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ABSTRACT: A mechanistic study of the intramolecular S — O linkage
photoisomerization in the cis and trans isomers of [Ru(bpy),(DMSO),]*" was
performed using density functional theory. This study reveals that for the cis
isomer the linkage photoisomerization of the two DMSO ligands occurs
sequentially in the lowest triplet excited state and can either be achieved by a
one-photon or by a two-photon mechanism. A mechanistic picture of the S —
O photoisomerization of the trans isomer is also proposed. This work
especially highlights that both adiabatic and nonadiabatic processes are
involved in these mechanisms and that their coexistence is responsible for the
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rich photophysics and photochemical properties observed experimentally for
the studied complexes. The different luminescent behavior experimentally observed at low temperature between the cis and trans
isomers is rationalized based on the peculiarity of the topology of the triplet excited-state potential energy surfaces.

1. INTRODUCTION

Photoswitchable molecules and materials are compounds that
display the capability to switch, under irradiation, between
different isomers. Among these compounds, those which
feature significantly different absorption properties following
their photoswitching are said to be photochromic. Such
compounds have been used in molecular computing' > (10§ic
gates), in photomechanical or opto-mechanical materials*~®
and for biological applications.”'® Phototriggered linkage
isomerization reactions are of particular interest for photo-
chromism because they can imply drastic changes in the
electronic structure and consequently, dramatic changes in the
absorption properties."'™'® In this latter case, there has been a
growing interest over the past decade in designing photo-
chromic polypyridyl sulfoxide ruthenium complexes'’~** since
the report of a phototriggered S — O linkage isomerization in
cis-[Ru(bpy),(DMSO),]** (where bpy = 2,2'-bipyridine and
DMSO dimethyl sulfoxide).”> These complexes are
particularly valuable for photochromism since they combine
the well-known absorption properties of ruthenium polypyridyl
complexes (low energy singlet metal-to-ligand charge transfer
excitations) together with the linkage isomerization capability
of the ambidentate sulfoxide ligands. The history and recent
advances in this area have been recently reviewed.”*>’
Theoretical studies of photochromic compounds aiming at
describing the photoisomerization mechanism are largely
limited to organic chromophores.”®* > To our knowledge, the
first study dealing with the excited state linkage isomerization
mechanism of polypyridine ruthenium photochromic com-
pounds dates back to 2003 and showed that DFT could be used
to investigate such complex mechanisms.** In a more recent
contribution, DFT calculations were performed to characterize
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the complete excited-state pathway for the S — O linkage
isomerization in sulfoxide complexes. This study revealed that
low lying triplet metal centered excited states (*MC) play a
crucial role in the intramolecular linkage photoisomerization of
the bidentate OSO ligand (where OSO: 2-methylsulfinylben-
zoate) in [Ru(bpy)z(OSO)]J'.“1 Indeed, following the pop-
ulation of the lowest *MLCT state that already elongates the
Ru—S bond, the antibonding character of MC states enables the
large structural rearrangement occurring during the adiabatic
isomerization on the lowest triplet excited-state potential
energy surface (PES) and they also permit nonradiative
deactivation of the complex toward the ground state (GS) by
intersystem crossing42 (ISC).* This result shed a new light on
the photoisomerization mechanism, since some arguments
against the implication of *MC states in the S — O linkage
photoisomerization were proposed to rationalize several
observations. First, differences in the evolution of the
photoisomerization and photosubstitution quantum yields
varying one of the ancillary ligands was argumented against
the role of 3MC states.*** Second, the observation of S — O
linkage photoisomerization in an osmium sulfoxide complex
was used to rule out the role of MC states, as these states are
inaccessible in Os>* complexes.”**”** Moreover, calculations
showed that *MC states were lying high in energy at the
ground-state geometry in some ruthenium sulfoxide com-
plexes.*® Finally, following a femtosecond transient absorption
spectroscopy study, MLCT states were only invoked in the
photoisomerization mechanism.”' However, recent experimen-
tal contributions showed that multiple intermediates are formed
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sequentially on the lowest triplet PES and on a picosecond time
scale after initial relaxation to the MLCT state.*"*”*® The
implication of *MC states to enhance the Ru—S bond breaking
occurring during the photoisomerization is now clearly
raised.*”*®

To further advance our theoretical investigation of photo-
triggered linkage isomerization in ruthenium polypyridyl
sulfoxide complexes, we were interested in studying the
photochemistry of cis- and trans-[Ru(bpy),(DMSO),]*".
These complexes are particularly interesting since a lot of
data have been reported in two detailed experimental
investigations.'"®** The coordination scheme around the
ruthenium of the cis and trans isomers is depicted in Scheme
1. For the cis isomer, both DMSO ligands are S-bonded (cis-

Scheme 1. Coordination Scheme around the Ruthenium of
the cis-SS and trans-SO Structures
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SS) and for the trans isomer, one DMSO ligand is S-bonded
and the other one is O-bonded (trans-SO). Irradiation of the
cis-SS isomer leads to the S — O linkage isomerization of both
DMSO ligands which results in the formation of a photoisomer
with two O-bonded DMSO ligands (cis-OO) (Scheme 2). This

