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ABSTRACT. The N—O linkage photoisomerization mechanism in a ruthenium nitrosyl
complex, [RuCI(NO)(py).]*, for which a quasi complete photoconversion between the stable
nitrosyl (N-bonded) and metastable isonitrosyl (O-bonded) isomers has been observed under
continuous irradiation of the crystal at 473 nm (Cormary et al., Acta Cryst. B 2009, 65, 612—
623), is investigated using multiconfigurational second-order perturbation theory (CASPT2). The
results support efficient intersystem crossing pathways from the initially excited singlet states to
the lowest ftriplet excited state of metal-to-ligand charge transfer character (MLCT). The

topology of the involved potential energy surfaces corroborates a complex sequential two-photon



photoisomerization mechanism involving nonadiabatic processes in agreement with experimental

observations and previous density functional theory calculations.

1. INTRODUCTION

The design of original photochromic compounds has been the center of intense research in
photochemistry in order to build innovative functional materials for information processing and
storage,>* photocontrol in biological systems~ and photomechanical actuators.® The vast
majority of reported photochromic compounds relies on organic molecules often undergoing
photoinduced electrocyclic reactions."= However, transition metal complexes have also been
designed to display photochromic properties. These systems are based on linkage isomerizations
between the metal center and ambidentate ligands.>+=<"* Among these systems, ruthenium
nitrosyl complexes have attracted growing interest over the past two decades, not only owing to
their photochromic properties but also because of their capability to photorelease nitric
oxide. prannmmmnannannuseysswas PDespite extensive experimental investigations, the mechanism for
these two competing processes remained unclear until recently .

Computational studies investigating the linkage photoisomerization mechanisms of metal
complexes remain relatively scarce owing to the difficulty to compute the excited-state potential
energy landscape in such systems.© The most significant contributions are based on density
functional theory (DFT) calculations of the S—O linkage photoisomerization pathways in

ruthenium and osmium sulfoxide complexes“#*++ and of the PO linkage photoisomerization

pathway in a phosphinidene oxide ruthenium complex.® Very recently, the N—O linkage



photoisomerization pathway in the [RuCI(NO)(py).]* (where py denotes pyridine ligands)
ruthenium nitrosyl complex, was investigated using a similar DFT-based strategy.» This study
shed some light on the mechanistic picture of the N—O linkage photoisomerization. In contrast
to ruthenium sulfoxide and phosphinidene oxide complexes for which energetically favorable
linkage photoisomerization pathways on the lowest triplet excited state were characterized,s«~
the triplet excited-state pathway for the N—O linkage photoisomerization reveals an activated
and energetically uphill process.» On account of these results, a complex sequential two-photon
photoisomerization mechanism involving nonadiabatic processes was proposed® and later
confirmed experimentally.” As illustrated in Figure 1, the most stable N-bonded ground-state
isomer (denoted GS) absorbs a blue light photon, which brings the system in excited singlet
metal-to-ligand charge transfer (MLCT) states. These states are assumed to quickly relax by
intersystem crossing (ISC) due to significant spin-orbit coupling (SOC) and by internal
conversion (IC) to the lowest triplet MLCT excited state (MLCT) leading to the N-bonded triplet
state *GS. The system then encounters a large barrier (ca. 1 eV) on the adiabatic triplet potential
energy surface (PES) to reach the NO-bonded ‘MS2 intermediate. A more accessible route is
provided by ISC at a triplet/singlet crossing point allowing the system to decay at the MS2
singlet state. A key feature of this mechanism is that this metastable state can also absorb the
same blue light photon as GS, as revealed by the computed electronic absorption spectra with
time-dependent DFT (TD-DFT).» The system can then be re-excited to 'MLCT states from which
non-radiative decays by ISC and IC lead to the population of *MS2. From this intermediate, a
small adiabatic barrier needs to be overcome to reach the O-bonded ‘MS1. Another singlet/triplet
crossing lying nearby allows for ISC to the O-bonded MS1 product. This final photoproduct

does not absorb in the blue light spectral range. Thus, this proposed mechanistic picture accounts



for the change of color of a single crystal of trans-[RuCI(NO)(py).](PF,).-1/2H.O from orange
(GS) to green (MS1) with a very high photoconversion yield observed upon irradiation in the
473-476 nm region.>» This sequential two-photon absorption mechanism was recently

confirmed by visible absorption spectroscopy .*
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Figure 1. Potential energy profiles for the singlet ground state (blue curve) and the lowest triplet
state (red curve) along the N—O linkage photoisomerization pathway derived from DFT
calculations in Ref. [50]. The reaction coordinate is represented as the Ru-N-O angle. GS, MS2
and MS1 correspond to the N-bonded, NO-bonded and O-bonded isomers in the singlet state,
respectively. *GS, *‘MS2 and *MS1 correspond to the N-bonded, NO-bonded and O-bonded
isomers in the triplet state, respectively. Pyridine ligands have been omitted for clarity. ISC and
IC stand for intersystem crossing and internal conversion. Double-cone pictograms represent the
minimum energy crossing points between the singlet and triplet states (in black the two ones

relevant to N—O linkage photoisomerization). The black arrows indicate the sequential steps of



the N—O linkage photoisomerization mechanism. The orange dashed arrows and orange double

cones represent photostabilizing non-radiative decay paths to GS and MS2.

