
which, as previously discussed, is an exergonic reaction. This
process, which should be mediated by a hole-transfer super-
exchange path between the acceptor LUMO and the HOMO
bridge unit,>® has often been observed in dyads bearing a
triazole bridge.’®> Transient absorption spectra (Fig. 4) do
not provide evidence for stable intermediates resulting from
a photoinduced intramolecular reductive quenching of

17030 | New J. Chem., 2024, 48,17027-17037

*Ru" by Fe. The absence of a detectable fraction of a Ru'
state absorbing at 510 nm®® could, however, be explained with
the recombination rate, for which AG® = —0.7 eV, being faster
than the CS rate, a scenario that prevents the observation of
the transient CS state. With regard to driving force, the
photoinduced reductive quenching of the ruthenium excited
state should be favoured in ester-complexes 3 and 4 (AG® ~
—0.52 eV), which, however, exhibit longer lifetimes. In con-
sequence, the occurrence of reductive quenching as an expla-
nation for the biphasic emission decay is considered as
unlikely and we privilege the alternative explanation for
the observed biexponential decay that is the equilibration
between excited states close in energy. The ordering of the
multiple MLCT excited states might be altered in dyads.’”
In particular, in agreement with the emission spectrum of
[Fe"(L5>)CI]*, the lower energy levels of the catalyst might be
close to the higher MLCT levels of the chromophores, the
more so for the unmodified-bipyridine.

To summarise, the photophysical studies have evidenced an
heterogeneity of the excited states in these dyads with an
excited state population having a short lifetime (~100 ns).
This population is smaller in the presence of a long alkyl linker
(5C) and for the ester-substituted groups on the ruthenium
chromophore, both modifications resulting in locating the
MLCT state away from the catalyst, which possibly reduces
the interaction between the energy levels of the chromophore
and the catalyst. Moreover, the collected results show that
although the formation of a Ru'-Fe™ CS state is thermodyna-
mically accessible, it is not formed. Thus, we investigated the
possibility to generate a long-lived Fe'"" species using an exter-
nal electron acceptor.

Photoinduced electron transfer in the presence of an external
electron acceptor

We have previously observed® the intramolecular generation of
Fe' in complex 1, using [Ru(NH;)s]*", which is an optically
transparent reversible electron acceptor.”® We employ here
methyl viologen (MV>") which is also able to oxidatively quench

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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the chromophore (E;,(MV**/MV*") = —0.45 vs. SCE)*® in a
bimolecular process creating a MV** radical and a Ru™ species
which is then able to oxidise Fe". Reduction of MV*" results in
characteristic absorption bands at 400 nm (¢ = 41800 M ' cm ™)
and 605 nm (¢ = 13900 M~' ecm™"),°° whereas conversion of
Ru" into Ru™ produces a depletion of absorption at 450 nm
(Ae = —11300 M~ " cm™").°" The optical features of the MV**
radical can thus be used to probe the efficiency of the initial
bimolecular CS, to infer, using the kinetic evolution of the system,
the subsequent steps, and to quantify the yields.

In the presence of 20 mM MV>", the emission of the excited
state was quenched in all the compounds examined, although
with different rates (kgr) and yields. Interestingly, the quench-
ing rate was smaller than diffusion-limited, varying from kgt ~
10" M~ * s for the ester-containing complexes, to an order of
magnitude higher with kg ~ 3 x 108 M~ s7* for unmodified-
bipyridine ones. This can be rationalised by the driving force
values, which amounts to —AG® ~ 0.12 eV and 0.42 eV,
respectively. With AG® being certainly smaller than the reorga-
nisation energy 4, the ET process is placed in the Marcus
normal region. As such, the rate increases with —AG° but it is
smaller than the maximum rate (occurring at —AG° = 1), which
is, in the case of bimolecular reactions, limited by diffusion.

After the decay of the excited state, the presence of MV*"
is attested by the appearance of peaks at 400 and 605 nm

1
0.005}
pS
0.000 ki
—— 605 nm
-0.005} —— 450 nm
0 200 400 600 800
time / us
0.005f} 3
0.000
<
<
-0.005+¢
—— 605 nm
-0.010} —470 nm
-0.01 ; : : '
e 0 200 400 600 800
time / us
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(Fig. S5, ESIt), while the bleaching at 450 (470, 480 for the
esters) nm confirms the presence of the Ru™ species.