Scheme 2. Sequence of Reactions Experimentally Observed
at Room Temperature after Photoexcitation for the cis
(Left) and trans (Right) Isomers
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metastable species reverts at room temperature and in the dark
to the stable cis-SS state in a two-step process with the
sequential O — S linkage isomerization of each DMSO ligand.
During this process, an intermediate species is formed, in which
one DMSO ligand is S-bonded and the other one is O-bonded
(cis-SO). For the trans isomer, irradiation of the trans-SO
complex yields the linkage isomerization of the S-bonded
DMSO ligand and the formation the trans-OO isomer (Scheme
2). This metastable species reverts at room temperature and in
the dark to the stable trans-SO state. Experimental data for the
thermal back isomerization reactions have been reported*® but
the photoisomerization mechanism remains unclear. Never-
theless, Rack et al. reported some important information on the
excited state behavior. The photochromism of [Ru-
(bpy),(DMSO),]*" is temperature dependent, with both cis
and trans isomers displaying photochromic properties at room
temperature but not at 77 K.'* They also observed that the
trans isomer was not emissive, whereas the cis isomer displayed
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low temperature emission from a doubly S-bonded structure
(cis-SS).

In this Article, we report a mechanistic study of the
intramolecular S — O linkage photoisomerization in the cis-
and trans-[Ru(bpy),(DMSO),]** complexes. We identified an
adiabatic isomerization path on the lowest triplet excited-state
PES that allows the SS — OO isomerization of the cis isomer
and the SO — OO isomerization of the trans isomer. We also
localized some accessible deactivation funnels involved in
nonadiabatic routes toward the GS in the vicinity of these
paths. These data enabled us to compute the Gibbs activation
energies of the adiabatic processes and the activation energies
of the nonadiabatic processes and then, to establish a
mechanistic picture of the linkage photoisomerization of the
cis- and trans-[Ru(bpy),(DMS0),]** complexes in DMSO. We
propose two different accessible mechanisms for the cis isomer:
a two-photon mechanism in which the absorption of each
photon results in the linkage isomerization of one DMSO
ligand, and a one-photon mechanism in which the absorption
of one photon results in the sequential linkage isomerization of
the two DMSO ligands. For the trans isomer, we propose a
one-photon mechanism which results in its SO = OO linkage
photoisomerization. We also show that the different topology
of the triplet excited-state PES in the vicinity of the Franck—
Condon region between the cis and trans isomers accounts for
their different emission properties experimentally observed at
low temperature.

2. COMPUTATIONAL DETAILS

For this study, Gaussian 09* (G09) and ORCA 2.9%° codes were used
to perform density functional theory (DFT) calculations. This theory
has recently been applied to optimize triplet excited states of
ruthenium polypyridine complexes and compare their relative energies
in order to rationalize their photophysical properties.>'™>° In
particular, DFT has been shown to describe reliably the relative
energy of the relaxed MLCT and *MC states versus ab initio
methods.*

G09 was used for the gas phase optimization of all ground state and
triplet excited state stationary points, and for their subsequent
characterization as minimum or transition state (TS) using analytical
harmonic vibrational frequency calculations. For these calculations, the
MPWBIK®' functional was used with two basis sets of increasing
complexity: the simplest one denoted BS1 and the most extended one
denoted BS2. BS2 is made of a Stuttgart relativistic small-core effective
potential®® for the ruthenium with its associated polarized basis set
including two f and one g polarization functions,®® a correlation-
consistent polarized double-{ basis set (c(:—pVDZ)64 for H atoms, and
a correlation-consistent polarized triple-{ basis set (cc—pVTZ)64 for C,
N, O, and S atoms. This calculation level (MPWBI1K/BS2) was
chosen for its reliability in computing the triglet potential energy
landscape of the [Ru(bpy),(0SO)]* complex,*"** and for its accuracy
in describing ground-state structures (see discussion in section 3.1).
All calculations were performed without any symmetry constraints
except for the GS structures cis-SS (C,), trans-SS (C,), and trans-OO
(C). We also used GO9 to perform gas phase intrinsic reaction
coordinate®® (IRC) calculations starting from the optimized triplet TS
structures. This enabled us to identify the full isomerization reaction
path on the triplet PES and to get detailed insight on the structural
changes along this path. The MPWBIK functional was also used for
IRC calculations but with a smaller basis set (BS1) because such
calculations are very time-consuming. BS1 is composed of a double-{
quality LANL2DZ®” basis set for all atoms but the oxygen and the
sulfur which were described by the 6-31G*® split valence Pople basis
plus one polarization function. To compute the activation energies of
the adiabatic processes in DMSO, we performed single point energy
calculations at the ®B97XD*/BS2 computation level on the gas phase
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optimized geometries and we used MPWBI1K/BS2 to compute
enthalpic and entropic corrections at 298 K. Tests using various
functionals including dispersion terms or not were performed
(Supporting Information Tables S1 and S2). The dispersion
corrections stabilize the S-bonded coordination mode compared to
the O-bonded one. In particular, with the ®B97XD functional, there is
no ambiguity regarding the relative stability of the different cis isomers
(the SS-bonded isomer being more stable than the SO-bonded isomer,
the latter one being more stable than the OO-bonded isomer) in
agreement with the experimental observations, whereas with
MPWBIK, the energy differences in DMSO between the linkage
isomers are rather small (especially between SS and SO isomers). We
thus present energetic data computed with @B97XD (note, however,
that the triplet potential energy landscape obtained with MPWBI1K
and @B97XD is very similar). We used the polarized continuum
model”® (PCM) as implemented in GO9 to take solvent effects into
account.

