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Theoretical Investigation of Phosphinidene Oxide Polypyri-
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ABSTRACT: a DFT-based computational study performed in the gas phase and in acetonitrile on polypyridine ruthenium
isomer complexes [Ru(tpy)(bpy)(POPh)** and [Ru(tpy)(bpy)(OPPh)* (bpy = 2,2’-bipyridine, tpy = 2,2’:6°,2” -terpyridine, Ph =
phenyl) predicts that it constitutes a prototype for a new family of inorganic photochromic systems. The two isomers are
found to absorb in different spectral regions to excited states that are connected adiabatically through a thermodynamically
and kinetically favorable triplet potential energy profile. Nonadiabatic routes were identified and shown to be preferable over
the adiabatic mechanism. The reverse isomerization reaction is found to be achievable only thermally. The current predic-
tive work will be of prime importance to experimentalists for the design of new inorganic phosphorus-based compounds
with attractive photochromic properties.

KEYWORDS: Computational Chemistry ® Photochemistry ® Density Functional Theory ® Excited States ® Nonadi-

abatic Transitions

Throughout the years, the development of new molecular
systems that display photoisomerization or photochrom-
ism has become an increasing area of research. These
structures have entered the new generation of innovative
functional materials with high added value. Applications
are already widespread in nanosciences, biology and
photonic or optoelectronic devices as light-activated
switches.!**43678 Studies in those domains have for a long
time been dominated by organic structures®® compara-
tively to transition metal compounds?®!®!12:13.1415.16 - gygn
though these latter offer a large range of flexibility in the
tuning of photochemical and photophysical properties.

Photoinduced linkage isomerism involving polypyridine
ruthenium complexes has so far been described with
ambidentate ligands through the coordination of N, O, and
S atoms,!#M4-1718192021.2223  Phogphorus compounds  are
among the most frequently used ligands in transition metal
chemistry for catalysis applications.? It is noteworthy that
to date phosphorus atom has not yet been involved in a
linkage isomerism process despite the large variety of
available organophosphorus derivatives.

In a continuing effort to probe the photophysical and pho-
tochemical properties of polypyridine ruthenium(ll) com-
plexes incorporating phosphorus ligands with the phos-
phorus atom directly connected to the metal cen-
ter,®%677282 we intended to start a theoretical investiga-
tions on the capability of organophosphorus compounds

to act as ambidentate ligands for linkage isomerism. With-
in the chemistry of organophosphorus compounds, one
class of substances which could fuffill the criteria to ob-
serve linkage isomerism are phosphinidene oxides
R-P=0. In contrast to their nitrogen analogues R—-N=0O
which are isolable and commercially available species,
phosphinidene oxides R—-P=0 are unstable compounds;
their stabilization is achieved through the coordination to
metal centers. Phosphinidene oxide ligands display a rich
variety of coordination modes on P and O atoms, and P-
terminal coordination mode has been confirmed by single-
crystal X-ray diffraction studies.***'32**343 Though, these
ambidentate organophosphorus derivatives may be con-
sidered as good prototype species for linkage isomerism
process. Possible modulation of the ligand by substitution
of the R group is also an important asset.

The object of the current article is the computational inves-
tigation of a new class of transition metal compounds,
which involves polypyridine ruthenium complexes contain-
ing a phosphinidene oxide ligand. The model photoiso-
mers studied here are [Ru(tpy)(bpy)(POPh)* and
[Ru(tpy)(opy)(OPPh)]** (where bpy = 2,2’-bipyridine, tpy =
2,2":6’,2"-terpyridine and Ph = phenyl), shown in Figures
1a-c. We will use the notation RuP and RuO to refer to any
P-bonded and O-bonded species, respectively. The most
reliable method allowing one to map out the potential
energy surfaces in such large systems is the density func-



tional theory (DFT).*¢*"38* |n particular, such a method was
recently used to shed some light on the photoisomeriza-
tion mechanism in a ruthenium sulfoxide complex.”” Based
on this successful mechanistic study, a similar approach
has been followed in this work to predict for the first time
the isomerizable capability of a Ru—P=0 complex.

(a) (b) ©

Figure 1. Geometrical structures of the gas-phase optimized
(@) P-GS, (b) PO-GS and (c) O-GS minima in the ground state.

The main result of our study is that the RuP complex can
photoisomerize to RuO: both isomers are found to absorb
in different spectral regions to excited states that are con-
nected together through a thermodynamically and kinet-
ically favorable potential energy profile. In this profile dis-
played in Figure 2, the RuP ground state (denoted P-GS)
is predicted to absorb in the ultra-violet (UV) to a singlet
excited state that decays to a triplet excited state via spin-
orbit coupling. The photoreaction then takes place on the
triplet potential energy surface (PES). The isomerization
process that yields the RuO ground state (denoted O-GS)
can occur either adiabatically or non-adiabatically through
funnels lying along the adiabatic pathway.