To investigate the light-induced internal ET events, we mea-
sured and analysed absorption transients at the wavelengths
characteristic for Ru"™ (450-480 nm) and the MV*" radical
(605 nm) (Fig. 5). In all cases, we found the decay of the Ru™
state to be faster than the decay of the reduced electron
acceptor, evidencing that the reduction of Ru™ by Fe' is
competitive with back ET. To obtain the rate constants describ-
ing the dynamics of the system, we fitted the experimental data
shown in Fig. 5, using the target model given below, which
includes the initial bimolecular quenching by MV>* (kgr), both
intramolecular (kgr) and the final charge recombination
between MV** and either Ru™ (kggr) or Fe'™ (kppro).

Ru(u)-Fe(u) + MV*>" — Ru(m)-Fe(u) + MV*" kg
Ru(u)-Fe(n) —» Ru(u)-Fe(m) Ay
Ru(m)-Fe(u) + MV** — Ru()-Fe(r) + MV*"  kppry

Ru(n)-Fe(m) + MV** — Ru(u)-Fe(u) + MV*"  kgpr,

The rate constant for the intramolecular oxidation of Fe'
is reported in Table 3 for the four complexes. The other

0.010} 2
0.005}
0.000
-0.005} //‘“—M — 605 nm
—— 450 nm
-0.01 s ‘ ‘ !
0910 0 200 400 600 800
time / ps
0.010
0.005
g0.000
-0.005
—— 605 nm
-0.010} ——480 nm
-0.01 . . s B
ool 0 200 400 600 800
time / ps

Fig. 5 Differential transient absorption kinetics at selected wavelengths in the presence of 20 mM MV2* for the compounds studied in the HO/CHsCN
(4:1) argon-purged solution at 293 K. The solutions excited at 460 nm using a laser energy of ~10 mJ and absorption at the excitation wavelength

of 0.40.
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parameters, as well as the species evolution resulting from
simulations, are given in the ESI{ (Fig. S6-513). For complex 1,
0.38 uM of Ru™ generated from the initial CS state evolves
(ker = 3000 s71) into ~0.21 uM of Fe™™. In the case of 2, the
longer lifetime of the excited state accounts for a higher yield of
initial CS (0.62 uM), although the increased distance between
the metals makes the intramolecular electron transfer slower
(krer = 620 s’l). For ester derivatives 3 and 4, the oxidative
quenching of the excited state by MV>" results in a smaller
concentration of the initial CS state, respectively 0.17 uM and
0.31 pM. Nevertheless, due to the increased oxidation potential
of the Ru-chromophores with the ester-modified bipyridines, a
higher kg (11000 s™) is obtained, for intramolecular Fe™
generation in complex 3. Finally, the longer metal-to-metal
distance in 4 qualitatively explains the smaller rate constant
compared to 3. In an effort to rationalise the effect of driving
force and distance on kg, the rate of the intramolecular
electron transfer was measured at different temperatures for
compounds 1, 3 and 4 and the temperature dependence was
analysed to obtain an estimation of the reorganisation energy 4
and electron coupling H,g for the different compounds
(¢f ESIt). The values obtained (Fig. S14, ESIt) are reported in
Table 3.

Among the complexes investigated, the fastest and most
efficient intramolecular electron transfer was observed for
complex 3, which features a high oxidation potential of the
Ru chromophore and the shorter Ru-Fe distance. The complex
least efficient in generating Fe' appears to be 2, as the
Ru"/Ru" redox potential is lower and the Ru-Fe distance is
longer. These results could be rationalised within the frame-
work of Marcus theory for ET. The reorganisation energy 4 was
found to be high (>2 eV), explaining the rather slow intra-
molecular ET observed for all the dyads. Since for the proto-
typal chromophore [Ru"(bpy);]*" no changes in the bonds
occur upon reduction and 4 is given only by the solvent
contribution (4 ~ 0.7 eV),**® we attribute the high reorganisa-
tion energy to significant changes in the bond lengths occur-
ring on the Fe catalyst upon oxidation. This assignment is
consistent with the spin state switch from high spin (S = 2) for
[Fe"(Ls>)CI]* and [Fe™(Ls*)(OH,)** (ref. 64) to low spin (S = 1/2)
for [Fe™(Ls*)(OH)]*.**> Such a spin state change in this family
of complexes is accompanied by a Fe-N bond decrease of
ca. 0.2 A.°® Although high, / is quite similar among the diff-
erent complexes, thus, it does not seem to be the reason for the
differences observed among them. An increase of driving force,
—AG®, by about 200 meV, due to the ester substitutions on
the periphery of the Ru-chromophore, impacts instead the

