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SPECIAL TOPIC — States and new effects in nonequilibrium

Core-level spectroscopy of the photodissociation
process of BrCN molecule
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Fewest-switches surfacing hopping (FSSH) simulations have been performed with the high-level multi-reference elec-
tronic structure method to explore the coupled electronic and nuclear dynamics upon photoexcitation of cyanogen bromide
(BrCN). The potential energy surfaces (PES) of BrCN are charted as functions of the Jacobi coordinates (R, θ ). An in-
depth examination of the FSSH trajectories reveals the temporal dynamics of the molecule and the population changes of
the lowest twelve states during BrCN’s photodissociation process, which presents a rich tapestry of dynamical information.
Furthermore, the carbon K-edge x-ray absorption spectroscopy (XAS) is calculated with multi-reference inner-shell spec-
tral simulations. The rotation of the CN fragment and the elongation of the C–Br bond are found to be the reason for the
peak shifting in the XAS. Our findings offer a nuanced interpretation for inner-shell probe investigations of BrCN, setting
the stage for a deeper understanding of the photodissociation process of cyanogen halides molecules.

Keywords: x-ray absorption spectroscopy, photodissociation, fewest-switches surface hopping
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1. Introduction
Cyanogen halides XCN (X = F, Cl, Br, I) are a class

of molecules that have been extensively studied due to their
relevance in atmospheric and combustion chemistry.[1,2] XCN
molecules are important precursors for the formation of halo-
gen oxides, which play a crucial role in the depletion of
ozone in the stratosphere.[3] The photodissociation of XCN is
a key process in the atmospheric chemistry of halogens and
nitrogen, as it can lead to the formation of halogen atoms,
which can then react with other atmospheric species, lead-
ing to the formation of halogen oxides and other reactive
intermediates.[4] Meanwhile, the CN radical is recognized as
one of the most significant species in interstellar space, plane-
tary atmospheres, and cometary coma.[5]

XCN, the simplest linear triatomic molecule, has attracted
significant attention for its photodissociation dynamics in the
A continuum (210 nm–350 nm).[6–15] Two reaction channels
have been established through early-stage experimental and
theoretical studies[4,16]

XCN+hν → X∗(2P1/2)+CN(X2
Σ
+),

XCN+hν → X(2P3/2)+CN(X2
Σ
+).

Previous studies have determined the major electronic states
involved in the photodissociation.[17,18] The parallel transition
to 3Π0+ is the major component of the A absorption band,
related to the X∗(2P1/2) channel. The perpendicular transi-
tions to 3Π1 and 1Π1 are the minor components, related to

the X(2P3/2) channel.[16,19] There is a conical intersection be-
tween the potential energy surfaces of 3Π0+ and 1Π1.[7,20] In
the ground state, the XCN molecule is linear, while it be-
comes bent in the excited states. The bending geometry in
the excited repulsive states results in high rotational and low
vibrational excitation of the CN fragments in both X and X∗

channels.[6,21,22]

The photodissociation of XCN has been studied us-
ing various experimental and theoretical techniques, includ-
ing laser-induced fluorescence (LIF), velocity map imaging
(VMI), ultrafast x-ray spectroscopy and ab initio calculations.
LIF is a sensitive technique that can be used to detect the
products of XCN photodissociation, such as halogen atoms
and radicals.[23–25] VMI is a powerful technique that can pro-
vide detailed information about the velocity distribution and
angular distribution of the photofragments.[26] Franks et al.
used the brute force orientation method to study the disso-
ciation of BrCN at 230 nm and ICN at 266 nm in a pulsed
molecular beam, and found a perpendicular transition compo-
nent in the absorption process.[27] Wittig et al. demonstrated
the effects of the initial quantum state of the parent cyanogen
halide molecules on the dynamics of the dissociation pro-
cess and the vibrational and rotational energy distributions
in the fragments, and clearly showed that the photodissoci-
ation at 266 nm and 300 K produces CN fragments whose
spin is preferentially oriented relative to the rotational angular
momentum.[28,29] Fisher et al. studied the photodissociation
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of ICN and BrCN in the A continuum, and determined the
rotational and vibrational distribution of CN in its electronic
ground state.[6] Gao et al. made use of the ion velocity VMI
system to study ion-pair dissociations of BrCN, and found an
anisotropic distribution of the CN+ momentum.[30] Yin et al.
studied the photodissociation dynamics of BrCN from 225 nm
to 260 nm by time-slice VMI setup, and their findings showed
that the internal excitation of CN products in the Br* chan-
nel is colder than Br channel, in addition, the photodissocia-
tion dynamics at longer wavelengths is found to be different
from those at shorter wavelengths in the Br channel.[4] Costen
et al. used high-resolution transient frequency modulated ab-
sorption spectroscopy to study the nascent Doppler profiles
of CN fragments from the A band photodissociation of room
temperature ICN.[31] Gao et al. investigated the dissociative
electron attachment process with high-resolution anion VMI
apparatus.[26] These studies provide insights into the detection
and dynamics of XCN photodissociation fragments, including
the identification of halogen atoms and radicals, as well as the
analysis of velocity and angular distributions. Furthermore,
investigations into the influence of initial quantum states, ro-
tational and vibrational distributions of CN fragments, and the
study of anisotropic properties reveal internal excitations dur-
ing the dissociation process. However, it remains unclear how
the time-dependent changes in electronic states and internal
excitations involved in the XCN photodissociation process af-
fect the dynamics and properties of the dissociation products.

