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Ultrafast spin crossover photochemical mechanism in
[Fe'' (2,2’ —bipyridine)3]** revealed by quantum dynamics
Swarnendu Bhattacharyya,® Marc Alias-Rodriguez,® and Miquel Huix-Rotllant®)
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The photoinduced spin crossover reaction of [Fe'! (2,2’ bipyridine)s]?" is a light-induced transformation of the
initial singlet low-spin configuration (1A;) in a quintet high-spin state (°Tg) in the sub-picosecond timescale.
The photochemical mechanism is still under debate, especially concerning the role of triplet intermediate
excited states. Using wavepacket dynamics, we show that, upon excitation to a metal-ligand charge transfer
(MLCT) state, the metal-centered (MC) triplet manifold (3T;) is responsible for the ultrafast transfer to
the Ty state, leading to a mechanism of the type 'MLCT— 3MLCT — 3T; — 5Ty. This photochemical
pathway is possible thanks to the ligand vibronic effects on increasing the effective triplet/quintet metal-
centered couplings, facilitating the relaxation in the MLCT band and modulating the relative position of the
MC states to allow an efficient transfer population between MLCT and MC.

Molecules and materials containing d* to d” octa-
hedral metal complexes exhibit a magnetic bistability
known as spin crossover (SCO). Such materials have
wide range of applications such as thermochromic paints,
molecular electronics, nanophotonic devices and mechan-
ical actuators, to mention just a few.!® Essentially, the
SCO reaction consists in a transition from a low-spin
(LS) to a high-spin (HS) electronic configuration. The
SCO can be stimulated by several kinds of external per-
turbations such as pressure,® temperature,” electromag-
netic radiation,® '3 etc. The mechanisms of light-induced
SCO (LISCO) are perhaps the least understood, despite
the numerous experimental and theoretical studies.!*1?
On the one hand, the interpretation of time-resolved
spectroscopy is frequently hampered by the complexity
of the electronic structure and the ultrafast nature of
the LISCO reactions (usually happening in a few tens
of femtoseconds), requiring thus the back up of theo-
retical simulations for helping out in the resolution of
mechanisms.2? On the other hand, theoretical models re-
quire a balanced treatment of strong electron-vibrational
and spin-orbit couplings of electronic excited state bands
of several spin multiplicities, that require state-of-the-art
methodologies both in electronic structure and quantum
dynamics.?!

Here, we develop a theoretical model for describing
the LISCO mechanism of a well-known iron complex,
[Fe(bpy)s|*" (bpy=2,2’-bipyridine) (see Fig. S1). This
complex has been perhaps one of the best studied in the
literature, although there exist discrepancies on the pho-
tochemical mechanism.® 19 It is commonly accepted that
the low-spin (LS) state of [Fe(bpy)s|>" corresponds to
a singlet closed-shell configuration (*A;), in which six
nitrogens form a dative covalent bond with the iron cen-
ter. Note that the electronic states on iron are labelled
according to Oy point group as it is customary in the
literature, despite the complex has a lower D3 symme-
try in its ground state. The high-spin (HS) states are
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constituted by a quintet triad (°Ty) with a gap of ca.
0.1 eV due to a small Jahn-Teller distortion of the HS
states.?2 Compared to the LS minimum energy geometry,
the HS is characterized by a symmetric increase of the
Fe-N distances (+0.2 A) and a slight decrease (-5.7°) of
the N-Fe-N bite angle. This is a consequence of the occu-
pation of e, orbitals with Fe-N o* antibonding character.
[Fe(bpy)s]*" is a low-spin complex and does not exhibit
thermal SCO at room temperature due to the large HS-
LS energy gap, in agreement with the difference of 5565
cm ™! reported theoretically by Sousa et al.,'® explaining
the 5T, state short lifetime (650 ps).232* [Fe(bpy)s]*"
exhibits a maximum absorbance at 520 nm in the vis-
ible part absorption spectrum, which corresponds to a
metal-to-ligand-charge-transfer (MLCT) state and an-
other peak at 350 nm corresponding to a different set of
MLCT states.?® The complex excited state band struc-
ture has been challenging for theoretical simulations of
the UV-visible absorption spectrum, showing a strong
influence on the geometry distortions of the complex in
solution.!4:15:26

