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ABSTRACT: Aryl halides are prototypical molecules for studying photo-
dissociation, yet the role of spin—orbit coupling (SOC) in their dynamics remains
incompletely understood. Using state-of-the-art ab initio calculations and excited-
state dynamics simulations, we explore the photodissociation pathways of
iodobenzene (PhI) and bromobenzene (PhBr). For PhI, two dissociation pathways,
direct and indirect modes, are identified, consistent with gas-phase experiments. In
contrast, photodissociation of PhBr occurs only after overcoming the energy barrier
between bound and repulsive states, which requires activation of specific vibrational
modes, particularly those associated with boat-like out-of-plane motion. While
previous studies have suggested that SOC primarily accelerates intersystem crossing
and photodissociation in heavier halogens, our results show that, in addition to
SOC, the activation of specific vibrational modes also plays a crucial role in the

NAMD simulations

dissociation process. These findings enhance our understanding of how SOC influences excited-state dynamics, providing insight

into controlling photochemical reactivity in halogenated organic compounds.

In photochemistry, a detailed understanding of electronic
state transitions is crucial for elucidating excited-state
dynamics, which govern molecular behavior and reactivity in
photoinduced processes.'”’ Among the key processes
governing excited-state dynamics are nonradiative transitions,
which occur without the emission of light. These transitions
fall into two main categories: internal conversion (IC), where
energy dissipates within the same spin-states manifold, and
intersystem crossing (ISC), which involves a spin-state change
driven by spin—orbit coupling (SOC). In nonrelativistic
quantum mechanics, ISC is spin-forbidden due to selection
rules, whereas IC, mediated by nonadiabatic couplings
(NACs), remains allowed. Nevertheless, ISC plays a crucial
role in molecular photodynamics, governing processes such as
phosphorescence and delayed fluorescence. It also plays a
critical role in shaping solar energy conversion efficiency and
photocatalytic processes.”” Generally, when a molecule
contains a heavy atom, the ISC rates increase due to the
stronger SOC. In organometallic chemistry, this effect is
deliberately exploited by incorporating heavy atoms into
photocatalysts to enhance ISC efficiency, thereby prolonging
triplet-state lifetimes.'"~'> The effect of SOC is critical not
only in heavy metal complexes but also in small organic
molecules for photophysical processes. For example, metal-free
emitters in phosphorescent organic light-emitting diodes
(PhOLEDs) designed with flexible molecular structures and
atoms possessing lone-pair electrons, such as nitrogen, oxygen,
or sulfur, can readily undergo ISC, boosting the triplet
population.*~"*
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Aryl halides have long served as model molecules for
studying photodissociation processes.'” >’ Numerous time-
resolved experiments in both gas and solution phases have
shown that the photodissociation rate of aryl halides increases
with the mass of the halogen atom. According to research by
Kadi et al,, the carbon—halogen (C—X, where X represents the
halogen atom) bond dissociation dynamics in aryl halides are
strongly influenced by the halogen’s atomic mass.” Specifi-
cally, the reported time constants for photodissociation are less
than 1 ps for iodobenzene (PhI), 28 ps for bromobenzene
(PhBr), and 1 ns for chlorobenzene (PhCl), entailing the
dissociation rate trend: I > Br > Cl. These studies have widely
explored the possibility that these variations stem from the
specific nature of the excited states involved in photo-
dissociation. In Phl, photodissociation has been proposed to
proceed via two distinct pathways: direct-mode and indirect
(complex-mode) dissociation. Employing kinetic-energy-re-
solved time-of-flight (KETOF) mass spectrometry, Cheng et
al. investigated these pathways and identified a direct-mode
dissociation with a time constant of approximately 400 fs, while
complex-mode dissociation occurred more slowly, with a time
constant of approximately 600 fs.”” Similarly, Kadi et al,
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Figure 1. Nature of the excited states in the A-band region for PhI and PhBr is shown in panels (a) and (b), respectively. On the left, the SF states
are labeled with their energy levels and electronic transition characters. On the right, the electronic energy levels of SO states and the contributions
of SF states to them are provided. For the nomenclature of SO states, we number the states starting from the lowest electronic state. Triplet SF

states are colored red, and SF singlet states are colored blue.

employing similar techniques, reported two dissociation time
constants, 350 and 700 fs, which were attributed to two
distinct pathways.*”