To find nonadiabatic routes along the photoisomerization pathway,
we searched for minimum energy crossing points (MECPs) between
the ground and lowest triplet states with Orca 2.9. Since MPWBI1K is
not available in the ORCA package, the calculation level PBEO-
D37"7%/BS2 was used because it is in good agreement with experiment
for the cis-SS structure. Triplet excited states and MECPs were thus
optimized at this level, in the gas phase. Subsequently, activation
energies in DMSO between a local minimum and the neighboring
MECP were computed by performing single point energy calculations
with the conductor like screening model (COSM0).?

The 0 — 0 emission energies from the SS-*MLCT and OO-*MLCT
states for the cis isomer were obtained with GO9 using the energy
differences respectively with the SS-GS and OO-GS structures
computed at the ®B97XD/BS2/PCM calculation level, including the
zero point energy correction. Emission from the SS-*MLCT state was
computed in ethanol and emission from the OO-*MLCT state was
computed in DMSO to comply with the experimental conditions.'®

In order to get insight in the electronic structure of the minima and
of the TS, we used the canonical highest occupied molecular orbital
(HOMO) and the canonical lowest unoccupied molecular orbital
(LUMO) for the singlet closed shell structures and the singly occupied
natural orbitals (SONOs) for the triplet structures. The SONOs are
useful in case of open shell states to localize the unpaired electrons
(two in triplet states) and thus, to quickly assess the MLCT or MC
nature of a given excited state. In addition, the Mulliken spin density
on the ruthenium atom is used to characterize the nature of the excited
state: typically around 0.8 e~ for MLCT states and 1.8 e~ for MC
states. For TS between *MLCT and *MC states, this spin density was
found to be between 1.1 e” and 1.3 e”, showing the mixing of the two
electronic states occurring at this geometry.

3. RESULTS AND DISCUSSION

3.1. Structures of the Ground State Minima. We
optimized the three isomers SS, SO, and OO for cis- and trans-
[Ru(bpy),(DMSO),]*" and their relevant geometrical param-
eters are reported in Table 1 (see Scheme 1 for atom labeling).
The trans-SS isomer was not observed experimentally but our
calculations show that this structure exists as a minimum on the
ground state PES. The geometries in Cartesian coordinates and
the canonical HOMO and LUMO of these minima are
reported in Supporting Information Tables S3—SS for the cis
isomer and in Supporting Information Tables S6—S8 for the
trans isomer. For each structure, the HOMO is a dz metal
centered orbital with some contributions of the ligands and the
LUMO is a dz* orbital localized on one or two bipyridine
ligands. The deviations with respect to experiment™ on the
computed metal—ligand bond lengths are less than ~0.01 A for
Ru—N bonds, and less than ~0.03 A for Ru—S bonds.

3.2. Ground State Isomerization Pathway. To charac-
terize the thermal isomerization pathway, we investigated the
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Table 1. Computed Bond Lengths (A) of the cis- and trans-
SS, -SO, and -OO Isomers and Experimental Bond Lengths25
in Parentheses

cis trans
bond SS (C,) SO 00 SS (Cy) SO 00 (C)
Ru-S§, 2.308 (2.281) 2.324
Ru-S§, 2.308 (2.291) 2.270 2.324 2.232
Ru-0O,; 2.124 2.123 2.130 2.101
Ru-0, 2.154 2.101
Ru—N; 2.087 (2.093) 2.082 2.024 2.101 2.085 2.063
Ru—N,  2.092 (2.097) 2.094 2.055 2.096 2.103 2.079
Ru—N; 2.092 (2.086) 2.054 2.052 2.101 2.084 2.063
Ru—-N,  2.087 (2.099) 2.044 2.032 2.096 2.074 2.079

ground state potential energy profiles (Table 2 and Supporting
Information Figures S1 and S2). The optimization of the TS
connecting the SS-GS and SO-GS minima (Supporting
Information Tables S9 and S10) and the SO-GS and OO-GS
minima (Supporting Information Tables S11 and S12) enables
us to get the energetic data for all the stationary points in the
ground electronic state. We can notice that the solvent
(DMSO) has a dramatic effect since it strongly stabilizes the
S-bonded coordination mode of the DMSO ligand compared to
the O-bonded one. This is probably due to the fact that when a
DMSO ligand is S-bonded, its terminal oxygen atom has a large
solvent accessible surface. In the case of the cis isomer, taking
the solvent into account changes the energy ordering obtained
for the SS, SO and OO isomers and it is necessary to reproduce
the relative stability SS > SO > OO observed experimentally in
DMSO. For the trans isomer, both the results obtained in gas
phase and in DMSO reproduce the relative stability observed
experimentally with the SO minimum as the most stable one.
From the kinetics point of view, for both cis and trans isomers,
the transition states lie ca. 100 k] mol™ above the minimum,
which means that thermal isomerization is not favorable.

