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Abstract TOC Graphic

Photoexcitation of [Fe' (2,2 —bipyridine),]*"
induces a sub-picosecond spin crossover trans-
formation from a low-spin singlet to a high-spin
quintet state. The mechanism involves metal-
centered (MC) and metal-ligand charge trans-
fer (MLCT) triplet intermediates, but their in-
dividual contributions to this efficient intersys-
tem crossing arestil-unelear have been object
of debate. Employing quantum wavepacket dy-
namics, we show that MC triplets are catalyz- e S
ing the transfer to the high-spin state. This High-spin °T5
photochemical pathway is made possible thanks

to bipyridine stretching vibrations, facilitating

the conversion between the MLCT bands to

such MC triplets. We show that the lifetime

of the MLCT states can be increased to tens

of picoseconds by breaking the conjugation be-

tween pyridine units, which increases the ener-

getic gap between MLCT and MC states. This

opens the route for the design of new chelat-

ing ligands inducing long-lived MLCT states in

iron complexes.
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Molecules containing d* to d” octahedral
metal complexes exhibit magnetic bistability
known as spin crossover (SCO), in which the
metal center undergoes a transition from a
low-spin (LS) to a high-spin (HS) electronic
configuration, induced by several kinds of ex-
ternal stimuli such as temperature, pressure,
light radiation or the application of a magnetic
field.® Light-induced SCO reactions (com-
monly known as light-induced excited spin-
state trapping, LIESST) have attracted par-
ticular interest. Such photoactive complexes
can act as molecular switches due to the ultra-
fast conversion between two magnetic states.®
Conversely, efficient light-harvesting and photo-
catalyst complexes can be produced by delay-
ing the SCO reaction which stabilizes charge-
transfer states.!® The photochemical pathways
are highly dependent on the type of metal,
the ligands, the electronic band structure, and
the initial absorbing state.? Elucidating the
LIESST mechanisms is fundamental for design-
ing complexes with controlled photoreactivity.

The current understanding of LIESST mech-
anisms is in most cases incomplete, espe-
cially due to the complex interplay between
electronic and vibrational degrees of freedom
and the ultrafast nature of the photoreaction,
which challenges the interpretation of time-
resolved spectra.? #1118 Theoretical models, on
the other hand, can only provide a complete
model for the photoreaction when a balanced
treatment of non-adiabatic and spin-orbit cou-
plings of electronic excited states with different
spin multiplicities is used, requiring state-of-
the-art methodologies for electronic structure
and quantum dynamics.'® Multi-configuration
time-dependent Hartree (MCTDH) wavepacket
dynamics, pioneered by Papai and Penfold,
have been shown to successfully describe the
photophysics of iron complexes. 202

The LIESST reactions in organometallic iron
compounds have been the focus of much re-
search, due to the cost-effectiveness and scala-
bility of iron complexes.?* In the present study,
we focus on the LIESST mechanism of a well-
known iron complex, [Fe(bpy),]*" (bpy=2,2'-
bipyridine) (see Fig. 1). The low-spin (LS) state
of [Fe(bpy);]*" corresponds to a singlet closed-
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Figure 1: Representation of the potential en-
ergy surfaces and geometric changes during
LIESST reaction in [Fe(bpy),]*", including the
high-spin (°T,), the metal-centered triplets
(®*T; and 3Ty) and the singlet/triplet metal-
ligand charge transfer states ('/*MLCT).

shell configuration (*A;), in which six nitrogens
form a dative covalent bond with the iron cen-
ter. The high-spin (HS) states are constituted
by a quintet triad (°Ty) with a gap of ca. 0.1 eV
due to a small Jahn-Teller distortion.?> Accord-
ing to our simulations, the HS is characterized
by a symmetric increase of the Fe-N distances
(40.2 A) and a slight decrease (-5.7°) of the N-
Fe-N bite angle with respect to the LS equilib-
rium geometry. This is a consequence of popu-
lating e, antibonding orbitals. The absorption
spectrum exhibits two maximum absorbances
at 520 and 350 nm corresponding to metal-to-
ligand-charge-transfer (MLCT) states. !314:26:27