The photochemical LISCO mechanism in [Fe(bpy)s|*"
is still unclear. One of the first studies, by McCusker
et al. suggested a direct 'MLCT—5T, transition in
less than 700 fs according to UV-visible transient ab-
sorption spectroscopy.?” The main confusion comes from
the involved excited state intermediates. Aubdck et al.
based on high-resolution (<40 fs) UV-visible pump-probe
spectroscopy determined a “direct” mechanism, 'MLCT
— 3 MLCT — 5T, assisted by high-frequency ligand
modes.'? Lemke et al. confirmed the “direct” mecha-
nism using time-resolved X-ray Absorption Spectroscopy
at sub-30-fs resolution, estimating the transfer rate to
120 fs, and a coherent vibration of 265 fs period corre-
sponding to Fe-Ng breathing.'? In contract, an “indirect”
mechanism 'MLCT— 3MLCT— 3MC—HS was pointed
out by Gawelda et al. based on fluorescence and transient
absorption spectroscopy, from which kinetic rates of 15
fs for singlet/triplet transfer, 120 fs for MLCT— *MC
states and 960 fs for the triplet/quintet transfer.® Sim-
ilar conclusions were reached by Zhang et al. using
time-resolved X-ray Kz fluorescence spectroscopy.!! Fi-
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FIG. S1: Schematic representation of the potential
energy surfaces and geometric changes induced by light
absorption from the low-spin (*A;) to high-spin (°T5)
transition in [Fe(bpy)s]*".

nally, Moguilevski et al. using ultrafast XUV photoe-
mission spectroscopy determined that both “direct’ and
“indirect” mechanisms are in competition, but the indi-
rect dominates the process.?® From a theoretical per-
spective, Sousa et al. computed the ISC kinetic rates
using Fermi’s golden rule, determining a dominant in-
direct mechanism.'® Taking into account thermal disor-
der, the “direct” mechanism was later on estimated pos-
sible, due to a mixing between MC and MLCT states
that leads to stronger spin-orbit couplings of the 3MLCT
and the HS state.!” The wavepacket quantum dynamics
methodology were employed by Penfold and coworkers
to explain Fe(IT) high-efficient photosensitizers because
of the large 3MLCT lifetime of the complexes with N-
heterocyclic carbene ligands compared with the proto-
typical Fe(bpy)s complex.?? For Fe(NHC)s, Papai deter-
mined the LISCO mechanism via wavepacket dynamics
and trajectory surface hopping for another Fe(II) octa-
hedral complex, showing a 100 fs transfer from the Ty,
states to the 3T29 followed by a branching towards the
1Alg, 5ng and 3Tlg activated through the Fe-N asym-
metric stretching Jahn-Teller modes.3%:3!

Here, we construct a vibronic model Hamiltonian for
describing the LISCO reaction in [Fe(bpy)s]*" contain-
ing 13 singlets, 15 triplets and 3 quintets (see Fig. S1).
The lowest part of the excited state spectrum can be
characterized either by a d-d type transitions (i.e., the
MC states) or a d- to ] orbitals on the bipyridine units
(MLCT). The 7} corresponds to a Ce-Cy m-type orbital
and a N-Cy /N-Cy 7*-type, which is common of diimine

bonds (in the supporting information, see Fig. S1 for
the numeration of bipyridine atoms, and Fig. S2 for the
molecular orbital shape). The 7* orbitals have an asPe
symmetry and are delocalized over the three equivalent
bipyridine units. The singlet bright states are found in
the middle of the MLCT band and have to, — 7} char-
acter. The excitation at the 'A; minimum is 2.65 eV,
with oscillator strength of 8.5-1072 a.u. The rest of the
singlet MLCT band is dark, and it is found in energies
ranging from 2.28 to 2.90 eV. The !T; lie at the upper
end of the MLCT band (around 3 ¢V) and thus not ac-
cessible in the lower range of the absorption spectrum,
but have also been included in the model. The triplet
manifold also consists of an MLCT band found between
2.09-2.51 eV, overlapping with the singlet MLCT band,
as well as the *MC and the °T5. The 3Ty is found in a
range of 1.91-2.13 €Vs (overlapping with the lower part
of the /*MLCT bands), while the 3T5 lies between 2.41-
2.62 eV (overlapping with the upper part of the '/3MLCT
bands).