The article is organized as follows. Following the descrip-
tion of the computational methods, the photochromic
mechanism computed in the gas phase and in solvent as
well as the probability of the system to decay nonadiabati-
cally along the path are described and discussed. In the
final part, a summary of the predictive results is given with
future outlooks.
step 1 step 2 step 3
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Figure 2. Schematic representation of the adiabatic (green
line) and nonadiabatic (red line) mechanisms of the RuP —
RuO photoisomerization process (MLCT: metal-to-ligand
charge transfer; MC: metal-centered; ISC: intersystem

crossing). Triplet/singlet funnels are represented by double
cone pictograms.

COMPUTATIONAL METHODS

DFT calculations were performed using the Gaussian 09
suite of quantum chemistry programs.* The MPWB1K
functional’' was selected based on the results of a number
of benchmark calculations performed in previous studies
for polypyridine ruthenium(ll) systems.?® The calculations
were carried out using two different sets of basis denoted
BS1 and BS2. BS1 is a fairly small basis set, which was
first used for exploratory calculations. It is composed of a
double-& quality LANL2DZ basis set** for all atoms but
oxygen and phosphorus which were described by the 6-
31G(d) split valence Pople basis.**“ The much larger
basis set BS2 was used for production results. It is made
of a Stuttgart relativistic small-core effective potential for
ruthenium* with its basis augmented by an f polarization
function with an exponent of 0.96, a triple-& plus polariza-
tion basis set* for all the other atoms but hydrogen for
which a double-& plus polarization basis set* was used.

The ground state structures P-GS and O-GS were opti-
mized using the BS2 basis set. The 5.9 version of the
natural bond orbital (NBO) program® has been used for
the description of the bonding for the RuP isomer in the
gas phase. Time-dependent DFT (TD-DFT) calculations
were performed at the optimized ground state geometry of
each isomer using the PBEO functional,” as MPWB1K is
an heavily parameterized functional not optimized for TD-
DFT calculations. The first thirty singlet roots were com-
puted in each case in order to obtain the main vertical
excitation energies and the overall absorption spectrum of
both isomers. The nature of the excited states giving rise
to the UV/vis spectrum was analyzed using the NTO for-
malism.51,52,53,54

The complete triplet PES over which the photoisomeriza-
tion process takes place was constructed by optimizing all
the minima and transition states using an unrestricted
formalism. Analytical harmonic vibrational frequency calcu-
lations were performed to characterize the nature (mini-
mum vs. transition state) of the stationary points found on
this PES and to obtain the enthalpic and entropic correc-
tions necessary to calculate the Gibbs energies. All the
energies indicated and discussed in the subsequent sec-
tions are Gibbs energies calculated at 298 K unless oth-
erwise specified. Mulliken spin density on the ruthenium
atom was computed in order to highlight the metal-to-
ligand charge transfer (MLCT: ~1 &) or metal centered
(MC: ~2 &) character. Note that we are confident that DFT
can describe the relative energy of MLCT and MC states
based on a recent benchmark study.> Spin contamination
was found to be negligible in all cases. Natural molecular
orbitals were also computed for all the minima optimized
along the potential energy profiles (orbitals shown in Ta-
bles S1 to S15).

In order to build the complete potential energy profile,
intrinsic reaction coordinate (IRC) calculations, which pro-



vide an accurate description of the reaction pathway, were
performed from the optimized transition structures to con-
nect all the stationary points. Because of the very high
computational demand to perform such calculations, the
smaller BS1 basis set was used.

A-SCF calculations, which vyield the energy difference
between the triplet excited states at their optimized geom-
etries and the closed-shell ground state at the same ge-
ometry, were performed along the photoisomerization
path to indicate the proximity of the lowest triplet excited
state energy profile to the ground state energy surface. In
order to find nonadiabatic routes along the photoisomeri-
zation pathway, minimum energy crossing points (MECPs)
were searched between the ground and lowest triplet
states. These MECPs were fully optimized using the
ORCA computational suite.® Because the MPWB1K func-
tional is not available in this package, the PBEO functional
including the VDW10 dispersion correction”” was used
along with the BS2 basis set. To assess possible ground-
state relaxation pathways from these MECPs, we per-
formed linearly interpolated transit paths between these
MECPs and the ground-state minima (Figures S1-S3).

Geometry optimization calculations have also been done
using the polarized continuum model (PCM)*® so as to
evaluate the effects of solvation upon the photoisomeriza-
tion pathway. The acetonitrile solvent was chosen be-
cause of the intermediate value (35.7) of its dielectric con-
stant and its wide use with this kind of complexes.

Note that our DFT calculations do not take spin-orbit ef-
fects into account. Spin-orbit coupling leads to the mixing
of the singlet and triplet states. As a result, triplet states
can acquire intensity in both absorption and emission, and
they can be populated from (or depopulated to) singlet
states by nonradiative decay (intersystem crossing). Spin-
orbit coupling also affects the energy of the lowest triplet
state upon coupling with higher states. However, the
magnitude of the coupling is small enough in this type of
complexes (ca. 4 kJ.mol"y* that this perturbation will not
modify the topology of the PES computed without this
coupling. It is therefore a common practice to neglect the
SOC in the computation of PES of second row transition
metals. 63738906182 Although  spin-orbit effects are not in-
cluded in our calculations, we do take into account these
effects in deriving the nonadiabatic mechanistic picture
presented in section IV.

