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ABSTRACT: The cage escape yield, i.e. the separation of the geminate radical pair formed immediately after bimolecular excited-
state electron transfer was studied in eleven solvents using six Fe(III), Ru(II), Os(II) and Ir(IIT) photosensitizers and tri-p-tolylamine
as the electron donor. Among all complexes, the largest cage escape yields (0.67-1) were recorded for the Ir(Ill) photosensitizer
showing the highest potential as a photocatalyst in photoredox catalysis. These yields dropped to values around 0.65 for both Ru(II)
photosensitizers and to values around 0.38 for the Os(I) photosensitizer. Interestingly, for both open shell Fe(IIl) complexes, the
yields were small (<0.1) in solvents with dielectric constants greater than 20 but were shown to reach values up to 0.58 in solvents
with low dielectric constant. The results presented herein on closed shell photosensitizers suggest that the low rate of triplet-singlet
intersystem crossing within the manifold of states of the geminate radical pair implies that charge recombination towards the ground
state is a spin forbidden process, favoring large cage escape yields that are not influenced by dielectric effects. Geminate charge
recombination in open-shell metal complexes, such as the two Fe(III) photosensitizers studied herein, is no longer a spin forbidden
process and becomes highly sensitive to solvent effects. Altogether, this study provides general guidelines for factors influencing
bimolecular excited-state reactivity using prototypical photosensitizers but also allows to foresee a great development of Fe(II) pho-

tosensitizers with 2LMCT excited state in photoredox catalysis, providing that solvent with low dielectric constants are used.

INTRODUCTION

The cage escape concept was first introduced in 1934 by Franck
and Rabinowitsch while studying the photochemical generation
of radicals in solution. Molecules that populate dissociative ex-
cited states were used, leading to a corresponding geminate rad-
ical pair upon homolytic bond cleavage.'? Franck and Rab-
inowitsch initially proposed that the geminate products had to
possess sufficient kinetic energy to “find their way through the
surrounding ‘walls’ of the solvent and to put more molecular
layers between them before coming to rest”.> Experimental ev-
idence of this cage effect was provided by Lyon and Levy, who
investigated the decomposition of mixtures of azomethane and
per-deuterated azomethane in the gas phase and in isooctane so-
lutions.> In the gas phase, a 1:2:1 statistical distribution of
CH3CH;, CH3CD; and CD;CDs3 was obtained, respectively.
However, in isooctane solutions, the photolysis yielded almost
exclusively the in-cage recombination products, i.e. CH;CHj3
and CDs;CDs. These crossover experiments provided one of the
first experimental evidence that solvent molecules trapped the
reactive radicals, preventing their escape, and thus influencing
product distribution as indicated by the quantitative yield for
radical homocoupling.

The cage escape yield (®Dcg) has also attracted much interest in
the field of photoredox catalysis where it is used to describe the

separation of the geminate radical pair formed upon the bimo-
lecular electron transfer reactivity between an excited-state
photosensitizer and a quencher.* Historically, cage escape
yields have been extensively studied with organic photosensi-
tizers such as cyano-substituted anthracene, as well as
pyrylium, xanthene and perylene derivatives.*'? With respect to
transition metal photosensitizers, most reported studies have
centered around the oxidative quenching of [Ru(bpy);]** by me-
thyl viologen derivatives.'>!” There, cage escape yields often
ranged between 0.2 and 0.4, on average. Recently there has
been a regained interest in fundamental studies related to the
determination and understanding of cage escape yields.'*?* As
such, increased yields for oxidative quenching of Ru(Il) and
Ir(IIT) derivatives were recently reported using aryl diazonium
derivatives.”?* In cases where the driving force for electron
transfer was large, these yields even reached unitary values. Re-
ductive quenching of organic and transition metal photosensi-
tizers has also been reported. In most cases, the cage escape
yields for the reaction between transition metal photosensitizers
were larger than for oxidative quenching.

The factors that impact cage escape yields are not yet well-de-
fined, and several studies have investigated these yields* with
respect to the solvent polarity and viscosity,**° the driving
force for electron transfer,*'*? the spin states?”** ¢ as well as
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ionic strength effects.?*3% 337 Pioneers in the field have dedi-
cated tremendous resources to the understanding of cage escape
in the 1970s and 1990s, but unfortunately, no conclusive, over-
arching mechanism has been reached to date.

Additionally, research dedicated to this fundamental phenome-
non was reduced, presumably for research dedicated to the de-
velopment of applications. It is therefore of tremendous im-
portance to study these cage escape processes and provide in-
sight into the parameters that control these yields.