3.3. Exploration of the Lowest Triplet Excited-State
Potential Energy Surfaces. To identify a reaction path which
allows possible adiabatic cis-SS — ¢is-OO and trans-SO — trans-
OO photoisomerizations, we explored the lowest triplet
excited-state PESs. The geometry, the SONOs, and the Ru
spin density of each stationary point involved along these paths
are reported in Supporting Information Tables S13—S23 for
the cis isomer and in Supporting Information Tables $24—S30
for the trans isomer. The gas phase energy profiles of the
adiabatic reaction paths obtained from the IRC calculations are
reported in Supporting Information Figures S3—S6 (cis isomer)
and in Supporting Information Figures S7 and S8 (trans
isomer). The electronic structure of the *MLCT states
encountered along the isomerization path of the cis and trans
isomers is described by a SONO localized on the ruthenium
(dr) and a SONO localized on one or two bipyridine ligands
(dz*). ®MC states are described by the occupation of two
metal-centered SONOs, a dz orbital, and a do* orbital, which
involves antibonding interactions between the metal and the
ligands.

We will now describe the full adiabatic isomerization paths
obtained for the cis (Figure 1) and the trans (Figure 2) isomers
in terms of Gibbs energies in DMSO at 298 K. Gas phase
energies, energies in DMSO and Gibbs energies in DMSO at
298 K are reported in Supporting Information Table S31 for
the cis isomer and Supporting Information Table S32 for the
trans isomer. The metal-ligand bond distances at the
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Table 2. Computed Relative Gas Phase Energies, Energies in DMSO, and Gibbs Energies
trans-SS, -SO, and -OO Isomers and Their Corresponding Transition States (k] mol™")

in DMSO at 298 K for the cis- and

cis

trans
AEgas AEDMSO AGDMSO AEgas AEDMSO AGDMSO
SS 0.0 0.0 0.0 25.6 4.5 6.0
SS - SO TS 93.2 110.3 97.8 87.1 80.7 77.8
SO -12.6 15.1 3.8 0.0 0.0 0.0
SO - OO0 TS 79.8 118.5 90.6 120.0 134.8 1234
(e]0) =5.1 358.5 8.5 19.0 43.5 39.8
A F
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- 0
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Figure 1. Gibbs energy profile in DMSO at 298 K of the adiabatic cis-SS — ¢is-OO photoisomerization paths. The Gibbs energies (Supporting
Information Table S31) are arbitrarily given relative to the SS-*MLCT state. The black line represents the lowest energy reaction path and the cyan

line, an alternative path. Hypothetical higher energy pathways involving possible bifurcations are represented in dashed line. The inset schematically
shows a possible bifurcation occurring after the first transition state encountered along the back path.

Table 3. Metal—Ligand Distances (A) in the Triplet Excited-
80 State Minima Involved in the Adiabatic SS — OO
X Isomerization of the cis Isomer
.
T:\ 60 I o ‘\‘ ?1 bonds SSMLCT SO-*MC SO-MLCT OO0-MC OO-MLCT
2 ) Y Ru Ru—S, 2377
-} | ‘.‘ I Ru-S, 2.383 2329 2379
.§ w0 S2 |‘ - Ru-0, 2.525 2.062 2.089 2.033
%ﬂ SO-*MLCT H OO0-"MLCT Ru-0, 2.601 2.082
g “ Ru—N; 2.083 2.091 2.049 2.366 1.995
3 ' Ru-N, 2116 2,089 2.100 2120 2.027
5 220F Ru—N, 1.982 2142 2032 2,055 2075
E Ru—-N, 2.041 2.377 1.980 2.067 2.036
<
[
" ool Table 4. Metal—Ligand Distances (A) in the Triplet Excited
00-MC States Involved in the Adiabatic trans-SO — trans-OO
Isomerization
-20 > bonds 00-MC OO0-MLCT (C,)
photoisomerization coordinate
Ru-0, 2.450 2.025
Figure 2. Gibbs energy profile in DMSO at 298 K of the adiabatic Ru-0, 2.456 2.000
trans-SO — trans-OO photoisomerization path. The dashed line is Ru—N, 2.095 2.082
based on the energetic data in DMSO (Supporting Information Table Ru—N, 2.085 2.104
S$32) and specifies that the Gibbs energy in DMSO is not available for Ru—N, 2.085 2.022
the SO-*MLCT structure since it is not a stationary point. The Gibbs Ru—N, 2.095 2,043

energies are arbitrarily given relative to the OO-*MC structure.

