Showcasing research from Professor Maseras laboratory,
Institute of Chemical Research of Catalonia (ICIQ-CERCA),
Catalonia, Spain.

Straightforward computational determination of energy-
transfer kinetics through the application of the Marcus theory

Density functional theory is shown to be a reliable tool to
estimate energy-transfer Giblbs energy barriers between
different photosensitizers and organic molecules containing
and alkene group.

7 ROYAL SOCIETY
PP OF CHEMISTRY

As featured in:

Chemical
Science

See Albert Solé-Daura and
Feliu Maseras, Chem. Sci.,
2024, 15, 13650.

rsc.li/chemical-science

Registered charity number: 207890



#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Straightforward computational determination of
energy-transfer kinetics through the application of
the Marcus theoryfy

{ ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 13650

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry *

Albert Solé-Daura and Feliu Maseras

Energy transfer (EnT) photocatalysis holds the potential to revolutionize synthetic chemistry, unlocking the
excited-state reactivity of non-chromophoric compounds via indirect sensitization. This strategy gives
access to synthetic routes to valuable molecular scaffolds that are otherwise inaccessible through
ground-state pathways. Despite the promising nature of this chemistry, it still represents a largely
uncharted area for computational chemistry, hindering the development of structure-activity
relationships and design rules to rationally exploit the potential of EnT photocatalysis. Here, we examined
the application of the classical Marcus theory in combination with DFT calculations as a convenient
strategy to estimate the kinetics of EnT processes, focusing on the indirect sensitization of alkenes
recently reported by Gilmour, Kerzig and co-workers for subsequent isomerization [Zahringer et al., J.
Am. Chem. Soc., 2023, 145, 21576]. Our results demonstrate a remarkable capability of this approach to

estimate free-energy barriers for EnT processes with high accuracy, yielding precise qualitative
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1 Introduction

In addition to advancing societal sustainability goals by har-
nessing solar light as a renewable source of energy, photo-
catalysis taps the unique reactivity of excited states. This
unlocks the synthesis of essential molecular scaffolds crucial to
industries like fine chemicals, which are otherwise inaccessible
through ground state reactivity.' However, the high energy-
laying nature of singlet excited states in readily-available
nonactivated substrates precludes their direct excitation and
hence, hinders their excited-state reactivity triggered by solar
light.

In this regard, Energy Transfer (EnT) photocatalysis repre-
sents a powerful strategy to enable the indirect sensitization
and excited-state reactivity of nonactivated compounds,*® as
illustrated in Fig. 1a. Typically, upon light irradiation, a photo-
catalyst (PC) undergoes excitation to a singlet excited state,
subsequently evolving to a triplet state, >PC*, through inter-
system crossing (ISC). The latter is then proposed to sensitize
the substrate via triplet-triplet EnT, regenerating the ground
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to experimental values and a small mean average error (MAE) of 1.2 kcal mol™,

state of the PC and yielding the triplet excited state of the
substrate, Ty, from which reactivity takes place. Together with
Single Electron Transfer (SET), EnT processes constitute
complementary fundamental pillars of photocatalysis, enabling
the reactivity of compounds in distinct redox and electronic
states, respectively. So far, EnT photocatalysis has been
successfully applied to key processes within organic synthesis,
including the deracemization of chiral alkenes via selective E/Z
isomerization, thermally-unaffordable cycloaddition reactions,
or even to promote difficult organometallic steps that are
challenging to occur on the ground state, as exemplified in
recent reviews.”” For the specific case of alkene isomerization,
EnT allows forming the T, triplet state of the alkene, bypassing
that of high-energy laying singlet excited states, as illustrated in
Fig. 1. The T, triplet state can be regarded as a biradical species,
whereby an electron has been formally transferred to the 7-type
highest occupied molecular orbital (HOMO) of the alkene to the
m* lowest unoccupied molecular orbital (LUMO) (Fig. 1b). In the
triplet-state manifold, regardless their E or Z isomerism,
alkenes are known to experience a rotation about the C-C bond
to reach configurations with a torsion angle close to 90° to
minimize spin-pair repulsion.>® Subsequently, while the T,
state decays to the S, ground state, the torsion angle twists back
to either ca. 0 or 180°, yielding E and Z isomers in presumably
equal amounts. Notably, if one of the isomers is less susceptible
to be sensitized than the other, racemic mixtures can be effec-
tively deracemized to form the least reactive partner.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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While EnT processes hold great potential and are gaining
increasing interest, they still represent a largely unexplored area
for computational chemistry, most likely due to the intricacies
involved in modeling processes that diverge from conventional
bond-formation and bond-breaking phenomena. This lack of
mechanistic knowledge hinders the development of design
rules to control or improve the efficiency of EnT photocatalysis
and hence, limits its success to costly experimental trial and
error approaches.