A revigorated interest in cage escape yields came from the
demonstration that they could impact the overall reaction yields
of light-induced transformations. Although intuitive, this was
verified experimentally for the light induced dehalogenation re-
action using [Fe(phtmeimb),]",'*?* 3¥ a luminescent iron(III)
photosensitizer pioneered by Wiarnmark and co-workers.>® High
reaction yields were obtained in conditions where ®cg were
greater than 0.3, while small yields were obtained when ®cg
dropped below 0.10." Similar observations were recently made
by Wenger and co-workers while comparing Ru(II) and Cr(III)
photosensitizers.*’

In here, we report a systematic study of ®cg for metal com-
plexes photosensitizers exhibiting lower-lying excited states
with different natures and spin multiplicities. We selected one
Os(II) and two Ru(II) photosensitizers with triplet metal-to-lig-
and charge transfer CMLCT) excited states, two Fe(IlI) com-
plexes with doublet ligand-to-metal charge transfer (LMCT)
excited states and one Ir(Ill) photosensitizer with a mixed
*MLCT and triplet ligand-centered (*LC) excited state (Figure
1). The photosensitizers were reductively quenched by tri-p-tol-
ylamine (TTA) in eleven solvents. Overall, it was shown that
Oc were almost solvent invariant when excited states with tri-
plet character were considered, and followed the trend
Os(ID<Ru(ID)<Ir(IlT). ®cg were large for Ir(Ill) with values
around 0.67-1 and reached values around 0.65 for the Ru(Il)
photosensitizers and 0.38 for the Os(II) photosensitizers. Inter-
estingly, for both Fe(IIl) photosensitizers, ®cgz were small
(<0.10) in solvents with dielectric constants greater than 20 but
reached large values (between 0.17 and 0.58) when the dielec-
tric constant was smaller than 11.
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Figure 1. Structures of the photosensitizers and quencher used
in this work. All photosensitizers have PFs~ counter-ions.

RESULTS AND DISCUSSION

The structures of TTA and the six photosensitizers are shown
in Figure 1. [Fe(phtmeimb),]* (Fe-1), [Fe(Br-phtmeimb),]*

(Fe-2), [Ru(bpy)s]" (Ru-1), [Ru((CFs:bpy)s]”" (Ru-2),
[Os((CF3):bpy)s]** (Os-1) and Ir(dFCF3)ppy)a(dtb)]* (Ir-1) ab-
sorbed visible light with appreciable molar absorption coefti-
cients (Figure 2a). Their important photophysical and electro-
chemical properties are gathered in Table 1. The Ru(Il) and
Ir(IIT) photosensitizers had excited-state lifetimes that were in
the microsecond range, whereas much shorter excited-state life-
time were determined for Os-1 (63 ns) and both Fe(III) photo-
sensitizers (2 ns).

Table 1. Photophysical and electrochemical properties of
the photosensitizers.

T (Ar, CH;:CN)  E,* E'red
PS [ns] [Vvs NHE| [V vs NHE]
Fe-l 2 —0.56 +1.63
Fe2 2 —0.51 +1.58
Os-1 63 —0.50 +1.31
Ru-1 890 -1.10 +1.10
Ru-2 1510 —0.62 +1.54
Ir-1 2010 -1.13 +1.45

*Recorded in acetonitrile containing 0.1M TBAPF.

Table 2. Quenching rate constants (k,) for the excited-state
quenching of the different photosensitizers by TTA in the
indicated solvents.

Solvent  kq (x10"'M's")

Fe-1 Fe-2 Os-1 Ru-1 Ru-2 Ir-1
CHCL; 1.71 1.36 N.S Ins. Ins. 1.21
Glyme 1.1 1.1 0.031 0.001 0.22 1.87
THF 1.22 1.23  Ins. Ins. 0.17 1.09

CHCl; 25 24 N.S 0.13 0.39 1.27
PhCF; 1.78 1.71 Ins. Ins. Ins. 0.90
DCE 1.66 147 012 0.17 0.16 0.89
BuCN 147 149 0.049 0.043 0.38 0.91
Acetone 2.03 2.05 0.049 0.035 0.33 1.31
PropCN 164 154 0.064 0.050 0.28 0.24
CH;CN 0.63 0.69 0.083 0.085 0.64 1.1

DMSO 0.61 0.69 0.006 0.007 0.098 0.28

Ins = Insoluble, N. S. : not stable throughout the experiment.

The excited-state quenching of the six photosensitizers with
TTA (E°(TTA™) = 1.07 V vs NHE in CH;CN) was investi-
gated in eleven solvents: chloroform (CHCls), glyme, tetrahy-
drofuran (THF), dichloromethane (CH>Cl,), a,,a,ci-trifluorotol-
uene (PhCF;), dichloroethane (DCE), butyronitrile (BuCN), ac-
etone, propionitrile (PropCN), acetonitrile (CH3;CN) and dime-
thylsulfoxide (DMSO). Even if bulk solvent properties and lo-
cal environments of the solvent cage might be very different,
the dielectric constant (¢) was selected as the main descriptor
for comparison and discussion purposes. A range in € that co-
vers the scale between 4.6 (CHCls) and 46.7 (DMSO) was used.
A representative example of excited-state quenching of Ir-1 by
TTA in dichloromethane is shown in Figure 2b. The photolu-
minescence decay at each concentration of quencher was ana-
lyzed according to the Stern-Volmer equation which provided
a linear correlation (inset of Figure 2b) from which the Stern-
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Volmer constant (Kgsv) could be determined. The quenching rate
constant (k) was then determined by dividing Ksv by the ex-
cited-state lifetime in the absence of quencher. In almost all
cases, large quenching rate constants, near the diffusion limit,
were determined, in line with the favorable driving force for
electron transfer. In the case of Ru-1 and Os-1, the driving force
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for electron transfer was moderate, which is evidenced by the
moderate quenching rate constants in some solvents. The
quenching rate constants were systematically smaller in DMSO,
in agreement with the greater viscosity of DMSO compared to
the other solvents. The quenching rate constants for all photo-
sensitizers are tabulated in Table 2.
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Figure 2. a) UV-Visible absorption spectra (solid) and steady-state photoluminescence spectra (dashed) of the six photosensitizers in
acetonitrile. b) Steady-state photoluminescence quenching of Ir-1 by TTA in argon purged dichloromethane. The inset represents
the Stern-Volmer plot from which the quenching rate constant, kq = 1.27 x10'® M~'s™! was determined. ¢) Nanosecond transient
absorption spectra of the [Ru(bpy);]** actinometer (orange), as well as the reaction between Ir-1 and TTA following pulsed 420 nm
light excitation (magenta dashed line) in argon purged acetonitrile. Reference spectra of monoreduced Ir-1 (red) and TTA™ (blue)
are presented as well. d) Single wavelength absorption changes recorded at 670 nm following pulsed 420 nm light excitation of Ir-1
in the presence of increasing amounts of TTA in dichloromethane. The growth of the single wavelength absorption changes was fit
(yellow overlaid line) and used to determine the electron transfer rate constant, k.. = 8.9 x10° M~'s™! (inset).