The photochemical LIESST mechanism in
[Fe(bpy),)*>" has been thoroughly studied both
experimentally and theoretically.? #1318 The
[Fe(bpy)s]*" photoreaction model depicted by
time-resolved spectroscopy has been refined
in parallel to the development of new tech-
niques with improved time resolution.'*? One
of the first studies employing UV-visible tran-
sient absorption spectroscopy suggested a sub-
ps 'MLCT—°T,.2?? Time-resolved fluorescence
spectroscopy of Gawelda et al. pointed out
the population transfer between MLCT states



(*MLCT—3MLCT) in 15 fs,® and mechanism
via the MC triplets *MLCT— 3MC) in 120 fs
prior to the HS transfer in 960 fs. This mecha-
nism was confirmed and refined by Gaffney and
coworkers using time-resolved X-ray Kz fluo-
rescence spectroscopy, with 150 fs MLCT/MC
triplet transfer and a faster transfer to quintets
in 70 fs.® Combining time-resolved X-ray emis-
sion and scattering, Gaffney et al. later indi-
cated that HS—*MC back-transfer occurs prior
to the final relaxation to the HS.* Aubdck and
Chergui, based on high-resolution UV-visible
pump-probe spectroscopy determined a build-
up of HS population in less than 50 fs, as-
sisted by high-frequency ligand modes.” Lemke
et al. confirmed this mechanism using time-
resolved X-ray absorption spectroscopy esti-
mating a slower transfer rate of 120 fs to the
HS.? Finally, Moguilevski et al. using ultrafast
extreme UV photoemission spectroscopy deter-
mined that both *MC—HS and *MLCT—HS
were competing mechanisms.° From a theoret-
ical perspective, there is no unified model of
the mechanism of [Fe(bpy)s)*" photoreaction.
Sousa et al. computed the kinetic rates of inter-
system crossing (ISC) using Fermi’s golden rule,
determining a dominant *MC—HS mechanism
due to larger MC/HS spin-orbit coupling, *> but
later considered the direct SMLCT—HS mech-
anism possible from the mixing between MC
and MLCT states due to thermal disorder.!¢
Tuchi et al. have recently presented a trajectory
surface hopping study in [Fe(bpy)s]*" in aque-
ous solution using a constructed model Hamil-
tonian, proposing a dominant SCO transfer via
SMC states.3!

We construct a complete quantum dynamics
model for describing the LIESST reaction in
[Fe(bpy)s)*" describing the SCO photodynam-
ics upon absorption to the bright states within
the MLCT band. The details of the construc-
tion of the model can be found in the Sup-
porting Information (see further in Sec. S2).
The model contains the lowest part of the ex-
cited state spectrum, which can be character-
ized either by d-d type transitions (MC states)
or a d- to 7 bipyridine orbitals (MLCT states),
composed of a Cy-Cy bonding 7 region and a
N-C,/N-Cy anti-bonding 7* region common of

diimine bonds (see Fig. S1 and S2). In the D3
geometry, the 7 orbitals have an as@e symme-
try delocalized over the three equivalent bipyri-
dine units. The singlet bright states are found
in the middle of the MLCT band and have
tog — m; character, using the Oj notation.
The excitation at the ' A; minimum geometry is
2.65 eV, with an oscillator strength of 8.5-1072
a.u. The rest of the singlet MLCT band is
dark. The 'T; states lie at the upper end of
the MLCT band (around 3 eV) and are not
accessible from the lower range of the absorp-
tion spectrum. The triplet manifold consists
of an MLCT band (2.09-2.51 eV) overlapping
with the !MLCT band, the *MC, and the ®T,
states. The 3T, is found in a range of 1.91-
2.13 eVs, while the 3T, lies between 2.41-2.62
eV. These excited state energies are computed
along 9 vibrational modes (see SI): (i) the reac-
tion coordinate (depicted in Fig. 1) consisting
mainly of a symmetric stretching of all Fe-N
distances, (ii) two Jahn-Teller asymmetric Fe-
N stretching modes that distort the complex in
axial /equatorial planes, and (iii) six ligand cen-
tered modes corresponding to a Cy-Co coupled
with C-C and C-N inter-ring stretching modes
of the bipyridine units accounting for the relax-
ation in the MLCT bands.
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Figure 2: Diabatic population dynamics of

LSMLCT, L3M€ 3MC (3T, and 3T,) and HS
(°T5) states during the first 0.5 ps using the full
hamiltonian model of [Fe(bpy),]*". The singlet
T is included in the model, but not depicted
in the figure due to negligible population.