RESULTS & DISCUSSION

I. Ground-state energy profile. The ground-state
energy profiles computed in the gas phase and acetonitrile
are shown in Figures 3a and 3b, respectively. These pro-
files connect P-GS to O-GS via the n* PO-GS intermedi-
ate. The optimized structures and the topology of the
energy profile are found overall to be very similar in both
the gas phase and acetonitrile. Details of all the molecular
and electronic structures are given in Table 1 and in Sup-
porting Information (Tables S1-S5). Although the geomet-
rical parameters and the results of the MO analysis report-

ed here are from the structures optimized in the gas
phase, the subsequent discussion and conclusions drawn
from them are equally valid for the solvated phase case.

100
(a) PO-O-
PO-GS  GS-TS
i 50
s
E P-GS
=
< 04
(D -
> -
=
9]
o
)
© -400
<
Iy
-450
-500 -

RuP — RuO linkage isomerization coordinate

Figure 3. Singlet ground-state free energy profile of the RuP
— RuO isomerization process (a) in the gas phase and (b) in
acetonitrile.

The optimized structures of both RuP and RuO complexes
in their ground state are displayed in Figures 1a and 1c. In
the RuP isomer, the highest occupied molecular orbital
(HOMO) consists of a Ru(4d) orbital, while the lowest un-
occupied molecular orbital (LUMO) is distributed mostly
between the tpy ligand and the P and O atoms of the
phosphinidene oxide POPh ligand (Table S1). Experi-
mental values of Ru-P bond lengths observed in other Ru—
P complexes were found to range from 2.159 A% 10 2.428
A% The short value of this bond length obtained from our
calculations (2.229 A, Table 1) tends to indicate non-single
bonding character. The NBO analysis did not reveal a &
bond between the Ru and P centers, but only weak back
donation from Ru to P (Figure 4). This bond length is also
consistent with other values which can be found in Fe-
(2.091 A),® Re- (2.203 Ay' and Mo- (2.239-2.319 A)>**»
phosphinidene oxide complexes. It is also worth noting
that the C-P-O-Ru backbone is planar (the corresponding
dihedral angle is —178.1°).

The NBO analysis reveals that the P-O bond is strongly
polarized in the ground state of each species. The charge
from the natural population analysis (NPA) of the O at-
om, -0.97, remains surprisingly constant in both isomers,
whereas the charge on P changes from 1.62 in P-GS to

Table 1. Main geometrical parameters of the gas-phase
optimized structures on the GS potential energy surface
(bond lengths in A and dihedral angles in °).

Geometrical P-GS  P-PO- PO- PO-O- 0O-GS
parameters GS-TS GS GS-TS

Ru-P 2229 2659 2576 2.868 3.303
Ru-N, 2123 2.023 2.070 2.042 2.040
Ru-O 3217 2824 2136 2.178 2.100
P-O 1.485 1.501 1.544 1.529 1.525
C,-P-O-Ru -178.1  -124.0 -101.6 1141 179.7




1.32 in O-GS. The charge on Ru is found to increase
roughly by the same amount (Table S16). This is con-
sistent with the strong difference of electronegativity be-
tween the P and O elements and the change in bond
linkage between the two complexes. In P-GS, the terminal
O is only bound to the phosphorus atom resulting in
strong electronic withdrawal on P alone, while the O atom
in O-GS is coordinated to both the metal center and P. In
the latter configuration, the charge depletion caused by
the electronegative O atom is more equally shared be-
tween the P and Ru atoms.

89.9 4.9 21.9 77.4

Figure 4. Description of the Ru-P and P-O bonds based on
natural localized molecular orbital (NLMO) analysis in the
ground state of the RuP isomer. The arrows represent the
direction of the electron transfer. Each number represents the
electron percentage left on the donor (start of the arrow) or
transferred from the donor to the acceptor (end of the arrow).

The nature of the P-O bond has been widely studied and
discussed for different organophosphorus derivatives such
as phosphine oxide,* %7 diphenylphosphonic acid® and
phosphates.™ Several approaches using theoretical meth-
ods®%7" (NBO analysis, electron localization function anal-
ysis) as well as spectroscopy (X-ray diffraction, IR)*"* did
not end the controversy. In a very recent work, Koga et al.
recalled the main models used to describe the P-O bond
(Chart 1 in Ref. 65).

In P-GS, the bond length of the P-O bond is equal to
1.485 A. This length is consistent with usual values ob-
tained for formally double P-O bonds in other systems.®"!
Using NBO analysis (Figure 4), and on the basis of natural
localized molecular orbital involving the oxygen, phospho-
rus and ruthenium atoms, the multiple bond character of
P-O in the POPh ligand can be depicted with dative inter-
actions: one o dative bond where the P atom is clearly
electron donor and one & dative bond where the phos-
phorus atom is the electron acceptor. Hyperconjugation of
an O p lone pair (4.5 % of two electrons) with P-Ph anti-
bonding orbitals slightly contributes to the reinforcement of
this double bond, while its last lone pair does not play an
active role in the bonding scheme. As shown by the NPA
given above, the ionic character of the P-O bond (P**-0%)
results of a charge transfer of ca. 75% from the P atom
toward the O atom.