Excited-state electron transfer from TTA to the ex-
cited photosensitizer was confirmed by nanosecond transient
absorption spectroscopy for all six photosensitizers with the un-
ambiguous observation of the oxidized TTA™ radical cation
with an absorption maximum around 670 nm and the corre-
sponding reduced photosensitizer (Figure 2¢). For Ir-1, Ru-1
and Ru-2, the growth of the signal at 670 nm corresponding to
TTA™ could be well time-resolved and was thus used to deter-
mine the corresponding electron transfer rate constants that
agreed with the quenching rate constants determined via Stern-
Volmer analysis (Figure 2d and Table S1).

We then turned to the determination of ®cg by comparative ac-
tinometry using Eq. 1 and 2 with [Ru(bpy);]*" as actinometer.>*

D
By = ———— Eq. 1
% PL Quenched
—=Pbs —Absy¢f(Rexc)
o = | Zees 1-10 Eq. 2
- AAES, o f 1-10~Absps(Zexc) q.
AgESref

From Eq. 1, @cg are obtained by comparing the relative yield of
mono-oxidized TTA™ or mono-reduced PS produced (®) to the
percentage of quenched PL (%PL). The relative yield of photo-
products (®) is determined through Eq. 2, where AA is the
change in absorbance of mono-oxidized TTA™ or mono-re-
duced PS, Ag is the change in molar absorption coefficient and
Abs is the absorbance value at the irradiation wavelength. These
signals were compared to the changes in absorption of the
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reference [Ru(bpy)s]** (ESrer) at 450nm. A A value of —11000
M 'em™ was used for the actinometer at 450 nm.*'**

We mention that the determination of cage escape yields is
highly sensitive to the magnitude of the parameters described
above. The values of these parameters are often obtained via
steady-state or transient absorption spectroscopy, and specifi-
cally, Ae values are usually determined by spectroelectrochem-
istry in one solvent. We concluded that the use of the literature
value of Ags7onm = 25,000 M'cm™ for TTA"" in all solvents led
to unphysical results with ®cg values between 0.9 and 1.5 for
Ir-1. Ocg larger than 1 would imply that one encounter could
lead to more than 1 equivalent of product which does not have
a physical meaning for a bimolecular reaction unless a propa-
gation mechanism takes place, which is not the case here. Thus,
the molar absorption coefficient of TTA™ was determined in
most solvents, either by chemical oxidation or by spectroelec-
trochemistry in the presence of 0.1 M fetra-n-butylammonium
hexafluorophosphate (TBAPFg). Several chemical oxidants
were used, namely NOBF4, Cu(ClOy),, Cerium ammonium ni-
trate ([Ce(NOs)s](NHs),) and antimony pentachloride (SbCls).
The combination of chemical oxidation and spectroelectro-
chemistry was used to ascertain that the 0.1M electrolyte used
in electrochemistry did not significantly impact the molar ab-
sorption coefficient (Figures S63-S71). In acetonitrile, the
chemical oxidation using NOBF,, the spectra of isolated
TTA™BF, or TTA"SbClg as well as spectroelectrochemistry led
to almost identical values in all cases, i.e. 25,500 M 'cm™.
Strikingly, in dichloromethane, the change in molar absorption
coefficient was much larger (34,500 M~'cm™ on average) when
determined by chemical oxidation or spectroelectrochemistry.
Overall, this two-pronged approach resulted in molar absorp-
tion coefficients in the 25,500 to 34,500 M 'cm™! range (Table
3). Unfortunately, it was not possible to apply this methodology
in all solvents due to either side reactions or a spectral overlap
between the first and second oxidation wave of tri-p-tolylamine.
Thus, for these solvents, a value identical to the one determined
in CH3CN was used.

With these newly determined molar absorption coefficients, we
turned to nanosecond transient absorption to determine the cor-
responding cage escape yields. The changes were monitored at
670 nm, i.e. at or close to the maximum absorption changes cor-
responding to the oxidized tri-p-tolylamine cation (TTA™). A
representative example for the bimolecular excited-state elec-
tron transfer between Ir-1 and TTA in dichloromethane is pre-
sented in Figure 2d, while all ®cg are gathered in Figure 3,
Table 3 and Figures S1-S62.