The vibronic model has been used in quan-
tum dynamics starting from a wavepacket in the
lowest bright !MLCT states. The results for the
first 0.5 ps are shown in Fig. 2. The population
on the 'MLCT undergoes a rapid decay becom-
ing negligible after 150 fs. The first decay of the
'MLCT is concomitant to the rapid growth of
the SMLCT population, which becomes domi-
nant at around 50 fs. The wavepacket is then
split into three different populations. The dy-
namic evolution of populations of the two 3MC
states behaves similarly. On the one hand, the
3T, which receives 30% of the population, ex-
hibits a rapid growth from the beginning of the
dynamics followed by a 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 ®T5 has a rapid and steady growth
starting at around 50 fs until the end of the
dynamics, becoming the dominant population
after around 120 fs.

The triplet intermediates (*MLCT, 3T; and
3Ty) have been experimentally observed dur-
ing the SCO photodynamics,, "®1%3 but there
is a debate on which triplet catalyzes the in-
tersystem crossing to the HS state. Indeed,
two types of intersystem crossing mechanisms
can be distinguished, either via a direct inter-
system crossing (“direct mechanism”, 3MLCT
— HS) or a triplet internal conversion prior
to the intersystem crossing (“indirect mecha-
nism”, MLCT — *MC— HS). In order to un-
ravel the mechanism, we performed wavepacket
dynamics on “reduced” model Hamiltonians, in
which we deactivate certain interstate couplings
or vibrational modes, allowing us to dissect the
dominant pathways in the excited state.

The evolutions of diabatic populations from
the wavepacket dynamics on reduced models
are shown in Fig. 3. At first glance, the dynam-
ics deactivating the SMLCT-5T}; spin-orbit cou-
pling are equal to the full model. In contrast,
the HS state is not populated when deactivat-
ing the SMC-°T, spin-orbit coupling. This ex-
cludes the possibility of a “direct mechanism“,
in agreement with the weak spin-orbit coupling
between >MLCT and 5T, and confirms the “in-
direct mechanism®“ as the dominant path to
reach the population of the HS state.
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Figure 3: Diabatic population dynamics using
different reduced models, namely (a) deactivat-
ing the spin-orbit coupling between *MLCT and
Ty, (b) deactivating the spin-orbit coupling be-
tween *MC and °Ty, (c) deactivating the cou-
plings between *MC and *MLCT, and (d) not
including the high-frequency bipyridine modes.

The deactivation of the *MLCT/*MC non-
adiabatic and spin-orbit couplings lowers the
population of the quintet state, proportional
to the decrease of the population from the
SMC states. This suggests, on the one hand,
that part of the *MC population is transferred
directly from the MLCT via intersystem-
crossing. In addition, it shows that 3MC states
are also populated from *MLCT in an inter-
nal conversion process. Finally, we deacti-
vated 3T;/HS or 3T, /HS spin-orbit couplings
(see Sec. S3.D of the supporting information).
The deactivation of the 3Ty/HS does not ex-
hibit significant differences in the HS popula-
tion, whereas the deactivation of 3T5/HS dras-
tically reduces the HS population. Therefore,
the T is the main intermediate populating the
5T, state.

From these quantum dynamics results, one
can infer a global first-order kinetic model
for the light-induced spin crossover (LISCO)
reaction of [Fe(bpy);]*", summarized in Fig.
4. To obtain the rates for each process, the
kinetic rates have been optimized to fit the
evolution of diabatic populations obtained by
the wavepacket dynamics with the full model
(for further details, see Sec. S3.B in the sup-
porting information). For a successful first-
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Figure 4: Schematic representation of the ki-
netic rates extracted from a first-order kinetic
model.