Employing multistate second-order complete active space
perturbation theory (MS-CASPT2), Liu et al. attributed the
dissociation of PhBr and PhCI to strong spin—orbit coupling
(SOC), which facilitates curve crossings between the bound S,
state and repulsive triplet states.”® Additionally, they identified
two distinct dissociation pathways for Phl: one arising from the
direct dissociation of the S; (n,6*) state and the other
proceeding via ISC from the bound S, (m,7*) state to the
repulsive T, and Tj states, which exhibit (n,6*) character.
Recently, using Ehrenfest dynamics simulations, Scheiner et al.
reported that all dissociation pathways of Phl appear to be
accessible through nonadiabatic and nonradiative transitions.”!
While these theoretical studies have provided valuable
mechanistic insights, the detailed dynamical aspects of these
dissociation pathways, the exact role of SOC in facilitating ISC
and photodissociation remains elusive. This underscores the
need for computational studies that incorporate SOC effects in
a dynamical fashion to fully understand their role in the
photodissociation processes of aryl halides.

In an effort to bridge the gap in understanding the role of
SOC in the photodissociation of aryl-halides, we employed
state-of-the-art ab initio calculations and nonadiabatic molec-
ular dynamics (NAMD) simulations, within the surface
hopping framework, for Phl and PhBr. Previous theoretical
studies have been limited by the challenges of accurately
incorporating SOC and nonadiabatic effects within a fully
dynamic framework. These calculations are computationally
highly demanding due to strong electronic state mixing,
requiring the simultaneous consideration of multiple state
couplings. In this contribution, we first analyzed the electronic
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structures of aryl halides using high-accuracy multireference
static calculations. Based on the selected computational
framework, we hence performed NAMD simulations incorpo-
rating SOC effects, enabling ISC events, to investigate the
photodissociation processes in Phl and PhBr. This allows us to
explore the role of both SOC and vibronic effects in the
photodissociation dynamics. Details of our calculations are
provided in the Computational Details section.

Initially, we focus on the characterization of the excited
states manifold of PhI and PhBr. Since numerous experimental
studies have been conducted following excitation in the weak
A-band, which spans wavelengths between 240 and 320 nm,
our goal was to investigate the excited states within this energy
range. Figure 1 presents the electronic energy levels and
illustrates the character of the excited states for Phl and PhBr
in both spin-free (SF) and spin—orbit (SO) representations.
Shortly, in the SF representation, electronic states are
described as spin-pure singlets or triplets, whereas SO
representation characterizes electronic states as combinations
of SF states. Therefore, SO representation can account for
state mixing induced by SOC, making it particularly advanta-
geous for describing highly coupled states, as in systems
incorporating heavy atoms like iodine. For both PhBr and Phl,
numerous electronic states are located in the A-band region,
including bound states having (7,7*) character and repulsive
states exhibiting either (n,6*) or (7,06*) character. In the case
of Phl, electronic states having bound and repulsive characters
are both accessible upon photoexcitation in the A-band.
Among the electronic states of Phl in the A-band region, SO
state 8 (see Figure 1 and Table SI for reference) exhibits the
largest oscillator strength. SO State 8 features a spin—orbit-
coupled nature, combining the S; SF state with (7,0%)
character and the T SF state with (n,6*) character. This result
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Figure 2. One-dimensional semidiabatic PECs of SO states for PhI (a, c) and PhBr (b, d). Semidiabatization was performed by analyzing orbital
occupation numbers and the contributions of SF states to SO states, based on adiabatic PECs. The PECs are divided into two groups: bound and
repulsive states, as well as those with predominantly singlet or triplet characters. Bound states are shown in red, while repulsive states are depicted
in blue. Solid colors indicate states with primarily singlet characters, whereas fainter colors represent states with mostly triplet characters. Panels ¢
and d provide a closer view of the PECs near the FC region, as depicted in panels a and b, respectively.

is consistent with the findings of Devarajan et al. and Sage el
al, both of which report the presence of bright spin—orbit-
coupled repulsive states within the A-band energy range.””*°
The vertical excitation energy of SO State 8, which comprises
approximately 50% of the S, SF state and 46% of the T SF
states, is approximately 0.2 eV lower than that of the
uncoupled S; and T; SF states. This energy reduction
highlights the significant influence of SOC in stabilizing this
repulsive state within the Franck—Condon (FC) region. Not
only SO state 8, but also several bound (7,7*) states that lie
within the A-band region, such as SO states 7 and 18, exhibit
significant oscillator strength. Consequently, it is feasible that
excitation in the A-band can access both repulsive and bound
states of Phl. Conversely, for PhBr, no repulsive states are
accessible with A-band excitation. Based on the oscillator
strength of the excited states of PhBr, the only electronic state
accessible in the A-band is SO state 11, which predominantly
exhibits a singlet (7,7*) character. We note that the SO states
of PhBr in the A-band region exhibit nearly pure singlet or
triplet character. Given the small norm of spin—orbit coupling
matrix element (ISOCMEI) value of 1.00 cm™" between the S,
and T; states, and below 0.1 cm™" between S,—T, and S;—TS;,
it is unlikely that SOC significantly alters the positions of the
SO states compared to the SF states.