So far, many efforts have been devoted to develop compu-
tational strategies to estimate the kinetics of EnT events
building upon the Marcus theory.”® The Marcus theory was
originally developed to investigate the energy landscape, and in
turn the kinetics, of SET processes, constituting a well-
established approach that is still largely adopted nowadays
(see Section 2, Methods, for details). According to the Dexter
mechanistic picture,'®" triplet-triplet EnT can be regarded as
two concomitant electron transfer events (from the highest
singly occupied molecular orbital (SOMO) of the donor to the
LUMO of the acceptor and from the HOMO of the acceptor to
the lowest SOMO of the donor), as shown in Fig. 1b. This
conceptual view of EnT motivated the application of the Marcus
theory to delve into EnT events. So far, efforts have been devoted
to determine or estimate the electronic coupling between initial
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Fig. 1 (a) Overview of EnT photocatlytic processes applied to the

isomerization of alkenes. (b) Schematic frontier molecular orbital
diagram illustrating the sensitization of alkenes via EnT. Molecular
orbitals of ethene and spin density for its triplet state are represented
on B3LYP-optimized geometries with isovalues of 0.02 and 0.06,
respectively.
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and final states,"”?® which is needed to calculate EnT rates
through a semi-classical formulation of the Marcus theory,
where the electronic coupling is explicitly included in the pre-
exponential term of the rate constant equation (see Fig. S17).
Although accurate, this strategy requires the complex and
computationally-demanding inclusion of quantum effects,
rendering its application unpractical and far from trivial. As
a matter of fact, EnT processes in the recent literature on
computational photocatalysis are often overlooked or their
evaluation is limited to the analysis of matching energy levels
between donor and acceptor molecules,>””*° suggesting that
the substantial complexity of the semi-classical Marcus theory
discourages their exploration. A much more convenient
approach, based on a purely classical variant of the Marcus
theory (Fig. S1t) has been recently introduced in a couple of
works.*** This assumes no electronic coupling between reac-
tant and product states, allowing the estimation of EnT free-
energy barriers through straightforward DFT calculations,
avoiding the need of computing electronic coupling terms via
more sophisticated and costly computational techniques. So
far, this approach has been extensively and successfully used to
estimate the kinetics of SET processes,**~** but its application to
EnT processes is markedly less explored. In fact, this simpler
approach has been only applied to a very limited scope of
systems and even though it allowed explaining experimental
trends in a qualitative fashion,*** the resulting free-energy
barriers were not contrasted with experimental kinetic data,
making it difficult to evaluate the quantitative accuracy of this
approach.

To bridge this gap, we systematically examined the potential
of classical Marcus theory as a cost-effective and easy-to-use
computational alternative to more sophisticated methods for
estimating EnT barriers, assessing its performance against
experimental data. Recently, the groups of Gilmour and Kerzig*
reported a detailed kinetic investigation on the indirect sensi-
tization of alkenes by a variety of PCs, offering a unique and
compelling opportunity to probe the computational application
of the Marcus theory to model EnT. Here, we leveraged this
unparalleled set of kinetic data as a robust experimental refer-
ence to compare our results with. Moreover, we explored for the
first time the application of an ‘asymmetric’ variant of the
Marcus theory (see Section 2, Methods).*® The latter approach
accounts for possible deviations from the ideal behavior that
has been conventionally assumed in previous studies, in which
both reactants and products electronic states are described by
parabolic functions of the same amplitude, thus pushing the
computational modeling of EnT processes beyond the current
state of the art. Indeed, we demonstrate that the proposed
approach allows for excellent prediction of EnT free-energy
barriers, with a mean average error (MAE) of 1.2 kcal mol "
compared to experimental values derived from rate constants.
Hence, our results evidence that the classical Marcus theory in
combination with inexpensive DFT calculations can be used as
a practical and inexpensive strategy to readily estimate the
kinetics of EnT events, which we hope provides inspiration and
motivates computational research on EnT photocatalysis, ulti-
mately triggering substantial advances in this emerging field.
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Fig. 2 Pictorial representation of the parabolas describing the free-
energy surfaces of reactants (blue) and products (red) states projected
on the reaction coordinate dimension. Relevant parameters to the
application of the Marcus theory are highlighted with arrows.