geometries of the minima are reported in Table 3 for the cis
isomer and in Table 4 for the trans isomer.
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3.3.1. Adiabatic SS — OO Isomerization Path of cis-
[Ru(bpy),(DMSO), 2+ After photoexcitation to IMLCT states
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(Supporting Information Figure S9), the commonly accepted
relaxation scheme in polypyridyl ruthenium complexes involves
ultrafast nonradiative processes from these initially populated
states, which result eventually in the population of the lowest
energy *MLCT excited state.”* Optimization of this state
(SS-*MLCT) leads to the significant elongation (~0.08 A) of
the two Ru—S bonds with respect to the SS-GS structure. This
is in agreement with the substantial nuclear displacements
observed in the MLCT excited state after irradiation of
another Ru(II) sulfoxide complex.”® This shows that the Ru—S
bond is weakened in the SS->MLCT state, which is favorable in
view of the future linkage isomerization of the DMSO ligand. It
should be noticed that the SS-MLCT structure has C,
symmetry and that the promoted electron is localized on one
single bipyridine ligand. This means that the C, symmetry of
the SS-GS structure is broken during the relaxation of the
Franck—Condon state toward the lowest triplet excited state. In
the following, we discuss two possible scenarios for the
relaxation from this SS-*MLCT minimum: the first one
describes the lowest energy pathway, which involves
intermediates of *MC nature, the second one considers a
pathway of *MLCT nature without intervention of *MC
intermediates.

3.3.1.1. Lowest Energy Pathway Involving *MC States. The
SS-*MLCT state can relax to a SO->MC state (Supporting
Information Figure S3), which is characterized by a strong
distortion of the coordination sphere, as shown by the
elongation of the Ru—N, bond in trans position to O; (Ru—
O, = 2.525 A, Ru—N, = 2.377 A, Table 3). This geometry is
usual for *MC states that are s-antibonding along one single
axis (N,—Ru—O, in this case). The SS-*MLCT — SO-*MC
step corresponds to the linkage isomerization of DMSO,. The
TS connecting the SS-*MLCT and SO-*MC minima is easily
accessible from the SS-*MLCT minimum since the correspond-
ing Gibbs activation energy in DMSO is only 4.9 kJ mol™*
(Supporting Information Table S31). Its structure displays only
little geometrical changes with respect to the SS-3MLCT state,
with an elongation of 0.131 A for Ru—S, (Table 3). Note that
the spin density on the ruthenium for this TS (1.17 e~) has an
intermediate value between the usual ones obtained for a
SMLCT state (~0.8 ¢”) and a *MC state (~1.8 e~). This shows
that the energy barrier of the SSMLCT — SO-MC step is
mainly associated with the changing nature of the electronic
structure from MLCT to 3MC. At the TS, the SONO of the
promoted electron involves significant contributions both from
the ruthenium orbitals and from the bipyridine orbitals with the
mixing of a metal-centered do*-like orbital and a bipyridine-
centered *-like orbital. The adiabatic linkage isomerization of
the second S-bonded DMSO (DMSO,) occurs from the
SO->MC state to another *MC state (OO->MC, Supporting
Information Figure $4).”° This step combines four elementary
events: (i) recoordination of the first isomerized DMSO ligand,
(ii) shortening of the Ru—N, bond in trans position to DMSO,
(Ru—0; = 2.089 A, Ru—N, = 2.067 A), (iii) decoordination
and pirouetting of DMSO,, and (iv) elongation of the Ru—N;
bond in trans position to DMSO,. The structure of the TS
along the SO-*MC — OO-*MC step displays elongated metal—
DMSO distances (Ru—S, = 2.629 A, Ru—0, = 2.295 A), which
shows that the concomitant decoordination of the two DMSO
ligands is required. The Gibbs activation energy along this step
is relatively small (AGHyso = 19.2 kJ mol™). The last event of
the adiabatic isomerization is the recoordination of DMSO,
with a shortening of the Ru—O, bond from 2.601 to 2.082 A
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together with the shortening of the Ru—N,; bond in trans
position from 2.366 to 1.995 A, to populate the OO-*MLCT
state (Supporting Information Figure SS). The TS of the
00-*MC — OO->MLCT step has an intermediate spin density
value on the ruthenium (~1.34 ™), with the promoted electron
localized both on the bipyridine and on the ruthenium. The
Gibbs activation energy in DMSO along this step is AGEyso =
21.5 kJ mol ™.

3.3.1.2. Higher Energy Pathway Involving >MLCT States. 1t
is worth noting that a *MLCT minimum associated with a SO
coordination scheme (SO-’MLCT) with a lower energy than
the SS-*MLCT minimum was found. All our attempts to find a
transition state directly connecting the SS-MLCT and the
SO-*MLCT minima failed. Three explanations can be put
forward: (i) the transition state that connects the SS-*MLCT
and the SO-*MC minima also connects the SS-*MLCT and the
SO-*MLCT minima. This is possible if there is a post-transition
transition state reaction pathway bifurcation”® (as schematically
drawn in inset of Figure 1). The nature of the transition vector
(normal vibrational mode corresponding to the unique
imaginary frequency) renders this hypothesis plausible, as this
vibrational mode contains the right components to connect the
SS-MLCT with both the SO-°MC and SO-*MLCT minima.
Thus, the differentiation between the SS-*MLCT —
SO-*MLCT and SS*MLCT — SO->MC pathways could
occur after this transition state, or (ii) the transition state
connecting the SS*MLCT and SO-*MLCT minima lies at a
higher energy than the one connecting the SS-*MLCT and
SO-*MC minima, and the transition state search ends up
finding the lowest transition state. In such a case, it would mean
that the SS-*MLCT — SO-*MLCT pathway is kinetically less
favorable, or (iii) there is in fact no transition state directly
linking the SS-MLCT and SO-°MLCT minima and the only
possible route to access the SO-’MLCT minimum on the
lowest triplet potential energy surface is via the SO->MC state
(SS-*MLCT — SO-*MC — SO->MLCT pathway).