Table 3 Parameters governing the rate constant for ET according to
Marcus theory and rate constants for intramolecular ET at 293 K

Complex AG°lev eV Hjp/meV fyer/s !
1 —0.66 2.03 0.12 3100
2 —0.67 nd nd 620
3 —0.86 2.39 0.25 11000
4 —0.86 2.12 0.07 8300

17032 | New J. Chem., 2024, 48,17027-17037
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activation energy E, (¢f ESIT) and leads, as expected, to an
increased rate kg, by a factor of ca. 3.5 and 13 for the short and
long variants, respectively. Finally, the main parameter describ-
ing the distance dependence of the ET rate, the electronic
coupling H,g, was found to be strongly reduced (by at least a
factor of 10, from ca. 0.20 meV to 0.07) by the introduction of
two additional CH, groups in the linker.

Conclusions

From the results obtained, some conclusions can be drawn
on the role of the bridge, as well as of the driving force,
on both photoinduced energy and electron transfer processes
in the chromophore-catalyst complexes. The observation of
two excited state populations can be explained either by the
presence of two conformers, due to some flexibility of the
linker, or with the equilibration of the excited state between
two close-lying energy levels. A photo-induced reductive quen-
ching of the chromophore is thermodynamically favourable
and it could explain the short-lived component for one of the
conformers. However, this explanation seems unlikely consid-
ering that the ester-modified bipyridine complexes 3 and 4, for
which the driving force is considerably higher, exhibit the
longest excited state lifetimes. Also, an energy transfer process
seems improbable because the excited states of the catalyst lie
higher in energy than that of the chromophore. We favour
instead the presence of close-lying excited states that can
equilibrate and this process is significantly reduced in the
dyads with ester-modified bipyridines on the Ru-chromo-
phore. Since the transient oxidation of Fe" could not be
observed via photo-induced intramolecular electron transfer,
in order to generate the Fe'" species required to advance toward
the active catalyst species, an external electron acceptor was
added in the solution. In this case, the intramolecular oxida-
tion of Fe™" to Fe™ was found to occur at different rates and with
different yields depending on the driving force and the distance
between the two metals. The triazole was not observed as an
intermediate in the thermal intramolecular electron transfer
process, consistent with the absence of a redox wave in the
electrochemical measurements, confirming that the reaction
takes place via tunnelling through the bridge. Among the
parameters governing the electron transfer process, it was
found that the reorganisation energy was very similar, while
the electronic coupling H,p was an order of magnitude smaller
for the bigger metal-metal distances, making the intra-
molecular electron transfer considerably slower. Another para-
meter having a strong influence on the rate was found to be the
driving force —AG°.

These results highlight the importance of the bridge and of
AG® when designing complexes for photocatalysis. Optimising
the efficiency of intramolecular electron transfer as described
in this work is necessary for an efficient photodriven catalysis.
However, for multi-electronic transformations, a further chal-
lenge consists also in optimising efficient charge accumula-
tion on the catalyst. This requires similar characterisation of
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photo-induced intramolecular ET to intermediate redox states
of the catalyst, which might not only present different driving
force and excited state quenching properties. More impor-
tantly, the bridge connecting the photosensitizer and the
catalyst must be designed in a way to minimize deleterious
charge annihilation due to fast ET from the photosensitizer
excited state to the previously created oxidized catalyst
species.®®®” Extension of the mechanistic studies presented
here using double-flash excitation procedures can help disen-
tangle the reaction sequences operating for different redox
states of the catalyst and these studies are currently ongoing
in our lab.