2 Methods

Named after Rudolph A. Marcus, the Marcus theory was origi-
nally proposed in 1956 (ref. 7) to provide a fundamental expla-
nation to SET Kkinetics. Marcus was awarded the Nobel Prize in
Chemistry in 1992, largely based on the foundational contri-
butions of this theory.® This theory regards the free-energy
basins describing the electronic states of reactants (Gg(q)) and
products (Gp(q)) as symmetric parabolic functions when pro-
jected on the reaction coordinate (g) dimension, as illustrated
in Fig. 2:
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Golg) = Girlge) + el — )’ ®)

where ki and kp determine the amplitude of both parabolas;
and gy and gp correspond to the equilibrium configurations of
reactants and products, respectively.

Thus, by adopting a non-adiabatic scheme whereby there is
no coupling between reactants and products states at the
transition region, the free-energy barrier of the SET event can be
estimated from the free-energy difference between the reac-
tants, Gr(qr), and the crossing point of both parabolas, that is,
at ¢ = g%, where Gg(q) = Gp(q) (see Fig. 2). For the sake of
simplicity, it is commonly assumed that both parabolas have
the same exact width, (i.e. kg = kp), which leads to the following
expression for the free-energy barrier:

(1+AG))*
47

where AG, is the reaction Gibbs free energy, and 4 accounts for
the so called ‘reorganization energy’, which is defined as the
energy difference between the reactants in their equilibrium
configuration, Ggr(qgr), and in the equilibrium configuration of
the products state, Gg(gp) (Fig. 2). This gives access to the A
parameter as obtained from the reactants-state potential-energy

AGH = (3)

surface (Ag). The same magnitude can be also measured on the
products-state surface, yielding Ap. Ideally, when the amplitudes
of both parabolas are equal, Ap = Az = A. In non-ideal scenarios,
however, Ap and Az might entail slight variations. Hence, from
a computational standpoint, the reorganization energy is typi-
cally determined as an arithmetic average of Ap and Ag. Notably,
the reaction coordinate is a function not only of the nuclear
coordinates of the substrates involved in the reaction, but also
of those of the solvent molecules surrounding them, which

1 2
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Fig. 3

Indirect sensitization of alkenes 1-4 via EnT using TX as a PC. E and Z alkenes are highlighted in red and blue, respectively. Gibbs free-

energy barriers derived from experimental rate constants®® are given in kcal mol™2.
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throughout their transition from the configuration of the reac-
tants (gg) to the that of the products (gp), crossing g*, the
crossing point between the parabolas that describe reactants
and products states. Thus, in order to calculate Az as Gr(qp) —
Gr(qr), for instance, the Gg(ggr) term can be estimated by
relaxing both nuclear coordinates to the equilibrium configu-
ration, ggr. However, the Gg(gp) term requires making use of
non-equilibrium configurations on the Gy surface, that is,
nuclear coordinates and solvation cavities optimized for gp and
not for gr. The latter can be easily achieved by means of
a feature for implicit solvation models implemented in the
Gaussian quantum chemistry package (see Computational
details section).

As observed for electron transfer processes, the application
of eqn (3) may lead to rough barrier estimates if kx and kp
significantly differ.*** In these cases, when kg # kp (see
Fig. S21 for an illustrative example), the more sophisticated
analytical expression given in eqn (4) can be derived* and
employed to relate the free-energy barrier with Ap, Az and AG,.

2
—p + /A2 + (AR — Ap)AG;
4)
AR — Ap

AGH = Ar

In this work, the above expressions are applied in conjunc-
tion with DFT-derived reorganization energies and reaction free
energies with the aim of evaluating their potential to estimate
free-energy barriers for EnT events.

3 Results and discussion

As introduced above, we employed a recent work by Gilmour,
Kerzig and co-workers® as an experimental frame of reference
to investigate the application of the classical Marcus theory to
EnT photocatalysis. This contribution reports the indirect
sensitization of several alkenes (substrates 1-4, represented in
Fig. 3) via EnT for subsequent E/Z isomerisation. To this end,
thioxanthone (TX) was primarily used as a PC. TX is an aromatic
ketone (see Fig. 4 for molecular structure) that upon light
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Fig. 4 Molecular structure of the photocatalysts (PCs) investigated in
this work.
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absorption and singlet-to-triplet ISC, forms a long-lived triplet
excited state, labeled as *TX* (lifetime of 77 us),** which serves
to sensitize olefinic substrates following the scheme depicted in
Fig. 1. A thorough kinetic study enabled determining rate
constants for the EnT events from *TX* to both the E and the Z
isomers of substrates 1-4, which allowed explaining the
observed selectivity in terms of E/Z ratios.* In addition, the
EnT-enabled reactivity of substrate 3 was further analyzed using
a variety of Ir(m)- and Ru(u)-based PCs, for which experimental
rate constants were also determined.