Although we cannot definitely conclude on any of the three
hypotheses above, a linearly interpolated transit path
calculation between the SS-*MLCT — SO-MC transition
state and the SO->MLCT minimum (Supporting Information
Figure S10) clearly shows that it is not possible to find an entire
*MLCT pathway easily accessible. The linearly interpolated
pathway displays a large potential energy barrier, which means
that if a post-transition transition state reaction pathway
bifurcation occurs (first hypothesis), this bifurcation must take
place rather far away from the transition state. The linearly
interpolated pathway also shows an excursion on the same
triplet potential energy surface but with *MC character.
Maintaining a *MLCT character throughout the S — O linkage
isomerization would require imposing short Ru—S and Ru—O
bond lengths in this system, which is somehow contradictory
with the nuclear rearrangements required by the isomerization
process. This would create a very large potential energy barrier.
So, our conclusion is that, if there exists a SS-*MLCT —
SO-*MLCT pathway, it will require an excursion on the triplet
potential energy surface of MC character.

Assuming that the SO-°MLCT state can be populated, we
could not identify an accessible pathway leading to the
OO-MLCT minimum. For the same reasons mentioned
above, no transition state directly linking the SO-*MLCT
minimum with the OO-*MLCT minimum could be located.
We believe that if there exists an SO-°MLCT — OO-MLCT
accessible pathway, it will also require an excursion on the
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triplet potential energy surface of *MC character. Indeed,
following the lowest energy pathway from the SO-*MLCT state
leads the system to relax in the OO-’MC minimum (cyan path
in Figure 1 and Supporting Information Figure S6) with the
decoordination and linkage isomerization of the second S-
bonded DMSO ligand (Ru—0, = 2.601 A) together with the
elongation of the Ru—N) bond in trans position from 2.049 to
2366 A. The Gibbs activation energy to overcome the
transition state is small (AGRyso = 10.3 kJ mol™).
Alternatively, the SO->MLCT state can relax back to the
SO-*MC minimum (dashed line in Figure 1) with the
stretching of the Ru—O; distance (Ru—0O, 2.525 A)
following a higher energy pathway. Note that the same
transition state is probably involved in both paths, as no
other TS was located between the SO-MLCT and SO-*MC
minima.”” Thus, another bifurcation is likely to occur after this
transition state. In conclusion, a complete SS-*MLCT —
SO-*MLCT — OO-MLCT pathway without intervention of
*MC states is highly unlikely.

3.3.2. Adiabatic SO — OO Isomerization Path of trans-
[Ru(bpy),(DMSO) 2]2+. Similarly to the cis isomer, for the trans-
SO isomer we assume that the lowest energy MLCT excited
state is populated after photoexcitation to 'MLCT states
(Supporting Information Figure S11) and subsequent relaxa-
tion from these states. Nevertheless, we did not find any
stationary point on the triplet PES corresponding to a SO-
bonded structure. Starting from the lowest triplet state at the
SO-GS geometry, an IRC calculation, which follows the
minimum energy path, leads to the inevitable linkage
isomerization of DMSO, (Supporting Information Figure S7)
and to the population of an OO->MC state where the two
DMSO ligands are decoordinated (Ru—O > 2.45 A, Table 4). It
is worth noting that we found two minima corresponding to SS
structures (SS-MLCT and SS-*MC, Supporting Information
Tables S24 and S26) with energies in DMSO lower than the
SO-*MLCT energy at the SO-GS geometry (Supporting
Information Table $32). Thus, following excitation of SO-GS,
both the SS structures and the OO-MC minimum may be
populated, but the IRC calculation clearly shows that the S —
O linkage isomerization of DMSO, is the most favorable
relaxation path. The OO-MC state is connected to a
OO-*MLCT structure through a TS with a large Gibbs
activation energy (AGHyso = 51.8 kJ mol™). Along the
00-*MC — OO-*MLCT step (Supporting Information Figure
S8), the two Ru—O bonds shrink, ending at Ru—O; = 2.025 A
and Ru—0, = 2.000 A.