Among the closed-shell photosensitizers, Ir-1 was the photo-
sensitizer with the largest cage escape yields that ranged from
0.67-0.84 in dichloromethane to 1 in most of the solvents. These
very large values are in line with Ir-1 being one of the most
effective photosensitizers for photoredox catalysis applica-
tions.”**-*! Ru-1 and Ru-2 presented solubility issues in some
apolar solvents and we did not attempt to circumvent these lim-
itations by changing the counter-ions for consistency. Never-
theless dcg were smaller than those determined with Ir-1 and
ranged from 0.41 to 0.87 for Ru-1 and from 0.50 to 0.77 for
Ru-2, respectively. Ru-1 provided almost consistently cage es-
cape yields that were slightly larger than Ru-2, i.e. an average
@cg of 0.68 for Ru-1 and an average ®cg of 0.60 for Ru-2.
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Figure 3. Cage escape yields for Ir-1, Ru-1, Ru-2 and Os-1 (a)
as well as for Fe-1 and Fe-2 (b) in different solvents. A linear fit
(a) and an exponential fit (b) are added to guide the eye.

Assuming similar reorganization energy (A) in line with the
computed values (vide infra), a larger difference in cage escape
yields might have been expected based on Marcus theory. In-
deed, a recent study proposed that larger cage escape yields are
obtained when the geminate charge recombination is located
further into the Marcus inverted region.*” As the geminate
charge recombination is not a photo-induced reaction, the driv-
ing force is simply determined as the difference in electric po-
tential of the two substances that are involved, i.e. the reduced
photosensitizer and the oxidized donor. Thus, based on the re-
dox potential gathered in Table 1 and E(TTA"®) = 1.07 V vs
NHE, AGg can be determined as —1.57, -2.17,-1.69 and —2.2
V vs NHE for Os-1, Ru-1, Ru-2 and Ir-1, respectively. Ru-1 is
located 510 mV and 630 mV further into the Marcus inverted
region than Ru-2 and Os-1 respectively which should have led
to a bigger difference in cage escape yields. For Os-1, cage es-
cape yields were significantly smaller than those determined
with the other Ru(I) or Ir(IlT) photosensitizers, ranging from
0.29 to 0.48, despite the fact that they could only be determined
in solvents with a dielectric constant greater than 10 due to sol-
ubility and stability issues. Assuming a reorganization of leV,
Os-1 and Ru-2 have similar driving force for geminate charge
recombination, yet the cage escape yields vary drastically. Fi-
nally, Ru-1 and Ir-1 have the largest AGq. and also exhibit the
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largest cage escape yields. However, the cage escape yields are
systematically larger for Ir-1 than for Ru-1. As such, it does not
appear, using this series of closed-shell photosensitizers, that
the driving force for geminate charge recombination is the main
contributor in the first place to cage escape yields.

Both Fe-1 and Fe-2 are open-shell photosensitizers and exhibit
similar properties in terms of excited-state lifetimes and ground
and excited-state redox potentials. Initially, it was envisioned
that the introduction of a Br substituent would lead to partial

conferring some spin-forbidden character to the geminate
charge recombination and thus increasing ®cg. This hypothesis
was shown as incorrect as the @cg were not significantly differ-
ent between Fe-1 and Fe-2. The cage escape yields ranged from
0.036 in DMSO to 0.56 in dichloromethane eluted over basic
alumina to remove potential traces of HCL> ®¢y gradually in-
creased with the decreased dielectric constant of the solvent,
with a sharp increase observed for dielectric constant values be-
low 11 (Figure 3).3

state mixing within the geminate radical pair, thereby

Table 3. Cage Escape Yields for the indicated solvents-photosensitizers combinations.

Solvent e n (cP) Ae M 'em™) D

A Fe-1 Fe-2 Os-1 Ru-1 Ru-2 Ir-1
CHCL; 46 0.54 33,000 023 022 NS Ins. Ins. 0.94
Glyme 73 046 0.097 0.099 -- 041 052 1
THF 75 0.50 0.18  0.18  Ins Ins. 057 1
CH,Cl, 9.0 044 34,500 026 022 NS. 076 054 067
CH,CL,* 9.0 044 34,500 058 053 NS 058 051 084
PhCF; 9.2 047 27,000 022 020" Ins Ins. Ins. 0.97
DCE 104 0.78 29,500 019 017 042 083 057 1
BuCN 20.7 0.60 0.10  0.095 038 0.87 0.71 1
Acetone 21 036 25,500 0.098 0.093 041 070 0.69  0.90
PropCN 277 0.44 008 0.089 041 059 064 1
CH;CN 375 0.38 25,500 003 004 038 0.8 077 098
DMSO 467 1.99 002 0.03 011 056 050 089

3CH,Cl, first eluted through basic Al,Os. See text for additional details. A pre-solubilization in acetonitrile (less than 0.1%) was required
for PhCF;. Since CH3CN gives poor @cg, the value obtained are mostly due to PhCF; solvation. °Could not be determined by spectroelec-
trochemistry or chemical oxidation and as such, a value identical to the one determined in acetonitrile was used. Ins = Insoluble, N. S. : not

stable throughout the experiment.