To identify the region of curve-crossing between bound and
repulsive states, the potential energy curves (PECs) were
computed as a function of the C—I and C—Br distances for Phl
and PhBr, respectively. Based on the adiabatic PECs for the SO
states shown in Figures S1—2, a semidiabatization procedure
was performed, carefully considering the orbital and spin
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characteristics of the excited states. Specifically, we identified
and connected the SO states at consecutive points along the
PECs, focusing on those with the most similar electronic
configurations and spin states. This procedure allowed us to
express the states in the diabatic picture, ensuring a smooth
representation of the SO states along the PECs. This approach
offers the advantage of clearly identifying regions of curve
crossings, which is not as straightforward in adiabatic
representation, especially in systems exhibiting large SOC. In
Figure 2, the one-dimensional PECs for the semidiabatized SO
states are presented for both PhBr and Phl. The PECs are
calculated over the C—I distance range of 1.8 to 3.8 A for Phl,
and the C—Br distance range of 1.6 to 3.6 A for PhBr. For Phl,
the curve crossings turn out to be located near the FC region,
particularly within the energy range of the A-band. This
suggests that excitation to the bound SO state 7 or SO state 18
of PhI may lead to rapid photodissociation after state crossing,
with little to no energy barrier. Conversely, for PhBr, the
repulsive curves are shifted to higher energy levels, causing
curve crossings to occur at longer C—Br bond distances. Thus,
after excitation to SO state 11, an energy barrier of ~ 0.2 eV
must be overcome to reach the crossing point, significantly
slowing the photodissociation of PhBr. To further investigate
the influence of halogen atomic mass on curve-crossing
locations, we analyzed the curve-crossing region of PhCl. As
shown in Figure S3, the adiabatic PECs of PhCl reveal that the
curve crossings occur at higher energies than PhBr. Our static
calculations highlight the role of SOC in the dissociation of
PhI and PhBr, as well as the influence of the energy barrier
between repulsive and bound states, which depends on atomic
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mass. However, several questions remain unresolved, partic- 12 * * * *

ularly concerning the dynamical properties, such as the key — Direct: 45/95 (47 %)

nuclear motions of Phl and PhBr leading to the dissociation of < 101 Indirect: 50/95 (53 %) i

the halogen atom. ot 8 |
To gain deeper insight from a dynamics perspective, we =

conducted NAMD simulations to investigate the excited-state @ 6 s

behavior of PhI and PhBr. NAMD simulations were performed o

using the Surface Hopping Including Arbitrary Couplings O M4 i

(SHARC) method, enabling the incorporation of SOC effects

into the surface hopping framework.*”*" Given the challenges 10(2)

of describing photodissociation processes with single-reference — PhI

methods, such as time-dependent density functional theory R god — Pner i

(TD-DFT), here we employed the state-averaged complete c

active space self-consistent field (SA-CASSCF) method for 8 60 :

electronic structure calculations. Simulations were initiated -8

from the excited states within the energy range of 4.6 to 5.0 eV, Q 401 i

corresponding to excitation in the A-band region, with a n

particular focus on 267 nm (4.64 eV) to match the wavelength a I

used in previous experiments. This energy range was selected " . - . i

based on the calculated absorption spectra of each molecule, 0 60 120 180 240 300

derived from the oscillator strengths obtained using geometries Time (fs)

sampled from a harmonic Wigner distribution (Figure S4—5).
The simulations were conducted up to 300 fs for Phl and 1 ps
for PhBr.