The excited state energies are computed along 9 vi-
brational modes described in terms of normal modes co-
ordinates (see more details in the Supporting Informa-
tion). The main mode is the reaction coordinate (de-
picted in Fig. S1), defined as the normal mode expan-
sion of the mass-weighted HS-LS geometric difference.
This consists essentially of a symmetric stretching of the
center of mass of the three bipyridine moieties. Two
other Fe-N modes are included, consisting of Jahn-Teller
asymmetric stretching modes that distort the complex
in axial/equatorial planes. The remaining modes are on
the ligands, corresponding to a Ca-Co and Ca-N/Co/-N
stretching modes of the bipyridine rings, formed by two
sets of Jahn-Teller distortions and two “tuning modes”,
that is, modes that modulate the energetic gaps between

states and account essentially for the relaxation in the
MLCT bands.

The vibronic model has been used in a quantum dy-
namics simulation starting from a wavepacket corre-
sponding to an equal population of the bright 'MLCT
states. The results for the first 0.5 ps are shown in Fig.
S2. As it can be observed, the population on the 'MLCT
rapidly decays and becomes negligible after 150 fs. The
first decay of the 'MLCT is concomitant to rapid grow
of the 3MLCT population, which becomes dominant at
around 50 fs. Afterwards, the 3MLCT population decays
rapidly. The wavepacket is then split into three different
populations. The dynamic evolution of populations of
the two >MC states behaves similarly. On the one hand,
the Ty, which receives 30% of the population, exhibits
a rapid grow from the beginning slow decay after 150 fs.
On the other hand, the 3T, which receives 10% of the
population has a slow decay after 100 fs. The quintet
°Ty has a rapid and steady grow starting at around 50
fs until the end of the dynamics, becoming the dominant
population after around 120 fs.

The main unresolved question about the LISCO mech-
anism is the role of excited state intermediates that
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FIG. S2: (top) Evolution of diabatic populations of the
singlet and triplet MLCTs, triplet MCs and 5T, states
during the first 0.5 ps.

leads to the HS state, either via a “direct mechanism”
(®MLCT— HS) or an “indirect mechanism” (*MC— HS).
To extract the mechanism from the evolution of diabatic
population, we performed wavepacket dynamics on re-
duced models, in which we deactivate certain interstate
couplings or vibrations (see further details in Sec. S3D
of the supporting information). This allows to infer the
allowed pathways in the excited state that lead to the
evolution of the total diabatic populations.

We do not observe a major transfer to the HS
state when deactivating the 3MLCT couplings with
the 3MC, clearly evidencing a “indirect” mechanism.
This is in agreement with the weak spin-orbit coupling
between*MLCT and 5T,. Still, when triplet MLCT/MC
are absent, some HS state is build up due to the
IMLCT—3T; /3T,. The deactivation of the SMLCT /HS
coupling shows the same results as the full model (see
Fig. S14 in the supporting information), thus excluding
the possibility of a “direct” mechanism. On the other
hand, deactivating SMC/HS does not lead to HS popu-
lation transfer (see Fig. S16 in the supporting informa-
tion), indicating that the MC states are the intermediates
responsible for the population of HS state. Finally, the
deactivation of the 3Ty /HS does not exhibit significant
differences in the HS population. Therefore, the 3T, is
the main intermediate populating the 5T, state.