Density Functional Theory (DFT) and its time-dependent ver-
sion (TD-DFT) framework were used to describe the electronic
structure of Ru-1, Ru-2, Os-1, Ir-1 and Fe-1 as well as TTA in
gas and solvent phases (CHCl; and DMSO). Solvation effects
were included via conductor version of the polarizable contin-
uum model (CPCM).>* Ground and excited state minima were
optimized by employing the hybrid B3LYP functional within
the zero-order regular approximation (ZORA)™ to consider rel-
ativistic effects. The def2-TZVP basis set for all the lighter ele-
ments and a specific basis set (SARC-ZORA-TZVP) for metal
atoms were used. Spin-orbit couplings (SOC) between singlet
and triplet states were also computed at the same level of the
geometry optimizations. All QM calculations were performed
using the ORCA 5.0.4 program.*®

The electronic nature of the lowest singlet (S;) and triplet (T))
excited states in their respective optimized geometry was as-
signed through a fragment-based analysis of the transition den-
sity matrix, as implemented in TheoDORE 3.1.1 package,”’ in
gas phase (Figure S72) and in two different solvents (results
obtained in CHCl; and DMSO are shown in Figure 4 and S73,
respectively) for the Ru, Ir and Os photosensitizers. For Ru-1,
Ru-2 and Os-1, the bar plots of Figure 4 highlight the strong
MLCT character (green bars) of S, and T, excited states. In con-
trast, Ir-1 compound exhibits a mixed LLCT/MLCT and
LC/MLCT character for the S; and T, states, respectively, in
agreement with the literature.’® Hole-electron density plots (up-
per panel of Figures 4 and S72-73) further confirm the MLCT

character of Ru-1, Ru-2 and Os-1 due to the pronounced local-
ization of the electron on one of the symmetrically equivalent
ligands and of the hole on the metal center, respectively. Anal-
ogously, the hybrid LC/MLCT T, character of Ir-1 is also de-
tectable in the hole-electron density plot, in which a large hole
density is centered on one of the two ppy ligands rather than on
the metal core, whereas the electron density is localized on the
lone ppy ligand. Additionally, the mixed LLCT/MLCT charac-
ter is confirmed by the delocalization of the hole distribution on
the metal center and the ppy ligand. Along with the aforemen-
tioned analysis, the active role played by the metal in the CT
excited states is also observed by computing the SOC between
S, and T states of the metal complexes. We calculated large
SOC (see Table S2) up to 6.3 meV for both Ru-1 and Ru-2 and
17 meV for Os-1 (at least one order of magnitude larger than
the commonly computed SOC of organic compounds),” due to
the involvement of the d orbitals of the metals. Even though Ir
has a higher nuclear charge compared to Ru, lower SOC values
of 2.7 and 1.2 in CHCI; and DMSO, respectively, were com-
puted for the Ir-1 photosensitizer, which are consistent with the
lower contribution of the metal atom in the S; and T, electronic
excitation as compared to the other closed-shell complexes.
While the characterization of the encounter complex is essen-
tially defined by the nature of the excited states of the photo-
sensitizers alone, the investigation of the geminate radical pair
of both the reduced (PS™) and oxidized (Q™) species needs to
be taken into account. As a preliminary step, we optimized the
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geometry of the PS and Q separately in their reduced and oxi-
dized states, at the DFT level, using the same level of theory
described in this section. We then computed the internal reor-
ganization energy (4;) associated with the geminate charge re-
combination from the reduced/oxidized state of the photosensi-
tizer/quencher to the ground state ({PS7;Q™"} > {PS; Q}). As
expected, in the case of electron transfer, we obtained signifi-
cantly smaller values of A; compared to the dominating reor-
ganization energy coming from solvent contribution (Ag), usu-
ally around 1 eV.%% Indeed, A; values in the gas phase are in
the range of 0.2-0.3 eV for Fe-1, Ru-2, Os-1, and Ir-1 and
lower than 0.1 eV for Ru-1 and TTA, for which minor geomet-
ric changes are observed (see Figure S75). As a second step,
we calculated the ground-state minimum structures of the PS-Q
complex using the B3LYP functional, including D4 semiempir-
ical dispersion correction® for which an equilibrium distance
between the central nitrogen atom of TTA and the metal atom
of the PS in the range of 7-8 A was found. TD-DFT calculations
carried out on top of the optimized geometries showed that the
energetically most stable singlet and triplet excited states ex-
hibit a strong CT character that mimics the electronic configu-
ration of the geminate radical pair. The rate associated with the
geminate charge recombination process regenerating the
ground state of the PS and the Q competes with the diffusional
process allowing the ionized species to escape from the solvent
cage and thus leading to cage escape. However, the geminate
charge recombination towards the ground state must be a spin-
conserving process such as the reverse intersystem crossing
(RISC) rate from the triplet geminate radical pair state (*[PS™
Q™)) to the singlet one ('[PS'Q*]) has to be non-negligible. In-
terestingly, all the investigated PS-Q complexes lead to almost
degenerate *[PS™Q™] and '[PS'Q"] states displaying both a
strong CT behavior (see Table S7).