Figure 3 shows the time evolution of the C—X (X = I; Br)
bond distance for both molecules. Nearly all Phl trajectories

C-I distance (A)

C-Br distance (A)

1.7+ T
0 50

200

Time (fs)

100 150

Figure 3. Time evolution of the C—I and C—Br bond distances is
shown in the upper and lower panels, respectively, up to 300 fs.

exhibit rapid photodissociation within the first 300 fs, with a
wide range of dissociation speeds. In contrast, fewer than 15%
of the PhBr trajectories show comparable C—Br bond
dissociation within 300 fs, as shown in the lower panel of
Figure 4. As anticipated from static calculations, this difference
in photodissociation yields primarily stems from the nature of
the excited states accessed immediately after photoexcitation
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Figure 4. Upper panel shows the time evolution of the C—I bond
distance for two groups of trajectories: fast and slow dissociation. The
solid lines represent the average bond distances, with the shaded
regions indicating the 1o standard deviation for each group. The
lower panel presents the percentage of C—X bond dissociation as a
function of time. Dissociation is defined as occurring when the C—X
bond length exceeds 1.5 times its equilibrium bond length. Nearly
100% of the trajectories for PhI exhibit dissociation within 300 fs,
whereas fewer than 20% of PhBr trajectories dissociate within the
same time frame. Dissociation is classified as “direct” if the C—I bond
distance exceeds 2.5 A within 40 fs; otherwise, it is categorized as
“indirect”.

and the position of the curve crossings. For Phl, the rapid C—I
bond dissociation is attributed to the large oscillator strength
of the repulsive SO state 8 and the bound-repulsive crossing
point coinciding near the FC region. In contrast, for PhBr, only
bound states are accessible upon A-band excitation, and the
energy barrier for crossing to the repulsive state results in
relatively slower dissociation of the C—Br bond.

From the PhI trajectories, two distinct distributions of C—I
distances emerge, particularly within the first SO fs: (1) direct
dissociation, marked by consistently high velocity, and (2)
indirect dissociation, where the C—I bond undergoes a period
of nondissociative motion before recoiling at a relatively lower
velocity. We established a criterion to differentiate these
pathways, defining a trajectory as following a direct dissociative
pathway if the C—I bond length exceeds 2.5 A within 40 fs, a
qualitative measure derived from the trends observed in the
Figure S6. Following this classification, we calculated the
average bond lengths at each time step and their standard
deviations, which are gathered in the upper panel of Figure 4.
In our NAMD simulation, 47% of the trajectories exhibited
rapid dissociation without significant C—I bond oscillation,
while 53% showed relatively slower dissociation. The time-
resolved populations of the two dissociation pathways are
plotted in Figure S7. In the direct dissociation pathway, the
initial population shows a mixed character of singlet and triplet
states, with each comprising approximately 40%. This suggests
that initial excitation may populate repulsive states, primarily
SO state 8, which exhibits strong spin—orbit mixing. In
contrast, the indirect dissociation initially populated predom-
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inantly singlet states, with 80% of the trajectories in the singlet
states manifold. However, due to the strong SOC between
bound singlet states and repulsive triplet states, ultrafast ISC
was observed, subsequently leading to photodissociation
within 200 fs. Thus, it is confirmed that the SOC plays a
significant role in both the direct and indirect pathways of Phl.

Additionally, we observed that the trajectories associated
with direct dissociation showed a narrow distribution of C—I
bond dissociation speeds, while those associated with indirect
dissociation exhibited a broader range. This behavior provides
insight into previous photofragment translational spectroscopy
experiments, which observed both a sharp high-velocity
component and a broad low-velocity component. From the
NAMD simulations, we obtained recoil velocities of 0.028 A/fs
for the trajectories showing direct dissociation, and 0.017 A/fs
for trajectories showing indirect dissociation. These values are
qualitatively consistent with experimental results, which report
a recoil velocity of 0.021 A/fs for trajectories exhibiting direct
dissociation and approximately half that value for trajectories
exhibiting indirect (complex) dissociation.”’ Considering the
PECs of Phl, direct photodissociation is facilitated following
the excitation of repulsive states, which concentrate energy in
the C—I bond while minimizing redistribution to the phenyl
ring. Conversely, excitation to bound states allows time for
vibrational energy to dissipate not only in the C—I bond but
also within the phenyl ring before transitioning to repulsive
states, leading to indirect photodissociation and broader
energy distribution due to the redistribution of energy across
other degrees of freedom.