The O-GS optimized structure is only 10.7 kd.mol" higher
in energy than the P-GS state optimized in the gas phase
(36.8 kd.mol" in acetonitrile) (Table 2). The HOMO corre-
sponds to a Ru(4d) orbital, whereas the LUMO involves
uniquely the P and O atoms and the phenyl group of the
OPPh ligand. The value of the C,-P-O-Ru dihedral angle,

calculated at 179.7°, indicates that the new bond linkage
preserves the backbone planarity.

Table 2. Energies and Gibbs energies at 298 K of the
optimized structures associated to the states involved in
the GS energy profile (energies in kJ.mol™).

Structures AE* AG? AG*
P-GS 0 0 0
P-PO-GS-TS  119.1 114.0 1271
PO-GS 51.7 55.3 68.3
PO-O-GS-TS 57.3 56.6 75.5
O-GS 18.1 10.7 36.8

“Gas phase energies relative to P-GS. ” Gas phase Gibbs
energies relative to P-GS. “Gibbs energies in acetonitrile rela-
tive to P-GS.

The optimized intermediate (PO-GS) that joins both P-GS
and O-GS species is displayed in Figure 1b. This structure
is a minimum and lies 55.3 and 44.6 kJ.mol" higher in
energy relative to the P-GS and O-GS minima respectively
(68.3 and 31.5 kd.mol™" in acetonitrile) (Table 2). The Ru-P
and Ru-O bond lengths are relatively close and a near
side-on configuration of the P-O moiety is observed. The
existence of intermediate m’-structure minima has been
reported experimentally in several photoisomerizable sys-
tems, at least at low temperatures.? 73777

The PO-GS is found to be connected to the P-GS and O-
GS isomers through the optimized transition states P-PO-
GS-TS and PO-O-GS-TS displayed in Figures S4a,b (see
also IRC in Figure S5). The transition vectors (vibrational
normal mode corresponding to the unique imaginary fre-
quency) can be viewed mainly as a scissoring vibration
Ru-P-0O in P-PO-GS-TS and a scissoring vibration Ru-O-P
in PO-O-GS-TS, so that the O atom gets closer to the Ru
center while the P atom gets further away. An activation
barrier of 58.7 kJ.mol" and only 1.3 kd.mol" in the gas
phase (58.8 and 7.2 kJ.mol™" in acetonitrile) (Table 2) sepa-
rates PO-GS from P-GS and O-GS respectively. At room
temperature, O-GS is expected to be directly reached
from PO-GS.

Despite being relatively close in energy in the gas phase,
P-GS and O-GS are separated overall by a large barrier,
calculated at 114 kd.mol"' (127.1 kJ.mol" in acetonitrile),
which indicates that both species will be kinetically well
separated. Such bistability is an important property in the
design of efficient photochromic systems.

Il. Absorption properties. The computed TD-DFT
absorption spectra of P-GS and O-GS are displayed in
Figure 5. The details of the electronic transitions contrib-
uting to the spectra are given in Figures S8-S9 and Tables
S17-S18.

In the RuP spectrum, the strongest absorption band com-
puted in the 270-310 nm region consists of intra-ligand
and ligand-ligand transitions. The peak centered at 366
nm corresponds mostly to a MLCT transition from a
Ru(4d) orbital to a MO distributed on the POPh ligand. The



latter transition corresponds in fact to the electronic pro-
motion from the HOMO to the LUMO identified for P-GS in
acetonitrile. Most of the computed transitions lie unusually
below 400 nm and as such the RuP compound is ex-
pected to be transparent.

The overall envelope of the RuO TD-DFT spectrum con-
sists of three bands. The strongest absorption line at 552
nm corresponds to the excitation from a Ru(4d) orbital to
the OPPh ligand. The other two absorption lines which are
of similar strength consist of excitations from the Ru(4d)
orbitals to MOs distributed between the tpy and the bpy
ligands. Similarly to RuP, the absorption line of lowest
energy is identified as the LUMO «— HOMO transition. As
RuO is found to absorb mostly in the visible range, the
RuO isomer should be colored.
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Figure 5. Computed absorption spectra for the ground state
of the RuP (black curve) and RuO (red curve) isomers in
acetonitrile. Broadening function used: Gaussian with a half-
width at half-height of 0.1 eV.

The TD-DFT results show that an essential condition for a
system to be photochromic is fulfilled: the two species
absorb in two different regions of the spectrum and there-
fore will display different colors. It is then expected that a
visible change in colors will occur upon RuP — RuO isom-
erization whose mechanism is presented in the next sec-
tions.