In the following, we first focused on investigating the EnT
processes involving TX and substrates 1-4, then transitioning to
extend our exploration to the transition metal-based PCs rep-
resented in Fig. 4.

3.1 Sensitization of alkenes 1-4 with thioxanthone

Leveraging the kinetic data reported for the EnT processes from
*TX* to substrates 1-4,° we derived the Gibbs free-energy
barriers given in Fig. 3 through the Eyring equation to obtain
an experimental reference to compare our computational
predictions with. Within the context of the Marcus theory, the
distinct EnT barriers displayed by 1-4 may be ascribed to
differences in the thermodynamic driving force (that is, the
reaction free energy) and in the reorganization energy (vide
supra).

Firstly, we carried out DFT calculations to analyze both the
singlet and triplet potential energy surfaces of 1-4, aiming to
characterize the minima that correspond to the reactants and
products of the EnT process. As shown in Fig. 5, E isomers were
predicted to be slightly more stable than their Z counterparts, in
line with previous computational results,* although they were
all found to lie within a narrow range of <2 kcal mol™" in terms
of Gibbs free energy.

° o\ H
31 (+48.0) . —_—
T | 32(+47. 6) K
o) . e (+49.1)
E 33 (+44.9)"
= J—
éo, (+42 3) 3E (_02)
(<5| —1z 4z — 1E (-10)
(0.0 — 2:(-17)
>_<— >_<— “4g (-1.7)
0 90 180

2(°)
Fig. 5 Free-energy diagram of the characterized minima for 1-4 on
both the lowest singlet and triplet states as function of the dihedral
angle that determines their £/Z isomerism (®). For each alkene, relative
Gibbs free energies (kcal mol™) are given in parenthesis with respect
to the Z isomer on the ground-state singlet, (¢ = 0). Black and red
labels are used to denote singlet and triplet-state species, respectively.
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As introduced above, alkenes form a biradical centered on
both carbon atoms of the former double bond upon sensitiza-
tion, which twists towards a torsion angle (®) of ca. 90° (see
Fig. 1 and 5).>**>*>*¢ Such a configuration was indeed obtained
when performing geometry optimizations of 1-3 in the triplet
state, starting from either the E or the Z configuration. However,
for substrate 4, we were able to characterize two minima on the
triplet surface, labeled as *4 and 4/, respectively, as shown in
Fig. 5 (see Section 2 in the ESI for further detailst). Hence, the
free-energy barriers for EnT to 1-3 can be calculated assuming
the formation of *1-*3 regardless the original substrate isom-
erism (E or Z). However, those concerning 4, and 4, are required
to derive from the thermodynamics of *4 and 34’ formation,
respectively, despite that the less stable 4’ might ultimately
evolve towards *4 via thermal fluctuations after the EnT event.
Importantly, all characterized triplet species are found within
arange of +42.3 and +50.8 kecal mol " relative to their respective
ground states. This supports that, from a thermodynamic
perspective, they all can be spontaneously sensitized by TX, for
which we determined a higher triplet free energy of
+57.2 keal mol .

With this in hand, the reaction free-energies and reorgani-
zation energies compiled in Table 1 were obtained for the
sensitization of 1-4 by the triplet excited state of TX. As inferred
from the above analysis of triplet-state energies, all the analyzed
EnT processes were found to be thermodynamically favorable,
with AG, < 0 (Table 1, second column). Among them, substrates
with highly-conjugated double bonds were found to yield to the
most favorable reaction free energies (2, 3 and 4,). This can be
explained by the fact that such conjugation enhances the
delocalization of the radicals formed upon sensitization,
reducing spin pair repulsion and consequently, stabilizing the
triplet state. According to the Marcus theory, a stronger ther-
modynamic driving force translates into lower free-energy
barriers and hence, faster EnT process (see eqn (3) and (4)).