However, this DFT-based study relies on the assumption that the photochemical properties of
the studied complex can be rationalized based on the population of the lowest triplet excited
state. While it is reasonable to think that the lowest excited state will eventually be populated,
relaxation pathways from the initially excited singlet states and their possible deactivation to
higher triplet states by ISC have not been considered thoroughly. In other words, the initial part
of the photochemical path has largely been overlooked and assumed to lead to the lowest excited
state on an ultrafast timescale. The ground for such an assumption relies on previous reports of
efficient ISC,» short singlet excited-state lifetimes»++* and significant spin-orbit couplings”** in
polypyridine ruthenium complexes, and SOC dynamics simulations in a ruthenium nitrosyl
complex showing highly efficient ultrafast decay to the lowest triplet state.» In addition, this
study relied on single-reference DFT to compute complex excited-state energy landscape
including regions of bond breaking and bond formation where multiconfigurational character in
the electronic state wavefunction is expected. Thus, it is important to benchmark DFT results
against more reliable multiconfigurational wavefunction-based methods .

The purpose of the present work is to investigate with an accurate ab initio method the
photoisomerization pathways for the [RuClI(NO)(py).]* complex based on a static picture
provided by the computation of the potential energy landscapes of relevant electronic states
along the reaction paths. To achieve this goal, multiconfigurational methods based on complete
active space self-consistent field (CASSCF) and multistate complete active space second-order

perturbation theory (MS-CASPT?2) calculations including SOC have been performed to study the



initial ISC pathways and to revisit the photoisomerization mechanism, in comparison to the

previous DFT results.

2. COMPUTATIONAL DETAILS

Multiconfigurational ab initio calculations were performed using the CASSCF and MS-
CASPT2 methods.» These calculations have three main objectives: (i) determine the electronic
structures and vertical transition energies associated with the low-lying excited states of the three
isomers GS, MS2 and MS1, (ii) investigate the main ISC pathways after initial irradiation of GS,
and (iii) determine the potential energy landscape along the photoisomerization reaction paths.
All reference CASSCF calculations were performed distributing 16 electrons in 13 molecular
orbitals. This active space, shown in Figure 2 for the GS isomer, was chosen in view of the
photoisomerization process, which mainly involves the three atoms Ru, N, and O, with a Ru—N
bond breaking and a Ru-O bond formation. Accordingly, the five Ru(4d) valence orbitals need
to be included, together with the orbitals directly interacting with them, in particular along the
Ru-N-O axis. The active orbitals thus include the five 4d valence orbitals, the two pairs of it and
7t and the pair of 0 and o’ orbitals on NO, and one combination of N(p) orbitals of the equatorial
pyridine ligands (0,,). This active space is thus suited to describe all the relevant excited states
involved in the photoisomerization mechanism, which all involve Ru(d) or Ru(d)+NO(n*) to
Ru(d)-NO(n*) transitions (vide infra). State-averaged calculations over seven states were
performed separately for singlet and triplet states (denoted SA7-CASSCF(16,13)). This number
of states is necessary to stabilize the active space. MS-CASPT?2 calculations were then
performed using a standard IPEA shift+= of 0.25 a.u. and a level shift of 0.3 a.u. was carefully

chosen in order to avoid intruder states. For the first objective, the mixing was allowed between



all seven singlet states (denoted MS7-CASPT2). Solvent effects were also included using the
polarizable continuum model (PCM). Regarding the second and third objectives, separate MS-
CASPT?2 calculations have been performed for each singlet and triplet multiplicity, considering
the lowest four states (denoted MS4-CASPT?2) for both multiplicities, as only four triplet states
are energetically accessible at the irradiation wavelength. The same number of roots for both
multiplicities ensures the same deterioration of the wavefunction quality. In all calculations the
Douglas-Kroll-Hell Hamiltonian and the Cholesky decomposition with a threshold of 10+ a.u.
were used along with the ANO-RCC-VTZP all-electron basis for Ru and ANO-RCC-VDZP for
the other atoms. Oscillator strengths were computed using perturbation modified CASSCF (PM-
CASSCF)# transition dipole moments along with MS-CASPT?2 transition energies. All the MS-

CASPT?2 calculations were performed with MOLCAS 8.0

28 0% e

Zz + O z z
1.982 l 958 1 958 1 346
2+ 0, dy dy. + 7,
1 982 1 1. 912
dxz - 71' —Opy
0. 446 O 446 0 039 0 030 0 019

Figure 2. Active orbitals and average occupation numbers obtained from the SA7-

CASSCEF(16,13)/ANO-RCC-VTZP calculation at the GS isomer.

Additional calculations using the strongly-contracted second-order n-electron valence state

perturbation theory (SC-NEVPT2) method” were performed to give further support to the MS-



CASPT?2 results. This method has the nice feature that it does not suffer from intruder state
problems and the second-order perturbation energy is completely defined once the zeroth-order
reference wavefunction is chosen. We have performed SC-NEVPT?2 calculations to calculate the
S.—S, vertical transition at GS and MS1 using the same active space as for the MS-CASPT2
calculations but state-averaging over three states only (as S, and S. are degenerate at these
geometries). The def2-TZVP basis* on all atoms was used along with the associated small core
relativistic pseudopotential® for the Ru atom. Because the singlet—triplet energy gap is an
important feature of the PES due to the involved triplet/singlet crossings along the
photoisomerization pathway, the adiabatic GS—'GS energy difference was also computed with
SC-NEVPT2/def2-TZVP using SA7-CASSCF(16,13) wavefunctions. Domain based local pair
natural orbital coupled cluster with single, double and perturbative triple excitations, DLPNO-
CCSD(T),» using the def2-TZVP basis set were performed to investigate the thermal
isomerization pathway and the adiabatic GS—*GS energy difference. SC-NEVPT2 and DLPNO-
CCSD(T) calculations were performed with ORCA 4.0.0.