In the case of PhBr, less than 30% of trajectories show
dissociation within 1 ps, as shown in the lower panel of Figure
4 and in the computed C—Br distance over the dynamics in
Figure S8. Notably, ISC to the triplet state occurred much
more slowly compared to Phl, as shown in Figure S9. For the
S5 nondissociative trajectories for PhBr, we performed normal-
mode analysis (NMA) to investigate the normal mode activity
in the bound state, considering the harmonic frequencies of
PhBr in S, state, summarized in Table S5. The upper panel of
Figure S shows the activity of normal mode (R,), calculated
every 100 fs, while the lower panel provides a graphical
representation of the analyzed vibrational modes. NMA
revealed that the R, of v5 mode, corresponding to C—Br
bond stretching, remained high during the first 1 ps. The
activity of the v4 mode, associated with the boat-like motion,
gradually increased over time. This behavior appeared in phase
with the initial high activity of in-plane phenyl ring motions,
such as v10, v14, and v16, which diminished as the v4 mode
became more dominant. This complementary evolution
underscores an interplay between the boat-like out-of-plane
motion and in-plane vibrations, reflecting a dynamic
redistribution of vibrational energy. To investigate the role of
this out-of-plane motion in the photodissociation of PhBr,
single-point calculations were performed at the CASSCF level
using geometries corresponding to Q = 0 and Q = 1, which
represent the variations along the v4 mode direction. Figure
S10 shows the z* and ¢* orbitals included in the active space
for these geometries. Significant mixing of the #n* and o*
orbitals is observed in the Q = 1 geometry, whereas no such
mixing occurs in the Q = 0 geometry. Starting from the Q = 0
and Q = 1 geometries, we calculated 1D PECs and ISOCMEI
values along the C—Br coordinate, as reported in Table S6 and
shown in Figure S11. In the Q = 0 case, even near the crossing
point between the '(7,7*) and 3(n,c*) states, the ISOCMEI
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Figure S. Results of NMA for PhBr. The value of R, is presented
over every 100 fs interval with the corresponding normal modes
showing the intensity of R,, above 0.3 at any step in NAMD
simulations. Notably, the NMA was conducted using the normal
modes of PhBr in its bound S, state.

values remain below 2 cm™, indicating a low probability of
ISC. In contrast, when the v4 mode is activated (Q = 1), the |
SOCMEI values increase significantly near the crossing point,
exceeding those in the Q = 0 case by more than a factor of 20.
This is in line with a recent study, which showed that a drastic
enhancement of SOC occurs near the crossing point between
diabatic states.” Examining the trend of orbitals mixing with
respect to the v4 normal mode vector, the vibrational energy
transfer between the in-plane modes of PhBr and the v4 mode
accelerates the curve crossing in conjunction with the
consistently active v5 mode. These results align with the
findings of Sobolewski et al., who reported that the coupling of
the '(z,z*) state with the '(7,0%) state is facilitated by the
twisting motion of the aromatic ring.”’ As discussed in the
NMA section of Supporting Information (SI), the R, values
may depend on the time step. Therefore, we calculated R,
using different time steps, and the results confirm that the
calculated values are not significantly affected, as shown in
Figure S12. Consequently, it is expected that curve crossing is
induced by the activation of the boat-like out-of-plane v4
vibrational mode. This underscores how the activation of a
symmetry-breaking out-of-plane vibrational mode can enhance
SOC, playing a dominant role in ISC between bound and
repulsive states.

This study investigates the photodissociation dynamics of
Phl and PhBr using multireference electronic structure
calculations and excited-state dynamics simulations, explicitly
incorporating the effects of SOC. Our results reveal that the
large SOC in PhI facilitates ultrafast photodissociation by
enabling significant singlet—triplet mixing, which directly
lowers the energy of repulsive states in the A-band region.
Although excitation to the bound states can occur, the curve
crossing near the FC region subsequently induces ultrafast
curve crossing, leading to photodissociation. In contrast, for
PhBr, where SOC is weaker, vibrational energy redistribution
in the bound state plays a dominant role. In the A-band region,
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direct access to the repulsive state is restricted. After excitation
to the bound state, specific vibrational modes, such as the out-
of-plane ¥4 mode, assist the system in overcoming energy
barriers for curve crossing. However, the activation of slower
vibrational modes takes time, subsequently slowing down the
photodissociation of PhBr. This work highlights the complex
interplay between SOC and vibronic effects in governing
photochemical reactivity and demonstrates the importance of
vibrational dynamics in systems with small SOC. A
mechanistic understanding of the factors controlling photo-
dissociation rates is provided by reconciling dynamic
simulations with experimental observations. These findings
offer new insights into the multidimensional nature of curve
crossings, and the complex interplay between SOC and
vibrational dynamics, laying the groundwork for future studies
of excited-state processes in organic systems, particularly
including those containing heavy atoms.