I1l. Adiabatic photoisomerization pathway. Due to
singlet-triplet mixing induced by the spin-orbit coupling in
transition metal compounds, the quantum efficiency for
intersystem crossing is expected to be close to unity.”
Therefore, initial excitation to a singlet MLCT state, such
as in the strong transition computed at 366 nm in the RuP
TD-DFT spectrum, will lead to population of a triplet MLCT
via intersystem crossing. Thus we only consider the adia-
batic mechanism on the lowest triplet PES. This mecha-
nism computed in the gas phase and in acetonitrile (Figure
6) can be divided into three successive steps. Each step is
described in the following subsections. Details of all the
molecular and electronic structures of the located station-
ary points are given in Table 3 and in Supporting Infor-

mation (Tables S6-S13). We will show that various MLCT
and MC states are involved along the process.

P-MLCT-
MLCT/MCTS

PO-MLCT/MC-

pO-MLCTMC,-” N\ MLCT-TS
MC-TS \

P-MLCT

\

\ O-MC-

S \_MLCT-TS
1S (a)
=z s
= P-MLCT/MC
(O P-MLCT- PO-MLCT/MC- O-MLCT
> L MLCT/MCTS MLCT-TS
o - Puy
@ -500- PO-MLCTMC-,*" ">\ O-MC-
o MC-TS /" O-MC_‘\__ MLCT-TS
© -525
[0
S
% 550
(b)
5754 W\ O-MLCT

P-MLCT/MC
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Figure 6. Lowest triplet excited-state free energy profile
along the photoisomerization process (a) in the gas phase
and (b) in acetonitrile computed at the MPWB1K/BS2 level.
Full line: lowest isomerization pathway; dashed line:
alternative isomerization step of higher energy.

1* step P-MLCT— P-MLCT/MC. The first stage of the
predicted photoisomerization process consists of the
pathway between an MLCT state (denoted P-MLCT) and a
mixed MLCT/MC state (denoted P-MLCT/MC) on the P-
bonded part of the PES.

In the P-MLCT state, the singly occupied molecular orbital
of lowest energy (SOMO) corresponds mostly to one 4d
orbital of the metal center. The SOMO of highest energy
(SOMO+1) is localized on the tpy ligand. The geometrical
structures of P-MLCT and P-GS are very similar. The most
noticeable difference between them is the change of
length in the C-C bond connecting two of the three pyri-
dine rings in the tpy moiety, which is due to the electronic
transfer toward a #*-tpy orbital. The value of 0.93 for the
spin density (0.94 in acetonitrile) is in accord with the de-
scription of the SOMOs.

The optimized transition structure between P-MLCT and
P-MLCT/MC features a Ru-P bond length of 2.309 A and
a C,-P-O-Ru dihedral angle of —165.9° in the gas phase
(Table 3) (2.271 A and -176.3° in acetonitrile). These two
values are close to the corresponding values of the P-
MLCT minimum. The transition vector (Figure S4c) involves
mostly the breaking of the C,-P-O-Ru plane along with a
modest stretching of the Ru-P and P-O bonds. An IRC
calculation started from this structure denoted P-MLCT-
MLCT/MC-TS (Table S7 and Figure S6a) confirms that it
connects the P-MLCT and P-MLCT/MC states. The re-
semblance of the TS and P-MLCT structures is reflected in
the very close energies between these two states, which
results in a negligible activation barrier (Table 4). Thus, the
P-MLCT/MC state will be rapidly reached upon relaxation
from the initially excited singlet MLCT state.



Table 3. Main geometrical parameters of the gas-phase optimized structures on the triplet potential energy surface (bond

lengths in A and dihedral angles in °).

Geometrical P-MLCT ~ P-MLCT- P-MLCT  PO- PO- O-MC O-MC- O-MLCT
parameters TS /MC MLCT- MLCT-TS MLCT-TS
MC-TS

Ru-P 2.073 2.309 2.402 3.102 2.508 3.748 3.483 3.239
Ru-N, 2.125 2.106 2.178 2.241 2.041 2.356 2.279 2.085
Ru-O 3.244 3.261 3.228 2.954 2.312 2.525 2.218 1.924
P-O 1.481 1.486 1511 1.504 1.562 1512 1536 1.634
C,-P-O-Ru 1777 -165.9 -122.7 -104.8 -148.5 -167.6 -109.1 -104.1

Table 4. Energies and Gibbs energies at 298 K of the
optimized structures associated to the states involved in the
triplet excited energy profile (energies in kJ.mol™).

Structures AE“ AG? AG*
P-MLCT 0 0 0
P-MLCT-MLCT/MC-TS 2.9 0.8 0
P-MLCT/MC -62.7 -62.1 -77.7
PO-MLCT/MC-MC-TS -14.1 -13.7 -20.7
PO-MLCT/MC-MLCT-TS 1.4 8.1 -1.6
O-MC -37.6 -561.8 -21.1
O-MC-MLCT-TS -30.5 -36.7 -19.0
O-MLCT -91.8 -83.4 -95.7

“ Gas phase energies relative to P-MLCT. * Gas phase
Gibbs energies relative to P-MLCT. ©Gibbs energies in ace-
tonitrile relative to P-MLCT.