From these quantum dynamics results, one can infer a
global first-order kinetic model for the LISCO reaction
of [Fe(bpy)s|*". To obtain the rates for each process, the
kinetic rates have been optimized to fit the evolution of
diabatic populations obtained by the wavepacket dynam-
ics with the full model (for further details, see Sec. S3B in
the supporting information). The results are summarized
in the scheme in Fig. S3. On the one hand, the total sin-
glet/triplet transfer transfer takes 40 fs (see Fig. S10 in
the supporting information), slightly slower than the <30
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FIG. S3: First-order kinetic model extracted from the
fitting of kinetic rates from the wavepacket dynamics
simulations shown in Fig. S2.

fs transfer observed experimentally.'® This transfer can
be decomposed in a fast transfer to the triplet MLCT,
which takes 55 fs, and two slower transfers directly to
the 3T and 3Ty MC states in 326 fs and 228 fs, respec-
tively. The total triplet/quintet transfer takes place in
178 fs (see Fig. S10 in the supporting information), in
good agremement with the 120-130 fs reported in the lit-
erature 8-11,13. The role of the triplet intermediates is
now clarified in Fig. S3. An equilibrium is established in
the triplet MLCT/MC, 3MLCT < 3T; with a forward
and backward kinetic rate of 44 and 123 fs respectively,
thus favoring the population of 3T;. The HS state is
populated via a fast decay from the T, state (68 fs),
and a slower decay from the Ty state (577 fs). A back
transfer reaction from the HS to the 3T; states is pos-
sible, with a transfer rate of 142 fs. This back transfer
reaction is related to the ISC in the reverse-SCO from
the vibrationally hot Ty state some of us proposed in
related Fe(II) complexes.'?

The role of the different vibrational modes in the ultra-
fast mechanism has been also a matter of discussion.'?13
Previous studies agree that the symmetric Fe-N stretch-
ing is the dominant mode activated during the LISCO
photoprocess. We confirm this observation from
wavepacket dynamics, in which the Fe-N distance is in-
creased by ca. 0.10 A during the dynamics (see Fig.
S11 in the supporting information). This evolution is ex-
plained by the fact that 2MC and the HS states are pop-
ulated, in which e, orbitals are occupied which are o*
type orbitals for the Fe-N distance. Axial and equatorial
Fe-N distance evolve similarly, indicating an absence of
strong excited state Jahn-Teller distortions are observed
in this complex. The N-Fe-N bite angle (see Fig. S12 in
the supporting information) slightly increases (= 0.5°)
during the first 20 fs of the simulation, because of the ini-
tial population of the MLCT states that induce a charge
transfer to the bipyridines. After the transfer to the 3MC
and HS states, the angle decreases steadily to reach a
value around -3.0° than the ground state equilibrium ge-
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ometry. The C-C bond (see Fig. S13 in the supporting
information) initially decreases because of the population
of the MLCT states which stabilize at a shorter distances
because of the m bonding character within the so-called
77 orbital. Thereafter, the Co-Cy distance increases as
a consequence of the enlarged Fe-N distance. As stated
by Aubdck et al.'?, the high-frequency modes in bipyri-
dine play a key role in the process. These modes allow an
efficient ISC and a relaxation in the MLCT band. The ex-
clusion of these modes in a reduced model dynamics does
not allow an effective transfer from the ' MLCT manifold
and the population remain trapped in these states (see
Fig. S20 in the supporting information).

In conclusion, the apparent discrepancy between the
mechanisms in [Fe(bpy)s|>" is clarified through the use
of quantum dynamics. These simulations indicate that
the 3MC states are necessary intermediates to populate
the HS state (“indirect” mechanism). The “direct” mech-
anism from the >MLCT manifold is negligible. The ultra-
fast LISCO reaction is essentially explained by the inter-
play between the energetic proximity of MLCT and MC
bands, as well as fast Co-Cy/ stretching of the ligands that
allows a strong electron-vibrational couplings, without
the need of strong Jahn-Teller type distortions. These
results clarify the LISCO mechanism of [Fe(bpy)s]*" and
points out the important role of the ligands in modulat-
ing the reaction mechanism.
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Light-induced spin crossover of [Fe''(2,2”~bipyridine)s]** is a reaction converting iron from a low-spin

to a high-spin state upon irradiation. Employing wavepacket dynamics, we determine the intermediates
responsible for this ultrafast reaction.