Regarding the computation of the ISC pathways, the relaxation path on S, was constructed as a
linearly interpolated transit path (LITP) in internal coordinates between the GS isomer
equilibrium structure and the optimized geometry of the S, excited state corresponding to the N-
bonded isomer, denoted ‘GS'. The GS structure was taken from a previous DFT study (using
B3LYP with Grimme’s dispersion correction; denoted B3LYP+D3 in the following),» while that
of 'GS' was obtained from a TD-B3LYP geometry optimization (Table S1 in Supporting
Information). Along this path, MS4-CASPT2 single-point energy calculations were performed
for the lowest four singlet and triplet states (Table S2 in Supporting Information). SOC

calculations were performed at selected geometries along the S, relaxation path within the spin-



orbit state interaction frame,” using singlet and triplet spin-free CASSCF wavefunctions as basis
for the spin-orbit Hamiltonian. Dynamic electron correlation effects were included by using the
MS-CASPT?2 energies as the diagonal elements of the spin-orbit Hamiltonian.

The thermal isomerization pathway was constructed as a LITP between the various optimized
stationary points on the lowest singlet PES (i.e., the GS, MS2 and MS1 minima and the
transition states TS1 and TS2 connecting them). These optimized geometries were retrieved
from a previous DFT study.» We have tested the effect of using CASSCF optimized structures.
However, due to lack of dynamic correlation at the CASSCEF level, the DFT structures proved to
be more accurate (Table S3 and Figure S1 in Supporting Information). Similarly, the
photoisomerization pathway was obtained from a LITP between the *GS, *TS1, :‘MS2, *TS1 and
*MS1 optimized DFT structures. All the MS-CASPT? energies along these interpolated paths are
given in Tables S4 and S5 in Supporting Information. Note that there is a minor change

occurring in the active space along these LITP paths. The d... + o, and d..,. — G,, are both replaced

by orbitals with similar occupation numbers (Figure S2 in Supporting Information). The main
reason is that the original orbitals contribute to a singlet and a triplet excited state in the FC
region (S. and T, in Table 1) but these states become too high in energy along the LITP and are
then not included anymore in the state-averaged procedure, thus making these orbitals less
relevant. However, this change of active space does not alter the CASSCF and MS-CASPT2
energies significantly (within 0.1 eV). At MS1, it is possible to find two stable solutions of the
active space that differ mainly in the contribution of the Cl atom (Figure S3 in Supporting
Information). Both active spaces lead to very similar potential energy landscapes along the

linkage isomerization pathway (Figure S4 in Supporting Information).



3. RESULTS AND DISCUSSION

3.1 Electronic structures and absorption properties

Electronic structures. The first seven singlet and triplet electronic states were computed at the
GS DFT-optimized geometry using the MS7-CASPT2/ANO-RCC level of theory. Table 1
provides the vertical transition energies and details about the electronic structures of each
electronic state, along with oscillator strengths. In all cases, the weights of the leading
configuration of the CASSCF wavefunctions, C, are less than 0.9, indicating a significant
multireference character” for some of the states computed, including S, for which the weight of

the leading closed-shell configuration is 0.71.

Table 1. SA7-CASSCF and MS7-CASPT?2 transition energies, AE (eV), nature of the main

transitions with their respective weights, and oscillator strengths computed at the GS optimized

geometry.
State CASSCF MS-CASPT2 Main transition Nature C f
AE AE

Singlets

S, 0.000 0.000 - - 071 -

S, 3.076 3.028 d,—>d.-m MLCT 0.84  0.0002

S. 3.076 3.028 d,—>d,—mn MLCT 0.84  0.0002

S, 3.504 3.662 d,—>d..-o, MC 0.61  0.0000

S. 3972 3.785 d.+m —>d.—m MLCT 043  0.0000
d.+n —>d, —m 043

S, 3.984 3.955 d.+m —>d,—mw MLCT 049  0.0000
d.+m —>d.—m 0.38
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S, 3.988 3.956 d.+n —>d,—mn MLCT 042  0.0000

d.+m —>d -n 0.32

Triplets

T, 2973 2924 d,—>d.-m MLCT 0.87  0.0000

T. 2973 2925 d,—>d.—-m MLCT 0.87  0.0000

T, 3.301 3.086 d.+m —>d.—m MLCT 044  0.0000
d+n —>d, —m 044

T. 2721 3.106 d,—>d..-o, MC 0.67  0.0000

T, 3.647 3.548 d.+m —>d.—m MLCT 044  0.0000
d.+n —>d, —m 044

T, 3.649 3.555 d.+m —>d.—m MLCT 044  0.0000
d+n —>d, —m 044

T, 3918 3.854 d.+m —>d.—m MLCT 044  0.0000
d.+n, —>d,.—mn 044

« C 1s the weight of the leading configuration in the SA7-CASSCF wavefunctions. * f is the
oscillator strength computed using PM-CASSCEF transition dipole moments and MS-CASPT?2
energies of the spin-free states.

The first two singlet excited states S, and S.are degenerate by symmetry ('E) and predicted at
303 eV (409 nm) and 293 eV (423 nm) at the MS-CASPT2 and SC-NEVPT2 levels,
respectively. Based on the oscillator strengths computed at the MS-CASPT?2 level, these two
states are the only “bright” states at this geometry among the states computed, although the
oscillator strength is very weak (0.0002). This pair of states are obtained by a MLCT transition
involving the ruthenium d, orbital and a degenerate pair of orbitals mixing Ru(d,) and NO(m.),
and Ru(d,) and NO(s), respectively. This specific transition is notably well documented in the