For the P-MLCT/MC state, the SOMO corresponds to the
same Ru(4d) orbital than in the P-MLCT state. The
SOMO+1 is mostly distributed between the P and O at-
oms (and to a less extent the phenyl ring) on the one hand
and a do* orbital on the other hand (Table S8). The value
of 1.20 for the spin density on Ru (1.14 in acetonitrile),
which is atypical either of a MLCT state or a MC state,
reflects the particular mixed configuration of the SOMO+1.
The main reason for the increase of the Ru-P, and to a
less extent of the Ru-N,, bond lengths relative to P-MLCT
is the electronic excitation to a do* orbital (MC character),
which induces the partial decoordination of the ligands
along the Ru-P axis. The breaking of the C,-P-O-Ru pla-
narity (measured at —122.7° in the gas phase) is due to
electronic excitation to POPh (MLCT character). It is also
important to note that the P-MLCT/MC state is much
lower in energy (-52 kJ.mol" in the gas phase and -78
kJ.mol" in acetonitrile, Table 4) than P-MLCT, thus this
step is highly favorable both kinetically and thermodynami-
cally.

It is worth noting that a P-MC state that involves decoor-
dination of the tpy ligand has been identified at higher
energy (12 kJ.mol") relative to P-MLCT/MC and does not
play a direct role in the photoisomerization because the
reaction coordinate producing this MC state does not

involve linkage isomerization (Figure S10, Tables S14,
S19).

2" step P-MLCT/MC — O-MGC. The second step in
the isomerization pathway involves the actual change in
the chain linkage between the two isomers. This occurs
between the previously discussed P-MLCT/MC state of
RuP and the O-MC state.

A transition state, denoted PO-MLCT/MC-MC-TS, with a
side-on configuration of the PO moiety connects the P-
MLCT/MC and O-MC states. The Ru-P and Ru-O bond
distances are close to each other, 3.102 A and 2.954 A,
respectively in the gas phase. The SOMO+1 involves an
antibonding interaction between the metal center with the
P and O atoms, indicating a m* coordination mode. The
transition vector mostly consists of a scissoring Ru-P-O
(Figure S4d), in which the O atom gets closer to the metal
center as the P atom gets further away. This step corre-
sponds to the linkage isomerization step. An IRC calcula-
tion started from this transition state structure (Figure S6b)
confirms that it connects the P-MLCT/MC and O-MC
states. The P-MLCT/MC — O-MC activation barrier com-
puted at 38 kdJ.mol" in the gas phase (57 kd.mol" in ace-
tonitrile, Table 4) is the largest of all the barrier heights
calculated in the predicted isomerization pathway. This
second stage is thus kinetically the critical step of the
whole RuP to RuO adiabatic photoisomerization process.

The O-MC state results from the promotion of an electron
from a Ru(4d) orbital to a do* orbital. As a consequence,
the Ru-O and Ru-N bond lengths, 2.525 and 2.356 A
respectively (Table 3) (2.630 and 2.322 A in acetonitrile,
Table S21), are increased in comparison with their respec-
tive values in O-GS (Table 1). The O-MC state in the gas
phase is found to be very close in energy to the P-
MLCT/MC state of the P-bonded isomer, but higher in
energy in acetonitrile (Table 4).

It is worth noting that a second O-MC state (denoted O-
MG,) involving decoordination of the tpy ligand was locat-
ed at higher energy (5 kJ.mol") relative to O-MC and, like
for the P-MC state, does not play a direct role in the pho-
toisomerization (Figure S10, Tables S15, S19).



3" step O-MC — O-MLCT. The third and final stage of
the adiabatic isomerization mechanism connects the pre-
viously described O-MC state to the O-MLCT state.

A transition state, denoted O-MC-MLCT-TS, connects the
O-MC and O-MLCT states. The transition vector consists
to a large extent of the stretching of the Ru-O and Ru-N
bonds (Figure S4f). The IRC calculation (Figure S7b) con-
firms the connection between these states. The activation
barrier of this third step is calculated at 15 kJ.mol" in the
gas phase (2 kd.mol" in acetonitrile, Table 4), which is less
than half the value of the critical barrier height calculated
previously in the second step.

In the O-MLCT state, the SOMO involves the same Ru(4d)
orbital as in the O-MC state, whereas the SOMO+1 is
localized mostly on the phosphinidene oxide OPPh ligand.
The major structural differences between O-GS and O-
MLCT are (Table 1): (/) the change in the dihedral angle C -
P-O-Ru from 179.7° to 104.1°, (i) the decrease of the Ru-
O bond length from 2.100 to 1.924 A and, (i) the increase
of the P-O distance from 1.525 to 1.634 A. All these geo-
metric changes reflect the nature of the SOMO+1: excita-
tion on the OPPh ligand (like in the P-MLCT/MC state),
bonding character between Ru and O, and antibonding
character between O and P.