Experimental

Chemicals were purchased from Acros and used without
further purification. All solvents except for dichloromethane,
acetonitrile and methanol were purchased from Aldrich or
VWR and were used as received. Dichloromethane and aceto-
nitrile were distilled over CaH,, whereas methanol was distilled
over Mg. NMR spectra were taken either on a Bruker AV 300
MHz or a Bruker 600 MHz spectrometer using the residual
protonated solvent as an internal standard. Chemical shifts ()
are given in parts per million (ppm) and coupling constants ()
are reported in hertz (Hz). Splitting patterns are designated as
singlet (s), doublet (d), triplet (t), doublet of doublet (dd), and
doublet of doublet of doublet (ddd). Splitting patterns that
could not be interpreted or easily visualized are designated
as multiplet (m). Electrospray mass spectra were recorded on a
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A
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Thermo Scientific TSQ, or on a Bruker micrOTOFq mass
spectrometer in the positive mode of detection (EST").

Synthetic procedure

The synthetic procedure is shown in Fig. 6.

C3. N,N,N'-Tris(2-pyridylmethyl)-ethane-1,2-diamine (Trispicen)
(471 mg, 1.41 mmol, 1 eq.) and toluene-4-sulfonic acid 3-azido-
butane (1.60 g, 5.64 mmol, 4 eq.) were dissolved in 100 mL of
acetonitrile. To this mixture were added K,COs (2.90 g, 21 mmol,
15 eq.) and KI (774 mg, 47 mmol, 0.30 eq.) and the reaction was
stirred at 90 °C under an argon atmosphere for 72 hours. At this
time the reaction mixture was allowed to cool to room temperature
and filtered through a fritted filter in order to remove insoluble
salts. The organic phase was removed under a reduced atmo-
sphere and the resulting solid was chromatographed using
neutral alumina and CH,Cl,: 1%MeOH as the eluent in order
to collect the desired product (400 mg, 51% yield). '"H NMR
(300 MHz, CDCl;) § 8.47 (t, 3H, J = 5.6 Hz, Py-H); 7.59 (m, 3H,
Py-H); 7.46 (d, 2H, J = 7.7 Hz, Py-H); 7.29 (d, 1H, J = 8.0 Hz,
Py-H); 7.10 (m, 3H, Py-H); 4.36 (t, 2H, J = 7 Hz, CH,-N;); 3.80
(s, 4H, CH,-Py); 3.68 (s, 2H, CH,-Py); 2.69 (s, 4H, N-CH,CH,-N);
2.41 (t, 2H, J = 7.0 Hz, CH,-N); 1.86 (m, 2H, CH,-CH,-CH,-CH,-
CH,-N;); 1.46 (m, 2H, CH,-CH,-CH,-CH,-CH,-N;); 1.26 (m, 2H,
CH,-CH,-CH,-CH,-CH,). HRMS (ESI') [M + H]" = 445.2832.
Calculated for C,5H;;Ng = 445.2823.

E3. 4-Ethynyl-[2,2/]bipyridinyl (156 mg, 0.87 mmol, 1 eq.)
and C3 (386 mg, 0.87 mmol, 1 eq.) were dissolved in 20 mL (1:1
CH,Cl,/H,0). The solution was purged and degassed 3 times
with argon and vacuum. To this solution were added CuSO,-
5H,0 (326 mg, 1.30 mmol, 1.50 eq.) and sodium ascorbate