B COMPUTATIONAL DETAILS

The vertical excitation energies of the excited states of PhBr
and PhI were calculated using extended multistate second-
order complete active space perturbation theory (XMS-
CASPT2),"* and the results are summarized in Table S1—
2. We employed ANO-RCC-VTZP basis set, a contracted
version of the ANO-RCC basis set at the triple-{ level.* The
reference equilibrium ground-state geometries were optimized
at the second-order Mgller—Plesset perturbation theory
(MP2) level with the ANO-RCC-VDZP basis set, chosen for
their good agreement with experimental structures, as shown in
Table S3—4. The reference wave function was computed using
state-averaged complete active space self-consistent field (SA-
CASSCF) calculations with a (12e, 100) active space. The
active space included 7 and 7* orbitals of the benzene ring, o
and o* orbitals of the C—I bond, and two nonbonding p
orbitals localized on each iodine atom. A total of 12 singlet and
12 triplet states were incorporated in the state-averaging
procedure for both PhI and PhBr. To mitigate the well-known
intruder state problem in CASPT2 calculations, an imaginary
shift of 0.25 au was appliecl,46 without an IPEA shift.
Relativistic effects were accounted for using the second-order
Douglas-Kroll-Hess (DKH2) Hamiltonian. 7 Spin—orbit cou-
pling matrix elements (SOCMEs) were comguted using the
RASSI module*® in OpenMolcas software,”™>" following the
calculation of spin—orbit integrals with the atomic mean-field
integral (AMFI) approach,” which approximates the spin—
spin coupling contribution to the spin—orbit Hamiltonian. To
limit the computational burden, the resolution-of-the-identity
Cholesky decomposition (RICD) technique® was employed
with an auxiliary basis set for the approximation of two-
electron integrals. Potential energy curves (PECs) of Phl and
PhBr were computed at the XMS-CASPT2/ANO-RCC-VTZP
level as a function of the C—I or C—Br bond distance,
respectively, with all other structural parameters constrained.
To explore the dynamics of carbon—halogen bond dissociation
dynamics in halobenzenes, trajectory surface hopping simu-
lations were carried out for PhI and PhBr. For the initial
condition, 1000 geometries were sampled using the Hessians
obtained with the MP2/ANO-RCC-VDZP level of theory,
with a 0 K harmonic Wigner distribution. Vertical excitation
energies and oscillator strengths for the sampled geometries
were calculated at the SA-CASSCEF level of theory. Based on
this information, initial conditions (ICs) were stochastically set
based on the excitation energies and the oscillator strengths in
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the energy range of 4.6 to 5.0 eV, corresponding to the pump
energy employed in the previous gas-phase experiments. To
treat IC and ISC on the same footing, NAMD simulations
were performed using the SHARC formalism with SA-
CASSCF/ANO-RCC-VDZP level of theory.*”*" We note
that the location of the crossing between bound and repulsive
states is similar across excited states within the A-band region
of the PECs, calculated with SA-CASSCF and XMS-CASPT2
levels of theory, as shown in Figure S13. This approach
incorporates spin-state mixing effects induced by SOC into
surface hopping simulations. Briefly, in the molecular Coulomb
Hamiltonian, which is the standard Hamiltonian for most
quantum chemistry calculations, the SO effect is incorporated
through an additional approximate Hamiltonian, such as the
mean-field approach that we previously employed for static
calculations. After constructing and diagonalizing this effective
Hamiltonian, the transition probabilities (or hopping proba-
bilities) were determined by evaluating the coupling between
the resulting eigenstates. During the simulations, a total of 19
SO states were active, consisting of 4 singlet and 5 triplet SF
states. In order to ensure the stability of the CASSCF wave
function during the NAMD simulations, we had to extend the
number of states included in the state-averaging procedure,
employing six singlet and six triplet states. Instead of
calculating nonadiabatic coupling vectors, overlap matrices
were calculated with a local diabatization scheme’*>® and
propagated with a substep of 0.02 fs for the three-step wave
function propagator. Normal mode analysis (NMA) was
performed using the built-in module implemented in the
SHARC package.56 Using the Velocity Verlet algorithm, nuclei
were propagated with the time step of 0.5 fs. The energy-based
decoherence scheme, with a decoherence parameter of 0.1
hartree as recommended by Granucci and co-workers,”” was
employed to minimize the overcoherence problem in the
surface hopping simulations.
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