We explored the magnitude of the couplings mediating the
RISC process leading to a spin flip, namely SOC and the hyper-
fine coupling (HFC). In line with El-Sayed’s rule that forbids
ISC between electronic states of similar electronic nature, e.g.
CT states, the computed SOC was found to be small and in the
order of ueV (values are reported in Table S3) with moderately
larger values for the Os-1 complex. An even minor contribution
of one order of magnitude lower than the intermolecular SOC
(see Table S6) was disclosed for the HFC. As described in the
work of Gillet et al.,% a singlet-triplet gap in the order of 1-3
meV (see Table S7) is actually too large to render the spin state
interconversion rate driven by HFC a competitive process.
However, we cannot exclude that such a mechanism would not
be contributing for more distant configuration of the PS and the
Q where the singlet-triplet energy gap would be even smaller.
Finally, we computed the electronic coupling associated with
the back electron transfer process using the Q-Chem 5.4 soft-
ware®’ (see section 6 in the SI for more details), which falls into
the meV range or below with a slightly larger value for the Os-
1 complex.

Altogether, these results suggest that the lower cage escape
yield for Os-1 would originate from a larger SOC between sin-
glet and the triplet states of the geminate radical pair which
would favor geminate charge recombination to the ground state.

S1

Electron(-)
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10 Ru—l

Contribution
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Figure 4. Top panel: Hole-electron density plots of the S; (first
row) and the T (second row) computed in their corresponding
optimized minimum structure for Ru-1, Ru-2, Os-1, and Ir-1 in
CHCIl3, where the pink and the green regions represent the elec-
tron and the hole distributions, respectively. Hole-electron den-
sity plots in the gas phase and in DMSO are shown in the SI
since almost identical results are obtained for Ru-1, Ru-2, and
Os-1 compared to CHCls. Bottom panel: bar plots describing
the CT (MLCT (green), LLCT (yellow), and LMCT(orange))
and the LE (MC (blue) and LC (red)) contributions to the char-
acter of the S; and T excited states in their optimized geometry:
the MLCT is strongly predominant in both S; and T for Ru-1,
Ru-2, and Os-1, whereas for Ir-1 it is predicted a mixed
LC/MLCT in S; and LLCT/MLCT in Tj, respectively. In anal-
ogy with the hole-electron plots, we only reported the results in
CHCls. Gas phase and DMSO bar plots are given in the SI.

Origin of these cage escape yields. The results presented herein
offer a unique opportunity to gauge the relative impact of sol-
vent, the spin multiplicity of the relevant states involved or
competing with the cage escape, spin orbit coupling, steric bulk,
driving force and dipole moment orientation on cage escape
yields. From the results, it appears that for Ru-1, Ru-2, Os-1
and Ir-1, the spin multiplicity of the geminate radical pair is a
triplet (although it could also exist as a singlet state) largely fa-
vored by the spin conserved electron transfer from the triplet
encounter complex suggesting that the spin of the excited state
of the metal complex is an important contributor to ®cg. This
was proposed, amongst others, in a seminal paper by Olmsted
and Meyer that showed that cage escape yields were drastically
increased when an anthracene energy shuttle was used as energy
acceptor from [Ru(bpy)s]*", thus generating a pure triplet an-
thracene that reacted with methylviologen.!” These experiments
were carried out in controlled solutions and provided evidence
that the difference in spin between the geminate radical (namely
a triplet) and the ground state (namely a singlet state) was an
important factor that rendered the geminate charge recombina-
tion spin-forbidden, thus increasing ®cg. However, it should be
noted that the energy transfer from the photosensitizer to the
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energy shuttle also changed the driving force for electron trans-
fer itself, which could have impacted the cage escape yields as
well. The results presented herein support that the spin of the
relevant states involved in the cage escape being a key contrib-
utor to its overall yield. When considering the photosensitizers
with *MLCT excited states, i.e. Os-1, Ru-1 and Ru-2, the cage
escape yields are overall smaller for Os-1 than for Ru-1 and
Ru-2. Although these three photosensitizers exhibit *MLCT ex-
cited states, the larger SOC of Os-1 in the geminate radical pair
as suggested by the calculations (see Table S3), compared to
Ru-1 and Ru-2 could render the in-cage geminate charge re-
combination less spin forbidden (Figure 4). Indeed, RISC
would be enhanced in Os-1 leading to a non-negligible popula-
tion of the singlet geminate radical pair state. The differences in
®cg between Ru-1 and Ru-2 were small, and as such there does
not seem to be a drastic effect from steric bulk in these tris-
homoleptic photosensitizers. This observation might be differ-
ent in heteroleptic complexes. It should also be noted that Os-1
and Ru-2 offer similar driving force for geminate charge
A) Closed-shell photosensitizers
—I +%

LUMO

i HOMO
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recombination in view of their similar reduction potential (see
Table 1), yet the Ocg are significantly smaller for Os-1. As
such, it appears that the driving force for geminate charge re-
combination is not a key contributor to the cage escape for pho-
tosensitizers with marked triplet character.