X-ray absorption spectroscopy (XAS) is a powerful ex-
perimental technique that has been widely used to study the
electronic structure and dynamics of molecules. XAS pro-
vides valuable information of the electronic and local geo-
metric structure of certain atom, allowing for the investiga-
tion of chemical reactions and photodissociation processes.[32]

XAS can be employed to investigate the electronic structural
rearrangements occurring in various molecular systems dur-
ing photoinduced bond-breaking reactions by probing the oc-
cupied orbitals of organic and organometallic systems.[33,34]

Morzan et al. showed that the femtosecond time resolution and
atomic specificity of soft-x-ray spectroscopy enable a detailed
molecular movie of the ICN photofragmentation dynamics to
be captured, including the production of vibrationally hot CN
fragments along the I–C dissociation path during the ultra-
fast relaxation dynamics on the 1Π1 state.[8] Time-resolved
x-ray absorption spectroscopy (TR-XAS) provides a power-
ful tool for probing the photodissociation of XCN on a fem-
tosecond timescale. This technique allows for the elucidation
of the time-dependent evolution of the electronic structure of
XCN, thereby facilitating the creation of a dynamic molecular
movie of the photodissociation process. Consequently, TR-
XAS holds substantial promise for enhancing our understand-
ing of the photodissociation mechanisms inherent to XCN.

Theoretical calculations provide a complementary ap-
proach to experimental studies, offering valuable insights
into the electronic structure, potential energy surfaces, reac-
tion pathways, X/X* branching ratio and so on.[4,19] Mo-
rokuma et al. theoretically investigated the photodissociation
dynamics of ICN based on ab initio spin–orbit configuration
interaction (SOCI) calculations, including potential energy
curves, branching ratio, rotational and vibrational excitation,
anisotropy parameter and absorption spectrum.[16,19,35] Bhat-
tacharyya et al. calculated the structural properties of FCN,
ClCN, and their isomers using density functional theory.[36]

Bai et al. employed ab initio calculation methods to inves-
tigate the low-lying excited states of ClCN.[37] Nath et al.
used Fourier grid Hamiltonian (FGH) method based two-
dimensional mean field methodology to explore the photo dis-
sociation dynamics of the linear triatomic molecule, cyanogen
chloride (ClCN) in the polar medium.[38]

In this work, we employ the fewest switches surface hop-
ping theory (FSSH) to study the photodissociation process of
BrCN. By analyzing the trajectories from the multi-reference
FSSH calculations, we obtain the detailed photodissociation
dynamics of BrCN. The x-ray absorption spectroscopy (XAS)
of the excited state trajectories is simulated by employing
state-averaged complete active-space self-consistent field the-
ory (SA-CASSCF) and RASSI[39] methods. The simulated
XAS clearly displays the signatures of conical intersection and
the process of molecular fragmentation.