Still, our results also suggest that efficient radical delocal-
ization in the absence of steric constraints that trigger a rotation
about the C-C bond in the triplet state leads to less favorable

Table 1 Thermodynamic and kinetic parameters for the indirect
sensitization of substrates 1-4 via EnT using TX as a PC*

Symmetric Asymmetric

approach® approach?
Substrate  AGhL,” AG, Ax A AG' AAGY AG' AAGH
1z 7.4 —8.2 76.6 369 104 3.0 8.4 1.0
1, 5.4 -9.2 75.8 30.2 9.1 3.7 6.2 0.8
2p 4.0 —-12.1 66.0 25.8 6.2 2.3 34 0.6
2y 4.5 —13.3 64.5 372 6.9 2.4 5.4 0.9
3g 3.9 —119 67.8 274 6.6 2.7 3.8 —0.1
3z 4.4 -12.1 67.7 379 7.8 3.4 6.2 1.8
4y 3.6 —-6.4 15.3 13.3 1.1 2.5 1.0 —2.6
4, 3.7 —14.4 64.0 26.5 5.2 1.5 2.5 —1.2

“ Energies in kcal mol~*. ? Gibbs free energy barriers derived from
experimental rate constants reported in ref. 39. € Values obtained
assuming kz = kp, through eqn (3). ¢ Values obtained assuming kg #
kp, through eqn (4). ¢ Difference between DFT-derived and
experimental barriers.
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EnT reaction energies, which may be in turn detrimental for the
EnT rate, as exemplified by the 4, substrate. Conspicuously, this
implies the existence of a sweet spot whereby electronic and
steric effects are balanced, leading to optimal EnT kinetics.
However, it is important noting that EnT barriers do not only
depend on the reaction free energy, but also on the reorgani-
zation energy, which strongly benefits from minimal molecular
rearrangements upon EnT, as discussed below.

A notable feature of the calculated reorganization energies is
that, except for 4, they are distinctly different when measured
on either the reactants (Ag) or the products (4p) surface, being
ca. 31 keal mol ! larger, on average, when determined on the
reactants (*TX* + alkene) surface (Table 1). This indicates that
the curvature of the products-state surface along the reaction
coordinate is less pronounced than that of the reactants. While
the contribution of TX to both A is rather similar (4.8 vs.
4.1 kcal mol ™, Table S1%), those of the alkenes to Az and Ap
significantly differ, being responsible for the observed dispar-
ities. This can be attributed to the fact that the rotation about
the C-C bond of the alkene entails a much smaller energy
penalty on the triplet state, where the double bond character is
lost. Thus, the asymmetric formulation of the Marcus theory (kg
# kp, eqn (4)) might be more appropriate than the symmetric
one (kg = kp, eqn (3)) to estimate EnT free-energy barriers for
these systems. In fact, as shown in Table 1 and graphically
illustrated in Fig. 6, the free-energy barriers obtained from the
asymmetric approach are consistently closer to the experi-
mental values compared to those obtained through the appli-
cation of the symmetric one. Typically, the barriers estimated
through the asymmetric Marcus formula (eqn (4)) exhibit
remarkably small deviations from experimental values of less
than 2 kcal mol .

The largest deviations from the experimental behavior are
observed for substrate 4. Albeit the discrepancies compared to
experimental barriers are still small (—2.6 and —1.2 kcal mol ™"
for E and Z isomers, respectively), the estimated barriers are
both underestimated and unlike the experimental ones, they

Ly
=}
"

AG* (kcal mol™1)
w B
e °

n
o
.

-
o
L

0.0-

1 1z 2 2z 3e 3z 4 4z
Substrate

Fig. 6 Comparison of the free-energy barriers for EnT from STX* to
both E and Z isomers of 1-4 as obtained from experimental rate
constants® (red bars) and from DFT calculations through the appli-
cation of the asymmetric Marcus theory approach (blue bars).
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present different magnitudes for both isomers. The high degree
of consistency between experimental and calculated barriers for
1-3 and the small calculated barriers for 4, and 4, (1.0 and
2.5 keal mol ', respectively) prompted us to hypothesize that
the rate of EnT for these substrates is not controlled by the EnT
process itself but by diffusion. This implies that the entropy-
governed barrier for bringing *TX* and the alkene together is
higher than the intrinsic barrier for the EnT process. Indeed,
diffusion barriers are usually of the order of 3-4 kcal mol *,*
which would explain both the height of the experimentally-
determined barriers and the similar kinetics observed for 4
and 4, as their underlying diffusion rate is not expected to vary
significantly due to their very much resembling physicochem-
ical nature. Thus, EnT steps that are predicted to take place
through free-energy barriers of <3 keal mol ', it is reasonable to
assume that entropic diffusion barriers control the overall
sensitization rate, leading to rate constants of the order of 10"°
M~ s7'. It is worth noting that even though 4; and 4, exhibit
significantly different reaction free energies and reorganization
energies (Table 1, last two rows), these differences largely cancel
out when plugged into eqn (4), resulting in similar free-energy
barriers.