Interestingly, the yields were consistently larger for the Ir(III)
photosensitizer, which is expected to have a SOC as large as the
Os(II) photosensitizers. However, the triplet excited state of Ir-
1 is characterized by a combination of *LC and *MLCT charac-
ter’® ® and as such, with less contribution from the d-orbital in
Ir-1 and increased m-orbital contributions, SOC between S; and
T, compared to Ru-1, Ru-2 and Os-1 as confirmed by TD-DFT
calculations (see Table S2). Within the geminate radical pair,
the SOC computed for the {Ir-1;TTA} was smaller than for
{Os-1;TTA} but comparable to {Ru-1;TTA} and {Ru-2;TTA}
(Table S3). This suggests that the reverse ISC would be on the
same order of magnitude for the Ru(Il) and Ir(IlT) photosensi-
tizers but smaller than for Os-1.

_|0

Triplet Geminate Radical Pair
Spin-Forbidden Recombination
Spin Orbit Coupling Dependent

Moderate to High Cage Escape Yields

Qt

Figure S. Potential difference in reactivity for closed-shell and open-shell photosensitizers. For closed-shell photosensitizers, the di-
pole of the reduced state is directed from the metal to the reduced ligand. In the case of open-shell photosensitizers with LMCT
excited states, the metal center is formally reduced, which creates a dipole change different than closed-shell photosensitizers. Charge
recombination to the TTA™ (grey structures) involves different orbitals when closed-shell and open-shell photosensitizers. The elec-
tronic configuration of the photosensitizer and geminate radical pair is presented within the backets.
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The lower @cg obtained for Fe(IIl) photosensitizers can in part
also be explained by their spin. Indeed, Fe-1 and Fe-2 display
2LMCT excited states (see Figure S74). Hence, upon excited-
state electron transfer, this generates a radical pair where in-
cage geminate charge recombination is spin allowed (Figure 5),
thus decreasing the cage escape yields. However, the trend ob-
served with dielectric constant, with values that ranged from
0.036 in DMSO to 0.58 in dichloromethane suggested that other
parameters are important. We had initially proposed that, in hal-
ogenated solvents, increased ISC and/or state mixing within the
geminate radical pair might take place using Fe-1.'° The results
obtained with Fe-2 bearing Br groups, in addition to the rela-
tively large cage escape yields obtained in THF and trifluorotol-
uene suggested that such increased state mixing did not take
place. However, a solvent with a small dielectric constant might
increase the electrostatic repulsion between the reduced iron
photosensitizers and TTA™. The excited-state electron transfer
is termed a “charge-shift reaction”, in which both the reactants
and products have a total plus one charge and hence no net Cou-
lombic work term contribution is expected.®"® However, given
the structure of Fe-1 and Fe-2, it could be that local polarization
would be more prominent in solvent with lower dielectric con-
stant, hence creating an electric field that would assist separa-
tion of the electron transfer products. This was also previously
suggested'® and could account for the increased yields observed
for Fe-1 and Fe-2 in dichloromethane. It should however be
noted that such effects have not been observed with Ru-1, Ru-
2 or Os-1, which should have experienced greater repulsion in
solvents with low dielectric constant than Fe-1 and Fe-2. In ad-
dition, the reaction with Ir-1 is also a “charge-shift reaction”
and such effects were also not observed. Thus, it appears that
spin of the excited state or within the geminate pair represents
a main contributor to the cage escape yields, and that electro-
static repulsion is more prominent for photosensitizers where
in-cage geminate charge recombination is spin allowed.

The discussion on the electrostatic interaction within the gemi-
nate radical pair as well as the impact of solvent effects on its
relative energy to the ground state can be supported by a dis-
cussion on the change of the electrical dipole moment magni-
tude orientation of the different metal complexes in the different
states that they would occupy before cage escape takes place.
In Ir-1, the excited state dipole is directed from the metal center
to the 4,4’-(tBu),-2,2’-bipyridine ligand (Figure S79). Upon re-
duction by TTA, the dipole moment is still oriented in the same
direction but significantly reduced (1.8 D for PS™and 10.1 D in
T, in CHCl;, similar trends are observed in DMSO). This effi-
ciently creates a directionality of the electron transfer process
and could impact the geometry of the encounter complex, mak-
ing the back electron transfer less favorable if the oxidized
TTA™ is located in the less bulky region, at the opposite side of
the bulky ligand. The scenario would be different for homolep-
tic and symmetric Os-1, Ru-1 and Ru-2 photosensitizers since
a reduction in dipole moment between the excited and reduced
state is observed while their orientation in both states are paral-
lel (see Table S8 and Figures S76-78), thus leading to a still
possibly favored geminate charge recombination. Note that the
change in dipole moment with respect to the ground state for
the SMLCT state of Ru-1 has been determined by Stark spec-
troscopy as being slightly larger than for [Os(bpy);]**, 4.0 D vs
3.4 D." The change in dipole moment for Ru-2 has been deter-
mined as 8.3 D.”? The calculations predicts a larger change of
electrical dipoles overall, but the dipoles in T, is larger for Ru-
2 than for Ru-1 similarly as in the experiments. In the case of