A
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Fig. 6 Synthetic procedure for complex Ru—FeCl (1-Cl). (i) CH3CN, K,COs3, 90 °C, 72 h (ii) CuSO4-5H,0, Na ascorbate, CH,Cly:H,O (iii) Ru(bpy),Cl,,
AgNOs, MeOH, NaPFg (iv) FeCl, CHsCN:MeOH. €1,%2 D,% E1, F—H,*! F-COOEt>! and 1 have been previously reported.
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(522 mg, 2.61 mmol, 3 eq.). The mixture was allowed to react
overnight under an argon atmosphere. At this time, the reac-
tion mixture was transferred to a round bottom flask and 20 mL
of a mixture containing 1.3 g of HEDTA and 0.6 g of NaOH
was added, followed by mixing for one hour. The solution was
extracted using CH,Cl, and the product was purified via
column chromatography (alumina. CH,Cl, to CH,Cl,/2.5%
MeOH) (227 mg, 41% yield). "H NMR (300 MHz, CDCl;): ¢
8.74 (d, 1H, J = 5.0 Hz, bpy-H); 8.68 (m, 2H, bpy-H); 8.49 (m, 4H,
3 Py-H, 1 bpy-H); 8.05 (s, 1H, tria-H); 7.95 (dd, 1H, J = 1.5,
5.0 Hz, bpy-H); 7.84 (td, 1H, J = 1.5, 7.8 Hz, bpy-H); 7.57 (m, 3H,
pyr-H); 7.46 (d, J = 7.7 Hz, 2H, pyr-H); 7.34 (m, 2H, bpy-H); 7.30
(d, 1H, J = 5.5 Hz, Pyr-H); 7.11 (m, 3H, Py-H); 4.39 (t, 2H, J =
7.2 Hz, CH,-Trz); 3.80 (s, 4H, CH,-Pyr); 3.66 (s, 2H, CH,-Pyr),
2.70 (s, 4H, CH,-CH,); 2.43 (t, 2H, J = 7.2 Hz, N-CH,-CH,-CH,-
CH,-CH,-Trz), 1.88 (q, 2H, J = 7.2 Hz, CH,-CH,-Trz); 1.49 (q, 2H,
J = 7.2 Hz, CH,-CH,-CH,-CH,-Trz), 1.29 (q, 2H, J = 7.2 Hz, CH,-
CH,-CH,-Trz); HRMS(ESI') [M + H]" = 625.3520. Calculated for
Cs,H,1 Ny = 625.3510.

2-Ag. Ru(bpy),Cl, (75 mg, 0.155 mmol, 1 eq.) and AgNO;
(52 mg, 0.31 mmol, 2 eq.) were dissolved in 5 mL of MeOH and
stirred at room temperature for one hour. The resulting
solution was filtered through filter paper into a round bottom
flask containing compound C3 (97 mg, 0.155 mmol, 1 eq.) and
the resulting mixture was allowed to react under an argon
atmosphere at 70 °C overnight. The solvent was evaporated
under reduced pressure and the resulting solid was re-dissolved
in a minimum amount of MeOH. The silver containing product
2 was precipitated by the dropwise addition of a saturated
aqueous solution of NaPF (190 mg, 85% yield).

'H NMR (300 MHz, CD;0CD;): § 8.99 (s broad, 2H, bpy-H);
8.95 (d, 1H, J = 8.1 Hz, bpy-H); 8.84 (d, 4H, J = 5.0 Hz, bpy-H);
8.55 (m, 3H, J = 8.0 Hz, Ru-Tz, Ru-bpy-H); 8.23 (m broad, 6H,
bpy-H); 8.11 (q, 5H, J = 9 Hz, Trz-bpy-H, Ru-bpy-H); 7.91 (m, 4H
Py-H); Ru-bpy, 7.59 (d, 5H, J = 8.0 Hz, bpy-H); 7.49 (broad, 4H,
J = 7.6 Hz, bpy-H); 7.35 (7, 2H, Py-H); 4.35 (t, 2H, ] = 7 Hz, CH,-
Trz); 4.03 (broad, 2H, CH,-N); 3.79 (broad, 2H, CH,-CH,-N); 3.60
(s, 2H, N-CH,-CH,-N); 3.00 (broad, 2H, N-CH,-CH,-N); 2.91-
2.84 (broad, 6H, CH,-Pyr); 2.32 (dd, 2H, CH,-CH,-CH,-Trz); 2.11
(m, 2H, CH,-CH,-Trz). HRMS (ESI) [M + HJ** = 645.1268.
Calculated for Cs5;H5¢FsN14PRuU = 645.1276.

2-Fe. (200 mg, 0.140 mmol, 1 eq.) was dissolved in 10 mL of
CH;CN and placed in a Schlenk tube which was degassed with
argon. In a different Schlenk tube, FeCl,-2H,0 (100 mg, 0.70 mmol,
5 eq.) was dissolved in 10 mL of MeOH and degassed with argon.
The Fe-containing solution was transferred via cannula and the
mixture was allowed to react overnight under an argon atmosphere.
The content of the Schlenk tube was transferred to a round bottom
flask where the solvents were removed under reduced pressure. The
resulting solid was redissolved in a minimal amount of MeOH and
the desired compound 3-Fe was obtained as a red precipitate by
the dropwise addition of a saturated aqueous solution of NaPFg
(163 mg, 74% yield). HRMS(EST') [M + PF,|" = 637.1262. Calculated
for Cs;Hs¢ CIFgFeN,,PRuU = 637.1265.