order fitting, the back-transfer reactions be-
tween SMLCT/3T; and 3T, /5T, are required.
Alternatively, such populations can be fitted
by adding a delay time in the 3MC states as
shown in Ref. 11. On the one hand, the to-
tal singlet/triplet transfer takes 40 fs, slightly
slower than the < 30 fs transfer observed ex-
perimentally.® 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 2T, MC states in 319 fs and
288 fs, respectively. The total triplet/quintet
transfer takes place in 178 fs, in good agree-
ment with the 120-130 fs reported in the liter-
ature.®> %® An equilibrium is established in the
triplet MLCT/MC, SMLCT < 3T, with a for-
ward 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 3Ty state (577 fs), further supporting
the triplet T; as the main state responsible of
the transfer to the HS. A back transfer reaction
from the HS to the 3T, states is possible, with
a transfer rate of +63 142 fs, confirming the pic-
ture experimental-ebservation by Gaffney et al.
using Kz emission. !

The role of the different vibrational modes
in the ultrafast mechanism has been also a
matter of discussion.”™® Previous studies agree
that the symmetric Fe-N stretching is the dom-
inant mode activated during the LIESST photo
process. We confirm this observation from
wavepacket dynamics, in which the Fe-N dis-
tance is increased by ca. 0.10 A during the dy-
namics (see Fig. S11 in SI) due to the popula-

tion of antibonding Fe-N orbitals in MC states.
Axial and equatorial Fe-N distances evolve sim-
ilarly, indicating weak Jahn-Teller distortions.
The N-Fe-N bite angle (see Fig. S12 in SI)
slightly increases (= 0.5°) during the first 20 fs
of the simulation decreasing steadily to reach a
value around -3.0° compared to the LS. The C,-
Cy bond length (see Fig. S13 in SI) initially de-
creases because of the population of the MLCT
states which stabilize at shorter distances be-
cause of the 7 bonding character within the so-
called 77 orbital. Afterward, it increases as a
consequence of the transfer to MC states and
the enlargement of Fe-N distances. As stated
by Aubdck et al.,” the high-frequency modes in
bipyridine play a key role in the process. These
modes allow an efficient ISC and relaxation in
the MLCT band. The exclusion of these modes
in reduced model dynamics exhibits a trapped
population in the MLCT manifold (see Fig. 3).

MLCT - *MLCT
0

. N
oy 20!
o -\
o 1o

C-C stretchings

Energy

3MLCT - 3MC - HS

Vibrational
cooling
(>0.5 ps)

Symmetric i
Fe-N stretching

1.90 210
Fe-N distance / A

Figure 5: Schematic summary of the photoreac-
tion of [Fe' (bpy),]*" at key times as determined
by quantum dynamics. The wavepacket density
along the reaction coordinate is decomposed in
the densities of 'MLCT (blue), *MLCT (green),
SMC (grey), and HS (magenta). The average
position is shown as a red circle. The first step
is the conversion between MLCTs, dominated
by C-C stretchings whereas the MLCT to MC
conversion is controlled by the symmetric Fe-N
stretchings.

In Fig. 5 we summarize the picture provided
by wavepacket dynamics on the LIESST reac-
tion of [Fe(bpy)s]", by showing the wavepacket



density along the reaction coordinate for the
first 500 fs of the photoreaction. The intersys-
tem crossing (MLCT—*MLCT) occurs very
rapidly and brings the wavepacket to the bot-
tom of the MLCT band. At this time, a 3MC
population is already appreciable. No acti-
vation of the reaction coordinate is observed
at this time; bipyridine stretchings exclusively
dominate the MLCT relaxation. The numer-
ous vibronic and spin-orbit couplings between
the MC/MLCT triplets together with their
small energy gap at the *MLCT band mini-
mum make the transfer between the two very
efficient. However, the compact Gaussian-like
wavepacket at the minimum of the MLCT band
generates a hot vibrational wavepacket in the
direction of the reaction coordinate, as observed
by the spreading of the density over a large re-
gion of Fe-N distances. This large spread im-
plies that part of the wavepacket is always sit-
ting in a region of efficient transfer between the
SMC and the HS. After this transfer is com-
plete, the wavepacket rephases at longer times
(> 0.5 ps) by cooling down by releasing vibra-
tional energy to the environment.