Overall, for substrates 1-3, the theoretically-derived rate
constants are in good agreement with the experimental ones,
the largest deviations of one order of magnitude laying within
the range of computational uncertainly (see Table S31). More-
over, the ratios between theoretical rate constants for £ and Z-
isomer sensitization align with experimental ones (see Table
S37), reproducing the experimental preference for forming one
isomer or the other. As shown in Table 2, the development of
microkinetic models using theoretically-derived EnT barriers
demonstrate that experimental selectivity trends in terms of E:
Z ratios at the photostationary state can be qualitatively (if not
quantitatively) reproduced (see Fig. S4 for further detailst). For
substrate 1, a quantitatively accurate E:Z can be successfully
predicted (Table 2, entry 1). Although the experimental selec-
tivity toward the Z isomer was also reproduced for substrates 2
and 3, larger discrepancies of up to 30% in products distribu-
tions were obtained. Still, a shift of only +1.5 kcal mol " on the
lowest EnT barrier for each substrate, decreasing the AAG* of
EnT to E and Z isomers accordingly, leads to E: Z ratios that are
much closer to the experimental ones (Table 2, entries 3 and 5).
We acknowledge that other aspects such as the electronic
coupling between substrates and PCs can certainly have an

Table 2 Comparison between experimental E : Z ratios®*® and theo-
retical ones, derived from EnT rate constants obtained through the
asymmetric Marcus theory

Entry Substrate E: Z ratio exp. Calc.

1 1 95:5 97.3:2.7
2 2 24:76 2.6:97.2
3 24 25.2:74.8
4 3 31:69 1.6:98.4
5 34 17.9:82.1

@ Applied shift of +1.5 in kcal mol ™" to the lowest EnT barrier.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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impact on the EnT rate. However, our results reinforce that the
classical Marcus theory can be successfully applied to predict
EnT kinetics and experimental selectivity trends, albeit precise
quantitative assessment of product distributions lies within the
range of chemical accuracy. For substrate 4, conversely, the
sensitization rate is proposed not to be governed by the ob-
tained, very low EnT barriers, but rather by diffusion ones.
Thus, for diffusion-controlled alkene sensitization, selective
deracemization can become challenging. However, according to
our calculations, it could be attained by photocatalysts with
lower triplet energies, which render the EnT step slower than
diffusion and hence, rate-limiting, allowing to discriminate
between both isomers.

3.2 Sensitization of 3 with transition metal-based
photocatalysts

Finally, we further extended our computational analysis to the
Ir(m)- and Ru(u)-based PCs represented in Fig. 4, which were
experimentally tested against 3 and 3. All Ir(ur)-containing PCs
were observed to successfully sensitize both substrates,
although with varying kinetics presumably due to different
triplet-state energies, ranging from 55.6 (Ir-A) to 67.1 (Ir-
E) keal mol~".* Conversely, no reaction could be attained when
using Ru as a PC, which was ascribed to the fact that its triplet
energy (50.5 kcal mol ™) is not high enough to allow EnT to the
alkenes.

As shown in Fig. 7, the asymmetric Marcus equation also
provides a rather accurate estimate of EnT free-energy barriers
for Ir(m)-based PCs (see Table S2t for numerical values), the
largest discrepancies being observed for (Ir-C), which account
for 3.0 and 2.0 kcal mol~". These results reinforce that the
classical Marcus theory can indeed serve as a handy tool to
evaluate the feasibility of EnT processes through fundamental
DFT calculations and to perform computational screenings of
potential PC candidates to promote specific photocatalytic

14.0

N exp. I calc.