literature.*»« The character of the CASSCEF transition is in agreement with that of earlier TD-
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DFT calculations (using TPSSh) at the same geometry® and confirms the assignment deduced
from the experimental data*. However, a higher oscillator strength (0.003) and a lower transition
energy (2.86 eV) are obtained at the TD-DFT level in acetonitrile.* The MS-CASPT?2 transition
computed in acetonitrile gives similar results to the calculation performed in the gas phase (Table
S2). Note that the irradiation wavelength used experimentally (473-476 nm) is tuned to optimize
the photoconversion efficiency and thus does not correspond necessarily to the maximum of the
S.—S/S. absorption band of the crystal.»»* In addition, the experimental absorption spectrum
recorded in acetonitrile gives this transition at 2.76 eV (450 nm),* in reasonable agreement with
our MS-CASPT?2 calculations. The higher singlet states found are well separated from S./S., with
S, up to S, lying between 0.6 to 0.9 eV above S/S.. However, it is interesting that S., a metal-
centered (MC) state found at 3.7 eV vertically above the ground state at the MS-CASPT?2 level,
was found at 4 eV at the TD-DFT level and corresponded to S. due to many MLCT states being
lower in energy.» This is due to the fact that some electronic excited states are missing here due
to the limited size of the active space. For example, TD-DFT predicts vertical transition energies
to S, and S, corresponding to excitation from a pyridine st orbital to Ru(d,)/NO(st’) orbitals. As
pyridine 7t orbitals have not been included in the active space, these states are not described.
However, we describe all the lowest excited states relevant to the photoisomerization mechanism
(vide infra).

Regarding the triplet states, T, and T. are degenerate by symmetry (E) and are located only 0.1
eV below S/S.. These two states are described by transitions involving the same orbitals as in
S/S. (CE), thus displaying the same MLCT character. The next two triplets T, and T, are less than
0.2 eV above T/T. and less than 0.1 eV above S/S.. Note that T, is a ‘MC state. The following

triplet states are found substantially higher in energy. Thus, mainly the four lowest triplet states
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are possibly interacting with the initially excited S/S. states, as the proximity of these states
could indeed create appropriate conditions for efficient singlet to triplet intersystem crossings
just after light absorption by GS. This hypothesis, already suggested in the preceding DFT
studies,»» will be developed and discussed in the next subsection. Interestingly, the singlet
transition energies at the CASSCF level are in good agreement (within 0.2 eV) with the MS-
CASPT? ones; however the order of the states is not correctly reproduced for triplet states.
Absorption properties. Vertical transition energies were also computed at the metastable MS1
and MS2 DFT-optimized geometries in order to describe the low-energy part of the absorption
spectra of the three isomers. Inclusion of solvent effects was taken into account for a fair
comparison with experiments and previous TD-DFT calculations performed using PCM, as
recommended in a recent theoretical work.” All the lowest singlet states carrying non-zero
oscillator strengths are listed in Table 2 for all three isomers. The convoluted absorption spectra
for the three isomers are shown in Figure 3. As pointed out previously, the limited size of the
reference active space prevents the description of all the optical transitions (e.g., those involving
Cl(p) and py(m) orbitals*). Nevertheless, all the relevant excited states for the photoisomerization
mechanism (which all involve Ru(d) or Ru(d)+NO(7) to Ru(d)-NO(7’) transitions) are present.
In addition, the MS-CASPT?2 vertical transition energies agree qualitatively with those obtained
by TD-DFT computed in acetonitrile:* i) the order of the states found at the MS-CASPT?2 level is
the same at the TD-DFT level; ii) the MS-CASPT?2 transitions are systematically higher in

energy than the TD-DFT ones (within 0.3 eV) for the bright states.

Table 2. MS7-CASPT?2 transition energies, AE (eV), corresponding wavelengths (nm), nature of

the main transitions, and oscillator strengths computed for the three isomers GS, MS2 and MS1 -
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Structure State MS-CASPT2 Wavelength Main transition f

AE
GS S, 3.028 (3.101) 409 (400) d,—>d.-m 0.0002 (0.0002)
S, 3.028 (3.101) 409 (400) d,—>d.—-m 0.0002 (0.0002)
MS2 S, 2054 (2.095) 604 (592) d.+m —>d.—m 0.0015 (0.0008)
S, 2363 (2263) 525 (548) d.+n —>d,—m 0.0001 (0.0002)
S. 2,634 (2.648) 471 (468) d,—>d.—-m 0.0077 (0.0075)
S, 3.035(2.874) 409 (431) d,—>d.-m 0.0004 (0.0005)
S. 3.171 (3.193) 391 (388) d.+m —>d.—m 0.0005 (0.0003)
MS1 S, 1933 (1.944) 641 (638) d,—>d.-m 0.0001 (0.0001)
S, 1933 (1.944) 641 (638) d,—>d.—-m 0.0001 (0.0001)

« Results obtained in acetonitrile are given in parentheses. * f is the oscillator strength computed
using PM-CASSCEF transition dipole moments and MS-CASPT?2 energies of the spin-free states.

The MS2 isomer displays three absorption bands: a weak band centered around 600 nm, a
more intense one around 470 nm and a weak absorption feature at 400 nm. The electronic
transition carrying the low energy band corresponds to the S, state and involves ad,, + n,;, = d. —
m, excitation, which was not found among the lowest excited states computed at the GS
geometry. The more intense absorption around 470 nm is associated with S, and is associated
with a d, — d, — &, transition, which correlates with one component of the doubly degenerate
S/S. states at the GS structure. The higher energy absorption feature around 400 nm is assigned
to both S, and S., which exhibit transition wavelength at 409 and 391 nm, respectively. As
discussed later, this band plays a critical role in the N—O linkage photoisomerization

mechanism, as it is superimposed with the absorption band of the GS isomer at 409 nm (Figure
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3). This is in good agreement with the TD-DFT results® obtained in acetonitrile, which also
predicted an overlap of the absorption bands between GS and MS2 in this region.