2. Computational methods
Nonadiabatic molecular dynamics simulations for

the BrCN molecule were performed with Tully’s fewest
switches surface hopping theory[40] as implemented in the
SHARC[41,42] software package. The diagonal representa-
tion was utilized. This approach involved diagonalizing the
electronic Hamiltonian matrix, which is constructed with 10
singlet and 10 triplet spin-free eigenstates in the surface hop-
ping dynamic simulations and 80 singlet and 80 triplet spin-
free eigenstates in potential energy surface (PES) simulations,
along with spin–orbit interaction, to obtain the spin-mixed,
fully adiabatic states with state-averaged complete active-
space self-consistent field theory (SA-CASSCF). An active
space of 12 electrons in 9 orbitals was used in the excited
state calculation with OpenMolcas.[43] ANO-RCC-VDZP ba-
sis set was employed and spin–orbit coupling was treated in
the atomic mean field (AMFI) approximation. The nuclear
motion integration employed the velocity-Verlet algorithm
with a time step of 0.1 fs. To account for decoherence, an
energy-difference based correction was applied with a param-
eter α = 0.1 Hartree. Since the parallel transition to 3Π0+ and
perpendicular transitions to 1Π1 are the major components of
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A continuum, only two electronic initial states for surface-
hopping dynamics were considered, specifically exploring the
3Π0+ and 1Π1 excited-state PES. For the dynamic simula-
tions, the initial velocities and geometries were sampled from
a Wigner distribution centered around the S0 minimum geom-
etry. The distribution had an effective temperature of 300 K.
The XAS of the excited state trajectories was calculated using
SA-CASSCF and RASSI methods, as explained in Ref. [44].
30 singlet and 30 triplet states with core holes were included in
the XAS calculation. One carbon 1s orbital in the RAS1 active
space together with the 9 valence orbitals in the RAS2 space
were used in the SA-CASSCF calculation. The XAS in the
C K-edge region was obtained by averaging the spectral line-
shape over the 125 FSSH trajectories starting from the 3Π0+

state and 60 trajectories starting from the 1Π1 state. The spin–
orbit natural transition orbitals (SO-NTOs) were calculated
with the RASSI module in OpenMolcas. The calculated dis-
crete XAS spectra were convoluted with a Gaussian function
with a broadening parameter (σ ) of 0.7 eV. Detailed computa-
tional methods are explained in supporting information.

3. Results and discussion
3.1. Potential energy surface

We keep the bond length between the C and N atoms in
the CN fragment constant at 1.16 Å, which enables us to de-
scribe the dynamics of the BrCN photodissociation process us-
ing a two-dimensional Jacobi coordination system (R, θ ). In
this coordination system, R represents the distance between
the Br atom and the center of mass of the CN fragment, while
θ represents the angle between R and the CN bond. The range
of θ is from 0◦ to 180◦, where θ = 0◦ corresponds to a linear
molecular structure of Br–CN, as shown in Fig. 1(a).

Photodissociation of BrCN extends the C–Br bond to
form a CN· and a neutral Br (2P3/2) or Br∗ (2P1/2) atom. As
shown in Fig. 1(b), potential energy curves are calculated for

the bond breaking process. During the C–Br bond breaking
process, C–Br bond will extend immediately after the photon
excitation. For the PES calculation, the CN fragment is fixed
to be the ground state atomic structure of BrCN, and the C–Br
bond is elongated from 1.19 Å to 3.79 Å along the original
C–Br bond direction. The 3Π0+ and 1Π1 PESs cross when the
C–Br distance is 2.57 Å (R = 3.20 Å).
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Fig. 1. (a) The representation of the BrCN geometry in terms of Jacobi
coordinates. (b) The potential energy surface (PES) of BrCN as Br–CN
bond increases.

To further study the relationship between PES and θ , the
PES of BrCN as the function of θ for different values of R is
calculated and shown in Fig. 2. As θ increases, the energy of
the ground state rises, indicating that the linear Br–C–N ge-
ometry is the most stable structure. For all states except the
ground state, the lowest energy structure is nonlinear, indicat-
ing that during the photodissociation process of BrCN, the CN
fragment undergoes rotational movement. This aligns with
earlier experimental studies.[4,45] At R = 2.4 Å (Fig. 2(a)),
all the excited state PES favor bent structures, and there is
no crossing between the ground state and excited states as
θ increases. However, at R = 3.2 Å (Fig. 2(b)) and 3.6 Å
(Fig. 2(c)), the excited state potential energy curves become
flatter, and there are crossings between the ground state and
excited states as θ increases.
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Fig. 2. PES of BrCN as bending angle θ changes from 0◦ to 180◦, when R = 2.4 Å (a), 3.2 Å (b) and 3.6 Å (c), respectively. The ground state
energy is set to 0 eV.