Fe-1 and Fe-2, a very small change in dipole moment in the
excited state is expected for symmetry reasons. Upon reduction,
the electrical dipole moment barely changes so that there is no
net change of electrical dipole moment for both complexes. In
addition, due to symmetry, most of the geometries of the en-
counter complex around the metal center would become equiv-
alent. The main difference in this scenario comes from the lo-
calization of the electron involved in the geminate charge re-
combination reaction. For Ir-1, Os-1, Ru-1 and Ru-2, this elec-
tron is localized in 7 orbitals located on the 2,2’-bipyridine type
ligand, whereas for Fe-1 and Fe-2, the electron is located on the
d® metal orbitals. To some extent, this is reminiscent of the pro-
totypical oxidative electron transfer between a Ru(II) photosen-
sitizer and methyl viologen, (where charge recombination in-
volves the metal-centered d orbitals) that operates with cage es-
cape yields that are much smaller than those determined for re-
ductive electron transfer.'*!” As such, the small cage escape
yields determined for iron photosensitizers could originate from
the orbitals involved in the geminate charge recombination pro-
cess, coupled with electrostatic repulsion afforded by the low
dielectric solvents.

CONCLUSIONS

In conclusion, the excited-state electron transfer and ®cg were
quantified in 11 solvents for the reaction between six Fe(IIl),
Ru(Il), Os(Il) and Ir(IIT) photosensitizers and TTA. The reac-
tion proceeded via reductive excited-state electron transfer to
generate the reduced photosensitizer and the oxidized quencher,
TTA™. The cage escape yields, i.e. the separation of the reduced
photosensitizer and the oxidized quencher within the geminate
radical pair were the largest for Ir-1, that reached an average
value of 0.93 in 11 solvents. These large ®cg are probably re-
sponsible for the wide use of Ir-1 in photoredox catalysis. Ocg
using Ru-1 and Ru-2 were smaller than those determined with
Ir-1 but still reached appreciable values around 0.65, while
Os(II) exhibited lower values around 0.38. With these Os(II),
Ru(1II) and Ir(IlT) photosensitizers, there did not seem to be any
trend with bulk solvent properties such as the dielectric constant
or solvent viscosity, for example. Only the two iron photosen-
sitizers exhibited some degree of correlation with the dielectric
constant, as ®@cg gradually increased as the dielectric constant
of the solvent decreased. Overall, the results presented herein
do not allow to develop a complete theory for ®¢g but offer
some general conclusions and guidelines for the use of these
photosensitizers in light-mediated transformations:

o The overall spin multiplicity of the photosensitizer is
key in order to maximize the cage escape yield: There
are clearly two families of photosensitizers that arise:
the closed-shell and the open-shell ones. On the
closed-shell photosensitizers, we observed that the
dominant triplet character of the geminate radical pair
intrinsically limits geminate charge recombination to
the ground state, which is a singlet state. Open-shell
photosensitizers entail that the spin multiplicity of all
the involved electronic states (including the ground
state) is of the same spin multiplicity (i.e. doublet).
The process competing with cage escape, namely
geminate charge recombination from the geminate
radical pair directly generated from the encounter
complex state, is de facto a spin-conserved process
which could occur on faster timescale.
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o The magnitude of the (reverse) intersystem crossing
within the geminate radical pair is a key elementary
process influencing cage escape yield of closed-shell
photosensitizers: Ir-1, which displays a marked *LC
character, exhibited larger cage escape yields than the
other photosensitizers. Os-1, with its larger SOC
value, mixed triplet and singlet state more efficiently
than their Ru(II) and Ir(II1) counterparts, and thus pro-
duced smaller cage escape yields.

o The driving force for geminate charge recombination
(AGyer) is not the main factor influencing the cage es-
cape yields. For closed-shell photosensitizers, this is
intimately related to the previous point. Assuming that
the spin conversion within the geminate radical is the
limiting process, charge recombination does not ap-
pear to be a major factor involved in the kinetics of
cage escape even though the energy difference be-
tween the geminate radical pair and the ground state
is expected to be highly dependent on dielectric ef-
fects caused by varying the solvent. A further proof of
this argument comes from the carefully selected series
of photosensitizers where several compounds show
almost identical AGygc, yet @cg vary drastically. Sev-
eral trends with AGg have been reported in the liter-
ature and as such, we hypothesize that SOC, leading
to the triplet-singlet spin flip, dominates AGy in the
Ru(1II), Os(II) and Ir(I1I) series.

o The orbitals involved in the geminate charge recom-
bination could be of importance: Herein the recombi-
nation occurred from an electron localized in m-orbit-
als of the ligand for Os-1, Ru-1, Ru-2 and Ir-1, or
from d® metal orbitals in the case of Fe-1 and Fe-2. As
such, both recombination scenarios might be associ-
ated with different electronic coupling constants, fur-
ther impacting ®cg.

e Other factors might also contribute: As the role of the
dipole moment changes involved in the geminate
charge recombination process cannot be ruled out.

Further studies are currently underway to attempt to disentangle
the relative contribution of each parameter but, altogether, the
data presented herein does provide novel insight into the use of
these photosensitizers for photoredox catalysis. For example,
whereas a plethora of solvent might be used for Ir(III) photo-
sensitizers, it does seem that only solvent with a dielectric con-
stant lower than ~15 would actually be useful if Fe(IIl) photo-
sensitizer were to be used. We believe that these kind of studies
are of paramount importance to render light-induced processes
more efficient and could open the door to the further develop-
ment of earth abundant photosensitizers based on Fe(II/III),
Cr(IIT) or Mo(0), for example.
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