3.3.3. Nonadiabatic Deactivation Processes. Since *MC
states are known to deactivate nonradiatively toward the GS in
ruthenium polypyridyl complexes, we were interested in finding
accessible deactivation funnels along the triplet adiabatic
isomerization paths previously described. We performed
ground-state energy calculations along the triplet adiabatic
isomerization paths obtained from the IRC calculations
(Supporting Information Figures S12, S13). For the cis and
trans isomers, the triplet-singlet energy difference becomes
small in the region of SMC states. Thus, we searched for
MECPs starting from *MC structures (cis-SO-*MC, cis-
00-*MC and trans-O0-*MC). For each *MC minimum, a
structurally similar MECP was found (Supporting Information
Figures $14—S16). The main geometrical difference between
the *MC state and its corresponding MECP is that the metal—
ligand distances are even larger for the MECP.
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The *MC — MECP activation energies in DMSO are
respectively 20.0, 3.6, and 11.1 kJ mol™" from the cis-SO->MC,
¢is-00-*MC and trans-OO->MC minima. Since these values are
small, nonradiative deactivation toward the GS can be easily
achieved from all three *MC minima.

3.4. Mechanisms for the SS — OO Photoisomerization
of cis-[Ru(bpy),(DMS0),]** and for the SO — 0O
Photoisomerization of trans-[Ru(bpy),(DMS0),]**. At
this stage of our study, the computation of the adiabatic
isomerization paths on the lowest triplet PES together with the
localization of deactivation funnels toward the GS allow one to
propose a mechanistic picture for the photoisomerization of the
cis and trans isomers. The various photophysical processes
(photoexcitation, adiabatic relaxation and intersystem crossing)
and the minima involved in the isomerization mechanism,
together with their connections, are reported in Figures 3 (cis
isomer) and 4 (trans isomer). For clarity, the hypothetical
higher energy reaction path cis-SS*MLCT — cis-SO-*MLCT
— ¢is-OO->MLCT (dashed line in Figure 1) is not displayed.

SS-'MLCT
22 ssoMLCT
- SO-'MLCT
6 | soamL
s SMLCT
7'bis 7’
SO-MC 00MC 0O0-MLCT
LI AW Z“a,lo'
> 711
59"
f \
\ 00-GS |
| soGs
$5-GS

Figure 3. Schematic depiction of the major events involved in the
stepwise cis-SS — ¢is-OO double photoisomerization mechanism. The
various steps are labeled sequentially for the one-photon mechanism
(1-7) and the two-photon mechanism (1'—11'). Solid arrows are
used for absorption and emission, dashed arrows for intersystem
crossings and curly arrows for adiabatic processes.

3.4.1. cis Isomer. We identified two different routes, which
result in the population of the OO-*MC state: one route where
both DMSO ligands are isomerized sequentially with one
photon (one-photon mechanism) and another one where one
photon is required to isomerize each DMSO ligand (two-

SO-'MLCT
2 3
SO-*MLCT
3 00-*MLCT
] 00-*MC
i 00-GS
_|_so-Gs

Figure 4. Schematic depiction of the SO — OO photoisomerization
mechanism of the trans isomer. The various steps which result in the
population of the OO-GS state are labeled sequentially (1—4) and
their nature is specified using the same code as in Figure 3.
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photon mechanism). The photoexcitation of the SS-GS
structure leads to the population of the Franck—Condon
state SS-'MLCT (1, 1'). After relaxation to the lowest triplet
excited state, the SS-*MLCT minimum is populated (2, 2’) and
the linkage isomerization of one DMSO ligand can take place
to populate the SO-*MC minimum (3, 3'). This minimum can
be depopulated in two different ways, which give rise to the two
different routes mentioned previously (one-photon mechanism
and two-photon mechanism): (i) adiabatic relaxation toward
the O0-*MC state (4) (AEfyso = 18.5 kJ mol™!, AGHyso =
19.2 kJ mol™), or (ii) nonradiative deactivation to SO-GS
through intersystem crossing (4') (AEfyso = 20.0 kJ mol™).
On the basis of the magnitude of the activation energies, these
two processes are equally favorable. However, other factors
such as spin—orbit coupling (SOC) and nuclear reorganization
will come into play to discriminate the mechanisms. Indeed, the
population of the SO-GS minimum from the SO-*MC state
(4') implies little structural changes but requires SOC, whereas
the population of OO-*MC requires large nuclear rearrange-
ment but no SOC (4). Note that for the 4’ step, we cannot rule
out that the SS-GS and OO-GS states be populated directly
from the SO-*MC state, but these deactivation pathways should
be less favorable than 4’ since they would require major
structural reorganizations. In the case that the SO-GS minimum
is populated, a second photoexcitation is required to isomerize
the second S-bonded DMSO ligand and can take place under
the experimental conditions, since SO-GS and SS-GS absorb in
the same region (4, = ~410 and 348 nm, respectively).'®
Thus, the photoexcitation of the SO-GS state (5’) results in the
population of the SO->MLCT minimum after relaxation of the
SO-'MLCT Franck—Condon state (6'). The SO->MLCT state
can either adiabatically relax directly to the OO->MC minimum
(7) with the linkage isomerization of the second DMSO ligand
or relax to this minimum in a two-step process via the SO->MC
minimum (7', 8'). The same barrier of about 10 k] mol™" is
involved in 7" and 7'y, thus both pathways are equally probable
from a kinetic point of view. Finally, the depopulation of the
0O0-’MC state can be achieved by two major processes: (i)
nonadiabatic deactivation to OO-GS through intersystem
crossing in the vicinity of the OO-*MC state (5, 9')
(AEfyso = 3.6 kJ mol™) or (ii) adiabatic relaxation toward
the OO->MLCT minimum (6, 10") (AE*pyso = 18.2 kJ mol™,
AGHuso = 21.5 kJ mol ™). Since MLCT states are radiative in
most ruthenium polypyridyl complexes, the population of the
OO-*MLCT state should lead to the emission of a photon (see
section 3.5) and concomitant population of the OO-GS
minimum (7, 11").