The MS1 isomer shows a weak band around 640 nm. The corresponding transition is of
MLCT character and is assigned to a pair of degenerate S/S. states involving similar electronic
transitions as the S./S. states of the GS isomer. The MS-CASPT?2 transition energy of 1.933 eV is
about 0.2 eV higher than the SC-NEVPT2 value at 1.719 eV (721 nm). This is also in reasonable
agreement with the TD-DFT results® in acetonitrile, which give the same transition at 703 nm,
and the irradiation wavelength at 782 nm used experimentally.» This band overlaps with the low-
energy absorption band of the MS2 isomer, which is important for the reverse O—N linkage
photoisomerization mechanism.* It is also important to note that MS1 and GS absorb at very
different wavelengths, which is an essential requirement for having an efficient photochromic
switch.

Regarding the band intensities in Figure 3, it appears that they are underestimated by one order
of magnitude for GS and MS1 compared to TD-DFT and experimental observations in
acetonitrile. This is probably due to the too weak transition dipole moments computed at the PM-
CASSCEF level. In addition, MS2 displays more intense absorption bands relative to GS and
MS1 at the MS-CASPT?2 level, a result that was neither observed at the TD-DFT level,» nor
experimentally.* Including the SOC or the solvent in the calculations did not alter significantly
these absorption spectra, as shown in Figure 3. We tentatively attribute this inconsistency either
to inaccurate CASSCF transition dipole moments resulting from a lack of dynamic electron

correlation in the CASSCF wavefunctions, or to the incomplete set of active orbitals used.
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Figure 3. MS7-CASPT2 absorption spectra for the GS, MS2 and MS1 isomers in the gas phase
(convoluted arbitrarily with a Gaussian function characterized by a standard deviation of 6000
cm'). Full lines: spin-free calculations, dashed lines: including spin-orbit couplings, dotted lines:

spin-free calculations in acetonitrile.

3.2 Intersystem crossing pathways

Investigation of singlet to triplet radiationless transitions is of utmost importance in the
[RuCI(NO)(py).]* photochemistry, as a previous dynamical study on a related system highlighted
the efficiency of these transitions* and the whole photoisomerization mechanism proposed in the
previous DFT work® involves several singlet/triplet crossings (Figure 1) and assumed that
ultrafast and efficient ISC and IC were taking place from the initially excited 'MLCT states to the
lowest "MLCT state. A quantitative study of these non-radiative deactivation processes would
require taking into account all the spin-vibronic couplings within a time-dependent approach .7
Here, we simply investigate what are the lowest triplet states of interest susceptible to be
populated by ISC using a static picture provided by MS4-CASPT?2 and SOC calculations along

the initial S, relaxation pathway.
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The MS4-CASPT2 energies are plotted in Figure 4 along the S, relaxation pathway (data
supplied in Table S2 in Supporting Information) and SOC are provided between states lying
close to each other. As expected, the lowest excited states S, and S, lose their degeneracy as the
molecule leaves the Frank-Condon region. The S, state evolves toward its minimum (*GS’) along
a barrierless potential energy profile, while S. eventually rises in energy. According to these MS-
CASPT?2 calculations, the four lowest triplet states are very close in energy to the lowest singlet
excited states S, and S., especially in the vicinity of the Frank-Condon region where they cross
each other several times. T, is almost degenerate (0.06 eV gap) with S/S, at the FC geometry. A
S/T. crossing is encountered close to the FC geometry (between 0.2 and 0.3 along the LITP) and
a S./T, crossing is present further along the S, relaxation coordinate (between 0.4 and 0.5 along
the LITP). Furthermore, the lowest triplet state T, continuously lies below the S, state. Note that
the T,, T. and T. MS-CASPT?2 energies are inaccurate at 0.1 along the LITP because of an
artificially too strong mixing in the multistate calculation (Table S6 in Supporting Information).
This is a well-known MS-CASPT?2 issue that can occur near avoided crossings and conical

intersections.”

S 01 02 03 04 05 06 07 08 09 IGS

Figure 4. MS4-CASPT?2 singlet (full lines) and triplet (dashed lines) potential energy profiles

along the S, relaxation pathway (linearly interpolated transit path: LITP) from the initial GS
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structure to the TD-DFT-optimized S, minimum 'GS'. Spin-orbit couplings in cm* between pair

of states are given in inset.

To get more insight into the possible ISC pathways, SOC calculations were performed at
various geometries along the S, relaxation coordinate. The SOC values are shown in inset of
Figure 4 between the S, state and the nearest triplet state from the initial GS structure to 0.3
along the LITP. Near the Frank-Condon geometry, the S, state strongly couples with T. (SOC
~240 cm' at GS and at 0.1 along the LITP) resulting in a probable S,—T.ISC. Between 0.2 and
0.3 along the LITP, S, crosses with T, with a substantial SOC between these states (~150 cm).
The smaller SOC compared to that between S, and T, is compatible with the El-Sayed rule,” in
the sense that the S, and T, state share the same character in their electronic transitions (both
states are d - d — 7*). An S,—T.ISC pathway is also very likely. Thus, S, will most likely
deactivate non-radiatively to T. and T, in the initial relaxation dynamics after irradiation. Because
T. also crosses with T. (Figure 4), it is likely that T, will undergo efficient internal conversion to
T.. Eventually, T, is expected to decay to T,, the lowest-lying excited state, but depending on the
rate and efficiency of this population transfer, the T, state (correlating with the T, FC state) may
still be substantially populated. Thus, according to these calculations, the initial T,, T. and T,
MLCT states are all involved in the initial excited-state relaxation dynamics of
[RuCI(NO)(py).]*. Note that the "MC state T, initially goes up in energy and splits further apart
from the S, state, making the S,—T. ISC pathway unlikely.