It is worth noting that there exists a O-MLCT state for
which the charge transfer takes place to the tpy ligand (as
it was found for P-MLCT) but this state was not located on
the lowest triplet adiabatic PES. Thus, we can exclude the
involvement of this state in the photoisomerization.

Alternative step P-MLCT/MC — O-MLCT. Besides
the linkage isomerization mechanism described in steps 2
and 3, another pathway was identified (Figure 6, dashed
line). It involves another triplet transition state (PO-
MLCT/MC-MLCT-TS) showing also a n?* coordination with
Ru-P and Ru-O bond lengths of 2.508 and 2.312 A, re-
spectively (2.532 and 2.333 A in acetonitrile). The transi-
tion vector (Figure S4e) involves a scissoring Ru-P-O like in
PO-MLCT/MC-MC-TS but with a higher imaginary fre-
quency (stiffer mode). The IRC calculation shows that it
connects the P-MLCT/MC and O-MLCT states (Figure
S7a), thus this step also involves a Ru-P—Ru-O linkage
isomerization. The Ru-P and Ru-O bond distances at this
transition state are found to be much shorter than for the
transition state optimized previously (PO-MLCT/MC-MC-
TS). This is a consequence of the MLCT character (ruthe-
nium spin density: 0.547, Table S10) of this transition
state, whereas PO-MLCT/MC-MC-TS has a MC character
(ruthenium spin density: 1.781, Table S9). The activation
barrier associated with this alternative step was calculated
at 60 kd.mol" in the gas phase (76 kJ.mol" in acetonitrile),
which is larger than the barrier height found for step 2. As
a consequence, the isomerization pathway involving the
PO-MLCT/MC-MC-TS is expected to be kinetically less
favorable in both the gas phase and acetonitrile.

IV. Nonadiabatic isomerization photoreaction.
Due to spin-orbit coupling, nonadiabatic transitions back

to the ground state can occur. These transitions will be
particularly efficient at crossing points between the triplet
and the ground state PESs.***°. The result of ground-state
energy calculations along the triplet pathway is shown in
Figure S11. The singlet-triplet energy gap was found to be
relatively small in the region of the triplet state having a MC
character. However, there is one noticeable exception: the
case of O-MLCT. In our previous studies,””” singlet-
triplet energy gaps were always found to be large at MLCT
states. In our particular case here, this unusually small gap
can be explained by the main relaxation coordinate involv-
ing the C,;-P-O-Ru torsion in O-MLCT (from 180°
to -104°), a distortion that is energy-costly in the RuO
ground state.

In order to localize precisely the singlet/triplet crossing
points, MECPs have been searched starting from struc-
tures having a small singlet-triplet energy gap. Three
MECPs were identified (Table S22) and named P-MECP,
O-MECP, and O-MECP,, corresponding to one P-bonded
structure and two O-bonded structures, respectively. No
MECP geometry with a > coordination was found. Each
MECP geometry was found to be very similar to the ge-
ometry of the closest minimum (Figure 2). The P-MECP,
O-MECP, and O-MECP, were located at 3.5, 4.5 and 1.0
kJ.mol"' above the P-MLCT/MC, O-MC and O-MLCT
minima, respectively. Overall, the activation energies to
reach the identified MECP funnels are substantially lower
than the adiabatic barriers required to overcome the differ-
ent transition states. As a consequence, these funnels
would be more easily accessible than the transition states
on the adiabatic pathway.

Along the first step of the photoisomerization process
leading to the P-MLCT/MC minimum, the system may
decay at the nearby P-MECP (Figure 2). The linear transit
pathway calculations (Figure S1) show that two pathways
are energetically favorable. The first one leads back to P-
GS (Figure S1a) and thus corresponds to a non-
photoisomerizing path (photostabilizing pathway). The
second one leads to PO-GS (Figure S1b), which, as ex-
plained before, will produce eventually the O-GS photo-
product. Note that the third channel that yields directly to
O-GS (Figure S1c) is unfavorable due to a large activation
barrier.

Assuming that some photoexcited complexes will over-
come PO-MLCT/MC-MC-TS and complete the second
adiabatic step, the system can then either relax back to
PO-GS or O-GS via O-MECP, (Figures 2 and S2b,c). The
channel leading back to P-GS is unfavorable (Figure S2a).

We now consider the case where the system proceeds
adiabatically to the final stage (step 3). Given the relaxation
profiles calculated for O-MECP, (Figure S3), nonadiabatic
decay from this crossing point appears to be achievable
solely to PO-GS and O-GS (Figure 2). In the same way as
for O-MLCT, the back formation of the RuP isomer is
unfavorable (Figure S3a).

As a summary (Figure 2), following the first adiabatic step,
a remarkable feature of the nonadiabatic mechanism is
that the RuP isomer can photoisomerize without going
through the critical activation barrier of the second step.



Another important result is that beyond the n* PO-
MLCT/MC-MC-TS, the system cannot return to the initial
P-GS and will necessarily produce the targeted O-GS
photoproduct.

V. Reverse RuO — RuP isomerization. Only the
RuP to RuO isomerization has been discussed so far. The
purpose of this subsection is to discuss the thermal and
photochemical reversibility of this isomerization.