12.04

10.0 1

8.01

6.0

4.0

AG* (kcal mol™1)

2.01

0.0-

P9 999 Y
£ & ¢ ¢ ¢

Photocatalyst/Substrate

Fig.7 Comparison of the free-energy barriers for the sensitization of
3¢ and 3z via EnT by the triplet excited states of transition metal-based
PCs as obtained from experimental rate constants® (red bars) and
from DFT calculations through the application of the asymmetric
Marcus theory approach (blue bars).
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transformations, thus saving experimental time and resources.
Also, further analysis of the obtained data confirmed that the
thermodynamic driving force for the EnT, determined by the
triplet-state energy of the PC is indeed an important factor
governing the kinetics of the process, as the barriers roughly
inversely correlate with the calculated reaction free energies
(Fig. S51). Nevertheless, the reorganization energies of the PCs
have a great impact on the heights of the barriers as well (see
Fig. S5 and related text in the ESI{). Notably, the smaller reor-
ganization energies obtained for TX and its 2,7-dimethoxy-9H-
thioxanthen-9-one derivative (MeOTX) compared to Ir-based
ones, explains why they sensitize substrates faster than Ir-
based PCs with similar triplet energies, as reported by Gil-
mour, Kerzig and co-workers® (see Section 5 of the ESI for
further detailst).

Surprisingly, the calculated barriers obtained for the active
Ir-A and the inactive Ru were found to be nearly identical (see
Fig. 7 and Table S2t). As determined experimentally*® and
further supported by our calculations (Table S51), the triplet
energy of Ru is lower than that of Ir-A, i.e. the singlet-triplet
energy gap is narrower for Ru. Accordingly, the thermody-
namic driving force for EnT events is smaller for Ru compared
to Ir-A (see Table S27). Nevertheless, the triplet energy of Ir-A
was calculated to be ca. 4 kcal mol ' lower than the
experimentally-determined one; while the calculated reorgani-
zation energies (1) were found to be smaller for Ru (Table S17),
so that when plugged into eqn (4), the differences in AG, and A
values largely cancel out, leading to very similar barriers. This
poses two potential hypotheses:

In the present context, there are two competitive processes
that the catalysts may undergo after triplet-state formation: (i)
the EnT to the alkene, which involves nearly equal barriers for
both Ru and Ir-A; or (ii) the relaxation to the ground state, which
is faster for Ru according to shorter excited state lifetime
compared to Ir-A (420 vs. 787 ns).*®* On these grounds, the
competition between these two processes may hamper the
sensitization of substrates by Ru, while still enabling Ir-A to get
involved in EnT before decaying to the ground state, explaining
thus the experimental outcomes.

Alternatively, given that the calculated triplet energy of Ir-A is
somewhat lower than the experimental one, it is indeed likely
that our calculations slightly underestimates the exergonic
character of EnT events involving the Ir-A photocatalyst (Table
S51), leading to overestimated free-energy barriers (by ca.
2 keal mol ™), as shown in 7. Although these differences may
seem subtle, especially considering that the limits of compu-
tational accuracy are generally accepted to range between 1-
2 kcal mol™", they can have a significant impact on the
competition between pathways. In fact, assuming a hypothet-
ical case whereby unproductive relaxation and EnT take place
through barriers of the same height, a shift of only +1 kcal-
mol " on the EnT barrier changes the distribution of pathways
from 50:50 to 84.4:15.6, according to a Boltzmann
distribution.

Hence, one should note that besides the height of EnT
barriers, other parameters such as the ability of the PC to absorb
photons, the lifetime of the excited states of the PC, or the

13656 | Chem. Sci, 2024, 15, 13650-13658

View Article Online

Edge Article

accuracy of triplet energies governing EnT free-energies may
need to be carefully assessed to safely evaluate the feasibility of
photocatalytic processes based on EnT. Moreover, particularly
careful assessments need to be made when analyzing EnT
processes that involve high enough barriers to allow competing
side processes to come into play. Besides the unproductive
relaxation of the photocatalyst to the ground state, these may
include triplet-triplet annihilation or even degradation of the
photocatalysts via loss of ligands in metal-based complexes or
hydrogen-atom transfer events involving aromatic ketones such
as TX.

4 Conclusions

In this work, we explored the application of the Marcus theory
in combination with computational methods to estimate the
free-energy barriers underlying energy transfer (EnT) processes,
which are fundamental events to photocatalysis. Building upon
the indirect sensitization of alkenes with photocatalysts (PCs)
via triplet-triplet EnT as a representative example, our results
support that the Marcus theory can be effectively applied in
combination with DFT-derived reaction free energies and reor-
ganization energies to provide an accurate estimate of EnT
barriers, with typical discrepancies of less than 2 kcal mol ™"
compared to experimental data.