3.2. FSSH calculations with SHARC

The evolution of populations in fewest switches surface
hopping (FSSH) simulations is investigated by considering

states based on the diagonal representation in the SHARC

program. This choice is considered natural for FSSH simu-

lations. The evolution of the populations of state 1 to state
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12 over the course of the simulation is shown in Fig. 3. Fig-
ure 3(a) shows the analysis of 125 trajectories starting from
3Π0+ state, whereas Fig. 3(b) displays the analysis of 110 tra-
jectories starting from 1Π1 state. These results indicate that
the photodissociation process of BrCN is in the femtosecond
time scale. For the long-time region (50 fs–70 fs), the popula-
tions in each state are close, which can be explained by the po-
tential energy surface (PES) in the long C–Br distance region.
At the long C–Br distance region, the dissociation channels of
BrCN converge into two degenerate states, corresponding to
Br (2P3/2) and Br∗ (2P1/2). In this case, energy degeneracy
occurs between different states, resulting in a close distribu-
tion of population among these states.

Since the Br atom is much heavier than the CN fragment,
the CN fragment moves rapidly backward right after the pho-
toexcitation, while the bromine atom moves slowly in the op-
posite direction. During the C–Br bond extending process, de-
pending on the initial Br–C–N angle and the initial velocity of
the CN group, the CN group either moves backward straightly
or tends to rotate while moving backward. Analyzing the tem-
poral evolution of bond lengths and bond angles in the pho-
todissociation process of BrCN provides insights into the vari-
ations in molecular internal structure and dynamics. Figure 4
shows the evolution of R and θ as a function of time during
the photodissociation of BrCN with initial excitation states of
3Π0+ and 1Π1. With the increase of time, the distance between
Br and CN continues to increase, indicating the photodissocia-
tion of BrCN. In Figs. 4(c) and 4(d), it can be observed that the
angle θ undergoes an increase with time, suggesting the rota-

tional motion of the CN fragment during the process of pho-
todissociation. Trajectories starting from 3Π0+ states exhibit
a faster rate of increase in angle with time compared to trajec-
tories starting from 1Π1 state, indicating that the CN fragment
possesses a higher rotational excitation in 3Π0+.
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Fig. 3. Time evolution of the population of the first 12 states in the
FSSH calculation, when the initial states are set to (a) 3Π0+ (state 7)
and (b) 1Π1 (state 8), respectively.
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3.3. Simulated XAS of FSSH trajectories

The XAS simulations of BrCN are performed with Open-
Molcas. The Br–C bond dissociation is clearly observed in the
XAS simulations as shown in Fig. 5. For the trajectories start-
ing from 3Π0+ state, the XAS exhibits a prominent high en-
ergy peak at ∼ 286.5 eV and a low energy peak at ∼ 285.5 eV
in the early stages as a characteristic feature. After about 13 fs,
the low energy peak disappears and the high energy peak shifts
to higher energy. At the same time, one low-intensity peak ap-
pears below the previous two peaks and moves towards the
lower energy region. Within 22 fs after photoexcitation, the
XAS peaks exhibit pronounced frequency shifts, which corre-
spond to the rotation of the CN fragment and the extension of
the Br–C bond. At about 22 fs, the C–Br distance is close to
the conical intersection region and the energy of both peaks
becomes stable. Regarding the trajectories starting from the
1Π1 excited state, the character of XAS peaks is more compli-
cated but the shift trending of the XAS peaks is similar to that
of the 3Π0+ state.
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Fig. 5. The simulation of carbon K-edge XAS following trajectories start-
ing from (a) 3Π0+ state and (b) 1Π1 state, respectively. The dark blue
region means that the absorption is low, while the bright yellow region rep-
resents maximal absorption intensity. The transient spectrum is broadened
in time by a Gaussian function with a broadening parameter (σ ) of 5 fs.

To study the electronic structure dynamics reflected by
XAS, Fig. 6 shows the XAS of the carbon K-edge of BrCN at
different values of R in the 3Π0+ state. Each peak is associated
with its corresponding natural transition orbitals (NTO). The

spin–orbit natural transition orbitals (SO-NTOs) for the XAS
peaks are calculated with the RASSI module in OpenMolcas.
For the ground state equilibrium structure of BrCN, the XAS
of 3Π0+ state is composed of π∗ antibonding orbitals in the
285.25 eV–286.85 eV range and σ∗ antibonding orbitals at
285.25 eV, as shown in Fig. 6(a). As the value of R increases,
the absorption peak of XAS shifts, indicating that these or-
bitals are significantly influenced during the photodissociation
process. The σ∗ antibonding orbital has axial symmetry along
the Br–C bond. When the Br–C bond is elongated, the energy
of the σ∗ antibonding orbital changes, thereby significantly
affecting the carbon 1s to σ∗ transition and leading to a pro-
nounced redshift in the absorption peak. In contrast, the π∗