Iron complexes with long-lived charge-
transfer states are important for low-cost appli-
cations in photocatalysis and solar-cell appli-
cations.®? From our dynamics, we observe that
the bipyridine Cs-Coy stretching is a dominant
motion. In fact, the population gets trapped in
the MLCT band when excluding these modes
from the model. Therefore, one could hy-
pothesize that blocking C,-Cq stretchings in
the bipyridine units could produce long-lived
MLCT states. To test this, we constructed a
new model Hamiltonian, equivalent to the full
model, in which we froze the Cy and Cy atoms.
For the MLCT relaxation, we substituted the
Co-Cyr stretchings for alternative N-C and C-C
stretchings in the bipyridine units. Quantum
dynamics simulations with such a model were
performed for the singlet and triplet bands, thus
excluding the HS state (see Section S4.A in SI).
The results show a similar MLCT—3MLCT
transfer to the dynamics with Cs-Co stretch-
ing, indicating that any pyridine stretching
mode can contribute to the efficient relaxation
of the MLCT and transfer to the MC states.

Therefore, blocking vibrational modes is an
inefficient way of controlling the LIESST dy-
namics.

Alternatively,  long-lived  charge-transfer
states can be obtained by introducing a large
energetic gap between the MLCT and MC
manifolds, so that the MLCT — MC trans-
fer becomes inefficient. To test this, we built a
new model Hamiltonian of an alternative iron
complex,  [Fe'(dipyridin—2—ylmethane),]**,
in which the pyridine units are bridged by a
methyl group (see Section S4.B in SI). The
bridge disrupts the conjugation between the
two pyridine rings within the bipyridine unit.
As a consequence, the MLCT band is destabi-
lized since the 7* states are higher in energy.
On the contrary, the MC states are slightly
stabilized because of an increase in the Fe-N
distance. We constructed a model including
singlet and triplet states along 8 vibrational
modes centered on the ligands. Quantum dy-
namics on the model indicate that the lifetime
of the 'MLCT band becomes 13 ps instead of
the 50 fs observed for [Fe(bpy)s]*". There-
fore, increasing the MC and MLCT gap by
destabilizing—the—r"—erbitals—is decreasing the
7 conjugation of the electron-acceptor ligands
might be an efficient way of producing long-
lived CT states in iron complexes.

In conclusion, the mechanism of photoin-
duced spin crossover of [Fe(bpy)s])*" has been
elucidated by employing quantum wavepacket
dynamics simulations on a model Hamiltonian.
The model contains all relevant singlet, triplet,
and quintet states, expanded on a vibrational
space of the symmetric complex expansion (re-
action coordinate), several Jahn-Teller modes,
and ligand C-C and C-N stretchings. Such a
model reproduces the kinetics experimentally
reported in several ultrafast optical spectro-
scopies, including a back-transfer between the
HS and the 3T, state prior to the final relax-
ation to the quintet. Comparing the dynamics
of the full model with several reduced models,
we could unequivocally determine that (i) the
triplet 3T, state catalyzes the transfer of popu-
lation to the HS quintet, and (ii) the bipyridine
stretching modes have a fundamental role in the
sub-ps transfer of population from the MLCT



band to the triplet MC state.

Such findings allowed us to anticipate design
strategies for long-lived charge-transfer states
in iron complexes. We showed that blocking Co-
Cy bipyridine stretchings is an inefficient way
of stabilizing the CT states. On the contrary,
increasing the 7* energy by breaking the con-
jugation between the pyridine units has the ef-
fect of increasing the MLCT/MC energy gap.
This translates into a 10-fold increase in the
MLCT lifetime. These results show the effect
that the ligands have in controlling the energy
of the MLCT band and the fundamental role of
vibrations in the efficiency of ISC to the high-
spin. 33

Supporting Information Avail-

able

Supporting information contains the com-
putational details for the electronic struc-
ture methodology and the analysis vibra-
tional used to construct the model Hamilto-
nian for [Fe'(2,2'—bipyridine),]*". In addi-
tion, the fitting of quantum dynamics for the
full and reduced models to a kinetic model,
and the variation of structural parameters is
described.  Finally, the model construction
for [Fe"(dipyridin—2—ylmethane),]*" is de-
scribed.
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