It is also debatable whether part of the initial electronic population would remain on the initial
S. and S, singlet excited states. Initially, these two states must be equally populated as they form

a Jahn-Teller degeneracy. Because S. is quickly crossing T., its population is expected to decay
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rapidly toward this state (SOC of 186 cm' at 0.4 along LITP) and also to the lower S, state.
Relaxation on S, leads the system to its lowest singlet excited-state N-bonded minimum, '‘GS'.
Again, depending on the rate and efficiency of the ISC channels described above (i.e., S—T. and
S —>T,), part of the S, population may remain on this state and relax to '‘GS'. The consequences of
this scenario on the photoisomerization mechanism are described below. However, previous
experimental*=##» and theoretical"» studies point out that ISC pathways are efficient in
ruthenium polypyridine complexes. Thus, S, is expected to be depopulated rapidly. In particular,
recent nonadiabatic molecular dynamics simulations carried out on a related ruthenium nitrosyl
complex demonstrated how the large SOC (~150 cm'or more) promotes very efficient ISC, with
up to 85% of trajectories undergoing ultrafast ISC in the first 10 fs.» Our MS-CASPT2

calculations confirm these large SOC and are therefore consistent with efficient ISC channels.

3.3 Potential energy landscapes

The previous DFT study focused on the lowest singlet and triplet PES for the whole
photoreactive process.” Intervention of higher triplets T. and T, was mentioned then but remained
hypothetic. The computational strategy involved characterization and optimization of the various
minima, transition states and minimum energy crossing points along the photoisomerization
pathway. The aim of the present MS-CASPT?2 calculations is to reinvestigate the complete
mechanism based on a multireference ab initio method capable of describing both static and
dynamic electron correlation in a balanced way for all the electronic states involved.

Singlet states. Figure 5 presents the MS4-CASPT?2 potential energy profiles for the four lowest
singlet states along the ground-state (thermal) isomerization pathway (data provided in Table S4

in Supporting Information). The ground state S, energy profile appears to be in very good
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agreement with the one obtained at the DFT level. Indeed, all the minima (GS, MS2 and MS1)
and transition states connecting them (TS1 and TS2) are found at the MS4-CASPT2 level.
Energy gaps are also well reproduced, with a maximum deviation of ~0.3 eV at TS2 between
DFT and MS4-CASPT2. Thus, the ab initio results are in line with the previous DFT
calculations: the thermal N—O linkage isomerization cannot be achieved because of large

thermodynamic barriers between GS and MS1 on the ground-state PES.
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Figure 5. MS4-CASPT2 singlet potential energy profiles along the S, (thermal) linkage
isomerization pathway (linearly interpolated transit path: LITP) between GS, TS1, MS2, TS2
and the MS1 DFT-optimized structures. Relative energies are in eV and values in parentheses

are the differences with the DFT values obtained in Ref. [50].

The three lowest excited states S,, S, and S, show a similar behavior in terms of potential
energy profiles, which is in contrast to that of S,: When S, is increasing in energy, S,, S. and S, are
decreasing, and vice versa. As a result, the energy gap between S, and these excited states is
considerably reduced in the transition state regions at TS1 and TS2, so much so that S, and S,
become very close in energy. The shape of the potential energy curves suggests two avoided
crossings near the two transition states. A detailed examination of the PM-CASSCF

wavefunctions® (Figure S5 in Supporting Information) reveals that S, becomes heavily mixed
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around these transition states. Despite the high multiconfigurational character of the ground state
in these regions, it is remarkable to note that a single determinant approach like DFT provides
good transition state structures and accurate energy barriers. Another interesting feature of the
PM-CASSCF wavefunctions is that, while S, is dominated by a single configuration at GS and
MS2, it is strongly multiconfigurational at MS1 with the largest weight in the configuration
expansion being only 43% for the closed-shell ground-state determinant. In this case, the
multiconfigurational character is not due to electronic coupling with the lowest excited states
found at the MS1 geometry, as they are well separated in energy with S, (more than 2 eV higher),
but results from mixing with excited states gained in the TS2 region (Figure S5 in Supporting
Information). Again, DFT describes the MS1 structure and its relative energy accurately. Note
that the reference SA7-CASSCF energy profiles are in good qualitative agreement with MS4-
CASPT?2 for these singlet states (Figure S6 in Supporting Information).

Coupled-cluster DLPNO-CCSD(T) calculations on the S, ground state confirmed the
substantial multiconfigurational character encountered at TS2 and MS1. Compared to the MS4-
CASPT?2 results, relative energy deviations of 0.1 eV up to 0.4 eV are obtained with DLPNO-
CCSD(T) (Table S7 in Supporting Information). The T1 diagnostic, which provides a useful
indicator for the importance of non-dynamical electron correlation effects,** shows the lowest
values at GS, TS1, and MS2 geometries, whereas a larger values of 0.021 and 0.019 are obtained
at TS2 and MSI1, respectively. Thus, according to this diagnostic criterion, significant non-
dynamical correlation effects are expected at these two geometries and single reference methods
like CCSD(T) and DFT are potentially unreliable. This could explain why the discrepancies