antibonding orbital is mostly localized on the CN fragment,
which is less affected by the elongation of the Br–C bond. As a
result, the absorption peak only experiences a small blueshift.
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Fig. 6. The XAS simulation of the carbon K-edge and corresponding
natural transition orbitals (NTO) in the 3Π0+ state were conducted by
varying the values of R for BrCN, while (a) R = 2.41 Å, (b) R = 2.60 Å,
(c) R = 2.80 Å, (d) R = 3.20 Å, and (e) R = 4.41 Å, respectively.

Figure 7 shows the XAS and corresponding NTO in the
1Π1 state. Compared to the XAS of the 3Π0+ state, an ad-
ditional absorption peak at 280.15 eV is observed in XAS at
R = 2.41 Å, this peak is attributed to a transition from the car-
bon 1s orbital to σ bonding orbital, as shown in Fig. 7(a). At
R = 2.60 Å (Fig. 7(b)), XAS exhibits an absorption peak at
279.80 eV, corresponding to a transition from the carbon 1s
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orbital to π bonding orbital. Therefore, the stronger absorp-
tion of 1Π1 in the low-energy region within 0 fs–10 fs in XAS
is attributed to the transition from the carbon 1s orbital to the
bonding orbital. As the Br–C bond elongates, the absorption
peak attributed to the transition from the carbon 1s orbital to
σ∗ antibonding orbital exhibits a significant redshift, which
is caused by the weakening of the Br–C bond. At the same
time, the absorption peak associated with the transition from
the carbon 1s orbital to π∗ antibonding orbital undergoes a mi-
nor blueshift, which observation is consistent with that of the
3Π0+ state.
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Fig. 7. The XAS simulation of the carbon K-edge and corresponding
natural transition orbitals (NTO) in the 1Π1 state were conducted by
varying the values of R for BrCN, while (a) R = 2.41 Å, (b) R = 2.60 Å,
(c) R = 2.80 Å, (d) R = 3.20 Å, and (e) R = 4.41 Å, respectively.

4. Conclusion
A multi-reference fewest-switches surface hopping

(FSSH) simulation is employed to investigate the photodisso-
ciation dynamics of cyanogen bromide in the A continuum.
Maintaining the linear structure of the BrCN molecule, the
3Π0+ and 1Π1 PESs cross when the C–Br distance is 2.57 Å.
The linear structure of BrCN is the lowest energy structure
in the ground state, while all excited states exhibit non-linear
structures with the lowest energy, indicating that rotational ex-
citation occurs in the CN fragment during the photodissoci-
ation. After being excited from 1Σ0+ to 3Π0+ or 1Π1 state,

the distance between the Br and C in BrCN increases rapidly,
and the CN fragment undergoes rotation. In trajectories start-
ing from 3Π0+, the rotational excitation of the CN fragment is
higher than that starting from 1Π1. Employing SA-CASSCF
and RASSI within OpenMolcas, and excited state trajectories
calculated with SHARC, we simulate the XAS of the BrCN
photodissociation process. The XAS of carbon K-edge fol-
lowing 1Σ0+ to 3Π0+ and 1Π1 photoexcitation provides de-
tailed dynamical information of the nuclear and electronic dy-
namics. Peak shifting in the XAS spectra reveals the increase
of the Br–C bond length and the rotation of the CN fragment
during the photodissociation process of BrCN.

Our research demonstrates that the FSSH method has
great potential in predicting the dynamics of bond breaking or
photodissociation in small molecules, providing detailed in-
formation about the dynamic evolution. Due to the similar
linear structure of halogen cyanide molecules, our method can
be reasonably extended to the study of photodissociation pro-
cesses of ICN, FCN, and ClCN. Our method can also be used
to investigate other small molecules containing bromine. In
the future, we plan to apply our method to investigate the pho-
todissociation processes of other small molecules, such as the
photodissociation of ammonia molecule under 200 nm ultra-
violet light. By studying the photodissociation dynamics of
BrCN, we can better predict the generation and distribution of
bromine radicals, leading to improved strategies for mitigating
atmospheric pollution and protecting the ozone layer.
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