3.4.2. trans Isomer. Photoexcitation of SO-GS (1) and
subsequent relaxation of the Franck—Condon state
(SO-'MLCT) (2) result in the population of a SO-*MLCT
state. Since this state is not a minimum on the triplet PES, the
adiabatic linkage isomerization of the S-bonded DMSO and the
population of the OO-MC minimum occurs directly (3).
Then, the OO->MC minimum can either nonadiabatically
deactivate due to a nearby MECP (AEyso = 11.1 kJ mol™")
(4) or adiabatically form the OO->MLCT state (AEf 0 = 359
k] mol™!, AGHys0 = 51.8 k] mol™?). Since the energy barrier of
the adiabatic process is much larger than the one computed for
the nonadiabatic process, we expect the nonradiative
deactivation of OO-’MC to OO-GS to be largely favored.
Deactivation of OO-*MC to the SO-GS minimum (not shown
on Figure 4) cannot be excluded.
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3.5. Emission Properties. For the cis isomer, the 0 — 0
emission energy from the SS*MLCT state is predicted around
2.77 eV (448 nm), which is in good agreement with the
experimental observation of 2.67 eV (465 nm) at 77 K. At low
temperature in frozen medium, the population of the SO-*MC
state becomes less efficient and, consequently, the SS-*MLCT
state becomes emissive. This is consistent with the fact that at
low temperature, the cis isomer displays no photochromism.
Besides, the OO-*MLCT state may be populated at room
temperature during the photoisomerization of the cis isomer
and in this case, the 0 — 0 emission energy is predicted around
1.620 eV (765 nm).

The trans isomer is nonemissive at room or low temperature.
This is consistent with the fact that no SO-*MLCT minimum
was found on the triplet PES, and that the OO->MLCT state is
hardly accessible after photoexcitation of trans-SO-GS. If the
OO-*MLCT state could nevertheless be populated, no emission
would be anticipated due to the presence of the more stable
and nonradiative OO-MC state. In addition, since the
thermodynamics of the SO-*MLCT — OO-MC step is so
favorable, we believe that the trans isomer could display
photochromism even at low temperature.

4. CONCLUSION

In this Article, we report a mechanistic study of the
intramolecular S — O linkage photoisomerization of the cis-
and trans-[Ru(bpy),(DMSO),]** complexes. Reaction path-
ways that allow the adiabatic SS — OO isomerization of the cis
isomer on the lowest triplet excited PES were identified. Along
these paths, the S — O linkage isomerization of the two S-
bonded DMSO ligands occurs sequentially following one-
photon excitation of the SS isomer and is thermodynamically
allowed throughout. As for the linkage photoisomerization of
the bidentate OSO ligand in [Ru(bpy),(0SO)]",* following
the population of the lowest *MLCT state that already
elongates the Ru—S bond, the intervention of highly distorted
3MC states is required to allow the large structural rearrange-
ments occurring during the linkage isomerization of DMSO
ligands.*' A complete SS-MLCT — SO-*MLCT —
OO-*MLCT pathway without intervention of *MC states is
highly unlikely. In addition, some nonradiative deactivations
toward the GS are favorable from *MC states, especially after
the linkage isomerization of the first DMSO ligand. In this case,
the SO-ground state is populated and a second photoexcitation
is required to isomerize the second S-bonded DMSO ligand,
which results in the proposed two-photon mechanism.

For the trans isomer, an adiabatic reaction pathway that
allows the SO — OO isomerization on the lowest triplet PES
was identified. Similarly to the cis isomer, a *MC state is
involved along this path but nonradiative deactivation is
predicted to occur predominantly after the linkage isomer-
ization of the S-bonded DMSO ligand. It is noteworthy that, in
this case, the isomerization on the triplet PES is a barrierless
process. This peculiarity implies that the trans isomer has
probably the same behavior at room temperature and at low
temperature, namely the absence of emission from the
SO-*MLCT state and a photochromic behavior.

Finally, this study highlights the variety of processes that can
be involved in the linkage photoisomerization of sulfoxide
ligands in ruthenium polypyridyl complexes. The specificity of
the topology of the triplet PES together with the coexistence of
adiabatic and nonadiabatic processes in these complexes are
responsible for their rich photophysical and photochemical
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properties. Furthermore, this study confirms that DFT
calculations can be an efficient tool to investigate excited
state events involved in the linkage photoisomerization of
ambidentate ligands in transition metal complexes. Our next
goal will be to investigate the photoisomerization mechanism of
osmium sulfoxide complexes for which MC states are expected
to be too high in energy to play any role in this mechanism. In
these complexes, we expect the photoisomerization mechanism
to only involve the lowest MLCT excited state.
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