3-Ag. F-COOEt (180 mg, 0.231 mmol, 1 eq.) and AgNO;
(118 mg, 0.231 mmol, 3 eq.) were dissolved in 5 mL of MeOH
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and stirred at room temperature for one hour. The resulting
solution was filtered through filter paper into a round bottom
flask containing compound A1 (138 mg, 0.231 mmol, 1 eq.) and
the resulting mixture was allowed to react under an argon
atmosphere at 70 °C overnight. The solvent was evaporated
under reduced pressure and the resulting solid was redissolved
in a minimum amount of MeOH. The silver containing product
3-Ag was precipitated by the dropwise addition of a saturated
aqueous solution of NaPF, (250 mg, 61% yield).

'"H NMR (300 MHz, CD;0CD;) d: 9.05 (s, 1H, bpy-H); 8.95
(dd, 2H, J = 5 Hz, 1 Hz, Ester-bpy-H); 8.83 (d, 5H, J = 7 Hz); 8.71
(s, 1H, Trz-H); 8.62 (d, 1H, J = 5 Hz, bpy-H); 8.20 (m, 6H-Pyr-H);
8.08 (m, 5H, bpy-H); 7.94 (m, 2H, bpy-H); 7.70 (m, 3H, pyr-H);
7.61 (m, 5H, Pyr-H); 7.48 (dd, 1H, J = 5 Hz, 1 Hz, bpy-H); 4.59
(t, 2H, J = 7.0 Hz, Trz-CH,-CH,-CH,-N); 4.48 (m, 10 H, J = 7 Hz,
O-CH,CH; and CH,); 3.82 (t, 2H, J = 5 Hz, CH,-Py); 3.62 (t, 2H,
J = 5 Hz, CH,-Py); 3.42 (q broad, 2 H, J = 8 Hz); 2.55 (q, 2H,
J =7 Hz, Trz-CH,-CH,-CH,-N); 1.44 (t, 12H, ] = 7 Hz, O-CH,CH,).
HRMS(ESI") [M + PFs** = 775.1537. Calculated for Cg,Hgg
AgF(N,,04PRu = 775.1544.

3-Fe. 3-Ag (250 mg, 0.156 mmol, 1 eq.) was dissolved in
10 mL of CH3;CN and placed in a Schlenk tube which was
degassed with argon. In a different Schlenk tube, FeCl,-2H,0
(112 mg, 0.781 mmol, 5 eq.) was dissolved in 10 mL of MeOH
and degassed with argon. The Fe-containing solution was
transferred via cannula and the mixture was allowed to react
overnight under an argon atmosphere. The content of the
Schlenk tube was transferred to a round bottom flask where
the solvents were removed under reduced pressure. The result-
ing solid was redissolved in a minimal amount of MeOH and
the desired compound 3-Fe was obtained as a red precipitate by
the dropwise addition of a saturated aqueous solution of NaPF,.
(184 mg, 81% yield). HRMS(EST') [M + 2PF¢-CH,CH;]" = 753.1431.
Calculated for CgsHgs CIFgFeN;,O¢PRu = 753.1374.

4-Ag. F-COOEt (214 mg, 0.277 mmol, 1 eq.) and AgNO,
(94 mg, 0.554 mmol, 2 eq.) were dissolved in 5 mL of MeOH
and stirred at room temperature for one hour. The resulting
solution was filtered through filter paper into a round bottom
flask containing compound A3 (173 mg, 0.277 mmol, 1 eq.) and
the resulting mixture was allowed to react under an argon
atmosphere at 70 °C overnight. The solvent was evaporated
under reduced pressure and the resulting solid was redissolved
in a minimum amount of MeOH. The silver containing product
4-Ag was precipitated by the dropwise addition of a saturated
aqueous solution of NaPF, (385 mg, 81% yield).