between these two levels of theory and MS4-CASPT?2 are larger at TS2 and MS1.
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Triplet states. Figure 6 presents the MS4-CASPT?2 potential energy profiles for the four lowest
triplet states along the adiabatic T, photoisomerization pathway (data provided in Table S5 in
Supporting Information). The overall topology of the T, potential energy profile is again in good
agreement with the DFT results. Three minima on the T, PES are located right at the *GS, ‘MS2
and *‘MS1 DFT structures and with the same energetic order: *"MS2 is the highest intermediate
standing at ca. 0.9 eV above *GS and ca. 0.2 eV above *MS1. These relative energies are within
0.05 eV of the DFT values. Two maxima corresponding to the two transition states *T'S1 and
“T'S2 are also present at the MS4-CASPT?2 level, only slightly shifted with respect to the original
position of the optimized transition states with DFT. The associated adiabatic T, potential energy
barriers between ‘GS and ‘MS2, and between ‘MS2 and :MS1 are also in excellent agreement
with the DFT values: the first barrier is very high at 1.12 eV (1.06 eV with DFT), while the
second is much lower at 0.27 eV (0.26 eV with DFT). The next triplet states T., T., and T., have
similar energy profiles to that of T, except in the region of ‘MS2, where their energy raises
toward a maximum. Analysis of the PM-CASSCF wavefunctions (Figure S7 in Supporting
Information) shows the multiconfigurational character of the triplet states in different regions of
the PES. In particular, T, becomes strongly multiconfigurational with the leading electronic
configuration weighting less than 80% of the total wavefunction around °GS, “TS1 and “TS2.
Remarkably, the T, electronic structure changes from *GS to *TS1 to *MS2 due to various
couplings with the higher triplet states. In particular, *TS1 and *TS2 correspond to regions of
weakly avoided crossings between T, and higher triplet states. This is reminiscent to what was
found between S, and higher singlet states at TS1 and TS2. Note, however, that unlike singlet
states, triplet states are in many occasions well represented by only one configuration with a

weight greater than 80%. In addition, while the reference SA7-CASSCF energy profiles were in
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good qualitative agreement with MS4-CASPT?2 for the lowest four singlet states, SA7-CASSCF
gives a qualitatively wrong picture for the lowest triplet PES for which :‘MS2 appears as a
transition state rather than a minimum along the photoisomerization pathway (Figure S8 in

Supporting Information).
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Figure 6. MS4-CASPT2 triplet potential energy profiles along the adiabatic T, linkage
photoisomerization pathway (linearly interpolated transit path: LITP) between *GS, *TS1, ‘MS2,
‘TS2 and the ‘MS1 DFT-optimized structures. Relative energies are in eV and values in

parentheses are the differences with the DFT values obtained in Ref. [50].

Triplet/singlet crossings. Despite the excellent agreement between MS-CASPT2 and DFT
regarding the adiabatic singlet and triplet potential energy profiles, there is one major
discrepancy concerning the S.—T, energy gap. At the MS-CASPT?2 level, the T, PES is shifted up
in energy by about 0.6 eV relative to the S, PES compared to DFT (see Figure 6). As a result, the
*GS minimum lies 1.96 eV above the GS minimum, instead of 1.42 eV with DFT, and a similar
shift occurs for the whole T, PES. The better accuracy of the MS-CASPT?2 singlet-triplet energy
gap over B3LYP is confirmed by DLPNO-CCSD(T) and SC-NEVPT?2 results, which predict a

GS to *GS adiabatic transition at 1.85 and 2.18 eV, respectively. This large change in the ST,
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relative energies between B3LYP and MS-CASPT?2 has important consequences on the position
of the triplet/singlet crossing points. As described in the introduction, these funnels play an
important role in the sequential two-photon photoisomerization mechanism derived from the
DFT results.» To locate these crossing points at the MS-CASPT?2 level, we show in Figure 7 the
potential energy profiles of the singlet states along the adiabatic T, linkage photoisomerization
pathway. While four T /S, minimum energy crossing points were optimized along this pathway at
the DFT level (see Figure 1 and Ref. [50]), only two T./S, crossing points are found with MS-
CASPT2. The first one is encountered between *GS and *TS1 and lies about 0.25 eV above °GS.
The second one is located very close to ®MS1 only 0.02 eV above this minimum. The first MS-
CASPT?2 crossing point corresponds to the second minimum energy crossing point located with
DFT at 0.67 eV above *GS. The second MS-CASPT?2 crossing point corresponds to the fourth
minimum energy crossing point located with DFT at 0.17 eV above *‘MS1. The consequences of
these differences in the position of the T./S, funnels on the photoisomerization mechanism are

discussed in the following subsection.
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Figure 7. MS4-CASPT?2 S,-S, (full lines) and T, (dashed line) potential energy profiles along the

adiabatic T, linkage photoisomerization pathway (linearly interpolated transit path: LITP)
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between GS, *GS, ‘TS1,:MS2, “TS2, ‘MS1 and the MS1 DFT-optimized structures. Double-cone

pictograms represent T./S, crossing points.

3.4 N—O linkage photoisomerization mechanism revisited

After irradiation of the GS isomer with a blue light photon, the degenerate pair of singlet
excited states S,/S, of d—dmn nature are populated. As discussed in subsection 3.2, efficient ISC
pathways were identified driving the system to lower ‘MLCT states, T, and possibly T.. The
adiabatic T, PES displays an unfavorable energetic landscape along the N—O linkage
photoisomerization with a high activation energy (> 1 eV) and an energetically uphill process
(AE ‘GS—>MS1 = 0.7 eV). However, two funnels for efficient ISC between T, and S, were
located, providing much more favorable nonadiabatic photoisomerization pathways. Upon
relaxation to *GS, the system can reach a first T/S, crossing only 0.25 eV above °GS.
Nonradiative T,—S, decay can then bring the system to the MS2 isomer. As this intermediate
also absorbs light in the same blue region of the spectrum as GS, this species is photoexcited to
'‘MLCT excited states (S. in this case; Table 2). Upon relaxation down to the lowest triplet state
(assuming efficient radiationless decay mechanisms as the ones shown at the FC region of the
GS isomer), the *MS2 intermediate is expected to be populated. Subsequently, a low energy
barrier (0.27 eV) has to be surmounted to complete the isomerization towards to O-bonded
isomer *‘MS1. In the vicinity of this excited-state minimum, a second T./S, crossing only 0.02 eV
above *MS1 was located, allowing for efficient ISC down to the photoproduct MS1.