Moreover, our computational exploration also revealed that
the use of the ‘asymmetric’ variant of the Marcus theory,
whereby reactants- and products-state surfaces are described by
symmetric parabolas of different width provides more accurate
barriers for the sensitization of alkenes via EnT with an overall
mean average error (MAE) of 1.2 keal mol™", given that the
products surface along the reaction coordinate is significantly
flatter due to the biradical nature of the excited alkene.
Conversely, the ‘symmetric’ approach, in which both parabolas
are assumed of the same width leads to larger discrepancies,
with a higher, although still acceptable MAE of 2.3 kcal mol *. It
is worth noting that this approach may be prospectively
combined with the Dynamic Vertical Triplet Energy approach®
to refine triplet-state energies and in turn, EnT reaction free
energies, further enhancing the predictive ability of the Marcus
theory.

We hope that this research inspires the scientific community
to delve into the intricacies of EnT processes through the
performance of straightforward DFT calculations, which serve
as a cost-effective alternative to more sophisticated and
computationally-demanding wave function-based methods and
semi-classical Marcus expressions that require modeling
quantum effects such as the electronic coupling between states.
Notably, the adoption of this computational protocol is poised
not only to unlock unprecedented computational screenings to
streamline and optimize experimental work, but also to eluci-
date the structure-activity relationships that govern these
processes. This, in turn, paves the way for the strategic design of
novel photocatalytic systems with enhanced efficiency, thus
triggering substantial advances in the emerging field of EnT
photocatalysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5 Computational details

DFT calculations were carried out at the B3LYP-D3BJ*** level of
theory using the Gaussian 16 (rev A.03) quantum chemistry
package.® Geometry optimizations and frequency calculations
were performed using the cc-pVDZ basis set™ to describe main
group elements and the LANL2DZ(f) basis set®”*® and associated
pseudopotentials for Ir and Ru metal centers. Electronic energies
were corrected by performing single-point calculations on the
optimized structures using a more extended basis set, consisting
of aug-cc-pVTZ* and LANL2TZ(f)*** for main group elements and
metal centers, respectively. Solvent effects of acetonitrile (¢ =
35.688) were introduced both in geometry optimizations and
energy calculations through the IEF-PCM implicit solvent model,**
as implemented in Gaussian 16. Benchmark studies using a series
of commonly employed density functionals were conducted.
These studies show that the selected methodology successfully
reproduces the triplet energies of the analyzed PCs (Tables S4 and
S5t) and that there is no significant difference among the tested
hybrid GGA functionals (Table S4t). A dataset collection of the
optimized structures for the species discussed in this work is
available in the ioChem-BD repository®> and can be accessed via-
DOI: https://doi.org/10.19061/iochem-bd-1-319.

Free-energy barriers for EnT through the application of the
Marcus theory were determined as follows. Given the generic
EnT process in eqn (5),

A*+BZLA 4+ B* (5)

DFT calculations were firstly carried out to determine the Gibbs
free energy of reactants (A* and B) and products (A and B¥) in
their equilibrium configurations, so that the reaction free
energy can be obtained as shown in eqn (6).

AG: = Gp(gp) — Gr(qr)
= Ga(qa) + Go+(gn+) — Gax(qa+) — Ga(gn) (6)

Then, single-point calculations were performed on the four opti-
mized structures using the NonEgq=write option within the scrf
keyword implemented in Gaussian 16 to store, in addition to their
geometries, information about the optimized solvent cavity for
these species in their equilibrium geometries in checkpoint (.chk)
files. These checkpoint files are subsequently used to calculate the
potential electronic energy (V) of A*, B, A and B* at the equilibrium
nuclear and solvent configurations of their counterparts, that is, at
A, B*, A* and B, respectively through single-point calculations
whereby geometries and solvent cavities are read from the corre-
sponding checkpoint. This is achieved through the geo-
m=checkpoint keyword and NonEg=read option in the scrf
keyword. These calculations serve to calculate the reorganization
energies as shown in eqn (7) and (8):

AR = Vad(ga) — Vas(ga+) + Ve(gs+) — Va(¢gp) )
Ap = Valgax) — Valga) + Ve«(qs) — Ve+(qp*) (8)

when applying the symmetric variant of the Marcus theory (eqn
(3)), A is determined as the arithmetic average of Az and Ap,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

whereas in the asymmetric approach, Az and Ap are plugged into
eqn (4) as calculated through the equations above. Experi-
mental barriers were obtained from reported rate constants®
using the Eyring equation within the frame of the transition-
state theory.
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