'"H NMR (300 MHz, CD;0CD;): § 8.99 (m, 2H, Pyr-H); 8.83
(d, 5H, J = 8 Hz, Ester-bpy-H); 8.59 (s, 1H, Trz-H); 8.54 (s broad,
1H, bpy-H); 8.22 (t, 6H, H = 8 Hz, Ester bpy-H); 8.08 (q, 5H, J =
5 Hz, Ester-bpy-H); 7.87 (m, 3H, Pyr-H); 7.60 (broad, 4H, bpy-H);
7.48 (q, 4H, J = 8 Hz); 7.35 (q, 1H, J = 8 Hz, bpy-H); 4.48 (q, 8H, /=7
Hz, O-CH,CHj3); 4.34 (m, 2H); 4.06 (broad, 2H); 3.82 (broad, 2H);
3.61 (m, 2H); 2.83 (m, 8H, J = 7 Hz, 2 Hz, CH,-Py); 2.33 (broad, 2 H);
1.44 (t, 12H, J = 8 Hz, O-CH,-CH;); HRMS(ESI") [M-CH,CH, +
PFe[* = 762.1382. Calculated for CesHgy AgFN;4,06PRU = 762.1361.

4-Fe. 4-Ag (200 mg, 0.123 mmol, 1 eq.) was dissolved in 10 mL of
CH3CN and placed in a Schlenk tube which was degassed with
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argon. In a different Schlenk tube, FeCl,-2H,O (89 mg, 0.615 mmol,
5 eq.) was dissolved in 10 mL of MeOH and degassed with
argon. The Fe-containing solution was transferred via cannula
and the mixture was allowed to react overnight under an argon
atmosphere. The content of the Schlenk tube was transferred
to a round bottom flask where the solvents were removed
under reduced pressure. The resulting solid was redissolved in
a minimal amount of MeOH and the desired compound 4-Fe
was obtained as a red precipitate by the dropwise addition of a
saturated aqueous solution of NaPFs. (184 mg, 81% yield).
HRMS (ESI") [M-2PF¢~CH,CH;]*" = 463.1103. Calculated for
CesHgs ClFeN,,00,Ru = 463.114.

Electrochemistry. All electrochemical experiments were run
under an argon atmosphere. Cyclic voltammetry measure-
ments were recorded using an Autolab potentiostat controlled
with a Nova 1.10 software package. The counter electrode
used was a Pt wire and the working electrode was a glassy
carbon disk carefully polished before each voltammogram
with a 1 um diamond paste, sonicated in an ethanol bath,
and washed with ethanol. The reference electrode used
was a SCE electrode isolated from the rest of the solution
by a fritted bridge. The experiments were run with 1 mM
solutions of complex in acetonitrile or acetone using 0.1 M
tetrabutylammonium hexafluorophosphate as a supporting
electrolyte.

Nanosecond laser flash photolysis. Transient absorption
spectral and kinetic measurements were performed on an
Edinburgh Instruments LP920 laser flash photolysis spectro-
meter system that incorporated a Continuum OPO for sample
excitation (7 ns pulse duration). The OPO was pumped by a
Continuum Surelite Q-switched Nd:YAG laser operating at
355 nm. The samples were excited by 460 nm wavelength
pulses at ~10 m]J laser energy. The LP920 system uses a 450 W
Xenon arc lamp as a source for the probe light for the
transient absorption measurements. For kinetic measure-
ments in the time range 10 ns to 100 ps, the Xenon arc lamp
was pulsed. Detection is performed either via a Czerny-Turner
blazed 500 nm monochromator (bandwidth: 1-5 nm) coupled
with a Hamamatsu R928 photomultiplier tube (kinetic mode),
or via a 500 nm blazed spectrograph (bandwidth: 5 nm)
coupled with a watercooled ICCD nanosecond Andor DH720
camera (spectral mode). The samples, purged with argon for
10 minutes prior to each experiment, had an absorbance of
~0.40 at excitation wavelength. The presented transient
absorption spectra were typically the average of 20-50 mea-
surements. The kinetics profiles obtained in the presence of
MV>*" were simulated using the free software QSoas program.®®
Values of known parameters such as the initial concentra-
tions, Ag, kgr (obtained from the emission quenching experi-
ments), were fixed and the fitting procedure was run using the
ORDPACK engine.
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