This mechanism is similar to the sequential two-photon absorption mechanism described in a
previous DFT study.» Note however, that the nonadiabatic photoisomerization pathway proposed

here is more favorable than that issued from the DFT calculations. Indeed, at the B3LYP+D3
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level, a minimum energy triplet/singlet crossing point was located right at the bottom of the *GS
potential energy well, providing an efficient funnel for the photostabilization of GS (Figure 1).
Due to the energy shift of the T, PES with respect to the S, PES, this crossing is removed at the
MS-CASPT?2 level (Figure 7) and the first located funnel is productive for photoisomerization, as
it allows for non-radiative decay to the MS2 isomer. In addition, once the second photon has
been absorbed and the system has relaxed to the *MS2 intermediate, another minimum energy
triplet/singlet crossing point was identified at the B3LYP+D3 level, which provides a
photostabilization pathway for MS2 (Figure 1). This funnel does not exist at the MS-CASPT?2
level, resulting in a more efficient ‘MS2—>MS1 adiabatic pathway. Finally, the triplet/singlet
funnel located in the photoproduct region is found at the bottom of the *MS1 potential energy
well at the MS-CASPT?2 level, allowing for an efficient ‘MS1—MS1 ISC. Note that the SOC at
the first and second triplet/singlet crossings are 28 cm" and 20 cm, respectively. These values
are about one order of magnitude smaller than those found between S, and T, (Figure 4). It can be
simply explained by the El-Sayed rule,» as S, and T, both involve a d + m — d — « transition at
these two crossing geometries (Table S8 in Supporting Information).

Another remarkable observation is that the second part of the isomerization mechanism
following absorption of a second blue light photon could possibly occur on the S, singlet excited
state. Indeed, Figure 7 shows that the T, and S, PES between ‘MS2 and ‘MS1 are quasi
degenerate, allowing for efficient ISC between T, and S, due to significant SOC (Table S9 in
Supporting Information). Analysis of the CASSCF wavefunctions shows that both electronic
states are made of the same electronic configurations over a large segment along this potential

energy profile.

26



It is also interesting to note that, in the less probable scenario where part of the electronic
population would survive long enough on the initially excited S, state to undergo a complete
singlet photoisomerization, the potential energy landscape shown in Figure 5 would guarantee an
efficient sequential two-photon absorption singlet mechanism as well. Indeed, upon relaxation
from the FC region in the S, state, it is clear that the system would decay back to S, in a downhill
process by efficient IC in the region of TS1 where the singlet electronic states strongly couple.
This would lead to efficient formation of MS2, which upon absorption of a second photon would
bring the system to S.. Here, the system could decay back to S, in another region of strong

electronic coupling at TS2, leading to the final MS2 photoproduct.

4. CONCLUSION

We have investigated the N—>O linkage photoisomerization mechanism in the
[RuCI(NO)(py).]* complex using accurate MS-CASPT?2 calculations in order to confirm previous
interpretations based on DFT calculations* and recent experimental observations.® Our results
provide further evidence that a multistep sequential two-photon photoisomerization mechanism
requiring several ISC processes is involved. The first 473 nm photon absorption from the stable
N-bonded GS isomer triggers a partial linkage isomerization leading to the side-on (NO-bonded)
metastable MS2 isomer. This first isomerization step involves an efficient ISC pathway from the
initially populated 'MLCT excited states to the lowest ‘MLCT excited state. Vibrational
relaxation of this state leads to a N-bonded triplet intermediate (denoted *GS) from which an
adiabatic isomerization is forbidden because of the large potential energy barrier (> 1 eV)
encountered on the corresponding triplet PES. The most probable route takes place through an

ISC channel via a triplet/singlet funnel leading to the MS2 isomer. This isomer absorbs
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efficiently at the same wavelength and the second 473 nm photon absorption induces the
completion of the N—O linkage isomerization. This second isomerization step involves ISC
from 'MLCT states to the lowest triplet states, followed by relaxation to a NO-bonded triplet
intermediate (denoted *MS2) from which adiabatic isomerization to an O-bonded triplet species
(denoted *MS1) is possible. The formation of the singlet ground-state photoproduct, the O-
bonded MSI1, is achieved through an ISC channel occurring at another triplet/singlet funnel in
the photoproduct region of the PES. Note that we cannot exclude that this second part of the
photoisomerization process takes place in the singlet excited state due to the proximity between
the S, and T, states between :*MS2 and *‘MS1. The potential energy landscape of the singlet states
would also allow for a complete sequential two-photon absorption singlet photoisomerization
mechanism. However, due to the high probability of ISC with lower triplet states, the mixed
singlet/triplet scenario described above is more likely.

Overall, the N—O linkage photoisomerization mechanism is similar to the one obtained from
DFT calculations, as they both predict a multistep sequential two-photon photoisomerization
mechanism.» However, a significant difference results from the position of the triplet/singlet
funnels due to the higher energy gap between the singlet and triplet PES. At the B3LYP+D3
level, four funnels were located. Two of them were photostabilizing (i.e., GS and MS2,
respectively), while the other two were photoreactive (i.e., allowing for the first and second
isomerization steps). At the CASPT?2 level, there are only two crossings left, which play the role
of photochemical funnels. We hope that this work will stimulate further experimental and
theoretical studies in order to clarify the role of these highly intertwined singlet and triplet

electronic states. In particular, time-resolved absorption spectroscopy and nonadiabatic dynamics
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simulations could bring additional insights into the transient species populated along the N—O

linkage photoisomerization.
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