The overall barrier height on the ground-state surface for
the O-GS — P-GS process has been computed at 90
kJ.mol" in acetonitrile. This value is comparable to back-
ward thermal barriers found in various photochromic sys-
tems for which the lifetime of the metastable photoproduct
has been experimentally measured to several hours in
solution,®#! The thermal bistability of the
[Ru(tpy)(opy)(POPh)** complex is an important property for
the design of new photoactive devices.

Upon photoexcitation of the RuO isomer, the initial excited
state will relax to the triplet O-MLCT state, which was
described before. The photoreversible isomerization will
require reaching P-MECP for which a pathway was found
towards the P-GS. This means overcoming two succes-
sive barriers, O-MLCT—0O-MC and O-MC—P-MLCT/MC,
at 47 and 38 kJ.mol" respectively, and without decaying
at the O-MECP, and O-MECP,. Thus, the reverse pho-
toisomerization is unlikely and only thermal backward
isomerization is expected.

VI. Solvation effects. We discuss here the main effects
of the acetonitrile solvent on the ground- and excited-state
free energy profiles. Both are stabilized in acetonitrile on
average by ~500 kJ.mol" (Figures 3 and 6). The solvation
does not appear to have a significant impact on the struc-
tures of the various stationary points (Tables 1 and 3
compared to Tables S20 and S21). The overall topology of
the ground and excited-state free energy profiles also
looks similar.

Concerning the ground-state profile (Figure 3), it is worth
noting that the relative free energy between the P-GS and
the O-GS increases from 11 to 37 kd.mol™" upon solvation.
In the triplet excited-state profile (Figure 6), the most no-
ticeable difference concerns the relative energy of the O-
MC state. This state is found at 57 kJ.mol" above the P-
MLCT/MC minimum in acetonitrile, whereas it was located
at nearly the same energy in the gas phase. Similarly, O-
MC was found 75 kd.mol" above the O-MLCT minimum in
acetonitrile, whereas it was located at 32 kJ.mol" above in
the gas phase. As a consequence, the adiabatic barrier for
step 3 has decreased substantially from 15 kJ.mol" in the
gas phase to 2 kd.mol" in acetonitrile. This is a conse-
quence of the larger solvent stabilization of the MLCT
states relative to that of the MC states. It is also worth
noting a substantial geometry change for O-MC in ace-
tonitrile (Tables 3 and S21). An increase of the Ru-O bond
length in O-MC from 2.525 A in the gas phase to 2.630 A
in acetonitrile and a change of the C,-P-O-Ru dihedral
angle from -168° in the gas phase to -71° in acetonitrile is

observed. In fact, two conformers for O-MC were found in
acetonitrile, one of which is similar to the gas phase struc-
ture with a dihedral angle C,-P-O-Ru = -165° and the Ru-
O bond length of 2.606 A. This last conformer is only 3
kJ.mol"' above the lowest O-MC minimum reported in
Table S21.

CONCLUSION & FUTURE WORK

In summary, the DFT-based computational investigation
reported here describes the thermal and photochemical
isomerization mechanism from a terminal P-bound phos-
phinidene oxide metal complex [Ru(tpy)(bpy)(POPh)** to
the corresponding O-bound metal complex
[Ru(tpy)(opy)(OPPh)]**. The main result is that the thermal
isomerization is both kinetically and thermodynamically
unfavorable, whereas photoisomerization can readily take
place either by adiabatic or nonadiabatic routes. The bi-
stability of the complex along with the fact that both iso-
mers have different absorption properties (different colors)
make this complex a promising candidate for photo-
chromic devices.

The adiabatic mechanism is based on a triplet potential
energy profile that connects various excited states of the
two isomers. Although this mechanism can lead to the
photoproduct formation, the location of triplet/singlet fun-
nels in the vicinity of the lowest energy minima along the
excited-state profile will favor the nonadiabatic pathways.
We have shown that upon nonradiative decay (intersystem
crossing) at these funnels, the photoisomerization can
complete on the ground state PES. Another consequence
of the presence of these funnels will be the absence of
luminescence in this system.

The reverse RuO to RuP isomerization was found to be
achievable only thermally. The backward isomerization
barrier is relatively large allowing the photoproduct to be
long-lived (several hours), as found for example in rutheni-
um sulfoxide complexes.®!

The predictive computational results reported in the pre-
sent article are very encouraging and experimental studies
on the linkage isomerism of [Ru(tpy)(opy)(RPO)** complex-
es are now under active investigations in the group of A.
lgau. We would like to point out that the photoisomeriza-
tion channel was the focus of this mechanistic study, but
other competing processes such as ligand photodissocia-
tion or photosubstitution can also be involved. Considering
the high ionic character of the P-O bond in this complex,
acid-base reactivity with protic solvent cannot be exclud-
ed.* This aspect should be investigated in future experi-
mental and theoretical work. Thus, it would be highly in-
teresting to extend the studies to chalcogenophos-
phinidene ligands RP=X with X = S and Se.
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