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ABSTRACT
UV pump-XUV/X-ray probe measurements have been successfully applied in the study of photo-induced chemical reactions. Although 
rich element-specific e lectronic s tructure i nformation i s a ccessible w ithin X UV/X-ray ( inner-shell) a bsorption s pectra, i t c an b e difficult 
to interpret the chemistry directly from the spectrum without supporting theoretical simulations. A multireference method to completely 
simulate UV pump-XUV/X-ray probe measurement has been developed and applied to study the methyl iodide photodissociation process. 
Multireference, fewest-switches surface hopping (FSSH) trajectories were used to explore the coupled electronic and ionic dynamics upon 
photoexcitation of methyl iodide. Interpretation of previous measurements is provided by associated multireference, restricted active space, 
inner-shell spectral simulations. This combination of multireference FSSH trajectories and XUV spectra provides an interpretation of tran-
sient features appearing in previous measurements within the first 100 fs after photoexcitation and validates the significant branching ratio 
in the final excited-state population. This methodology should prove useful for interpretation of the increasing number of inner-shell probe 
studies of molecular excited states or for directing new experiments toward interesting regions of the potential energy landscape.

INTRODUCTION

Inner-shell excited states, probed by XUV or X-ray Absorp-
tion Spectroscopy (XAS), reveal details of local electronic struc-
ture within molecules or materials, specific to a given element,
which can be directly linked to useful atomic structural informa-
tion, such as coordination number, bond length, angles between
bonds, and oxidation states. As a probe within ultrafast pump-probe
measurements, XAS is particularly attractive for revealing mech-
anistic details of photo-induced chemical reactions by following
the time-evolution of various chemical groups through changes in
their associated spectral features. There has been significant growth
recently in application of table-top XUV/X-ray transient absorption

spectroscopy1–5 to probe valence and Rydberg core-excited states
due to advances in high harmonic generation (HHG). A range
of ultrafast photo-induced chemistry, such as bond breaking,3,5

ring opening,2,6 internal conversion (IC), and intersystem cross-
ing (ISC),4 has been studied with the aforementioned method. The
bond breaking dynamics of CH3I has been studied for a few decades
with different experimental methods, such as photofragment spec-
troscopy,7 magnetic circular dichroism spectroscopy,8 mass spec-
trometer,9 velocity map imaging spectroscopy,10–13 and so forth.
The C–I bond is expected to extend and break upon excitation
of the valence electrons due to UV photon absorption. Previous
work indicates excitation of the molecule into the 3Q0 state when
pumped with 266 nm UV light.14 Subsequently, the electronic state is
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proposed to undergo a transition into the 1Q1 state as the system
evolves toward a conical intersection, defined by a C–I bond length
of ∼2.4 Å,15,16 where the transition rate is shown to be correlated with
ν6 degenerate methyl rocking modes.8,17,18 The Mulliken19 notations
1Q1 and 3Q0 are corresponding to 3E and 2A1 states14,20 in the
C3v group symmetry, respectively. Transient XUV absorption spec-
troscopy measurements of CH3I upon 266 nm UV excitation have
been performed by Attar et al.3 The real-time evolution of the XUV
absorption spectra, with femtosecond resolution, during C–I bond
breaking dynamics was probed near the iodine N4,5-edge, from 45 to
60 eV (i.e., exciting I 4d inner-shell electrons into accessible excited
states). The measured spectra confirm UV-induced photodissocia-
tion, releasing neutral iodine atoms in electronic ground, I(2P3/2),
and excited, I∗(2P1/2), states, within ∼90 fs of the UV excitation
pump pulse.

Although rich electronic structure should be revealed within
the transient XUV/X-ray absorption spectrum, it is difficult to inter-
pret the chemistry directly from the measurement. Since the pump
laser has a finite time duration, the transient XUV/X-ray absorption
spectrum is necessarily convoluted with the pump. Furthermore,
multiple transient spectral features appear in overlapping spectral
ranges. In principle, since XAS measures the transition possibil-
ity of electrons from atomic core/inner-shell orbitals to unoccupied
molecular orbitals, it is sensitive to details of the symmetry and char-
acter of the related molecular orbitals. On the one hand, this sensitiv-
ity means that transient XAS carries rich information on the molecu-
lar orbitals of the excited state, which could be utilized to understand
the details of chemical dynamics after photoexcitation. On the other
hand, without a detailed underlying model of the photoexcited
dynamics, it is almost impossible to interpret the origin of different
peaks simply from hypothetical changes in the molecular geometry.

Theoretical simulation of both the pump-induced ultrafast
dynamics and the probed transient absorption spectrum is key
to interpreting the rich information embedded within transient
XUV/X-ray absorption spectra. With respect to the valence excited
states induced by the pump, fewest switches surface hopping (FSSH)
has been successfully applied to study the dynamics of photo-
induced chemistry. The electronic excitation spectrum provided
by linear-response time-dependent density functional theory (LR-
TDDFT) has been used successfully in combination with FSSH to
study ring-opening dynamics of 1,3-cyclohexadiene.2 In the same
work, the maximum overlap method (MOM)21–23 together with
restricted excitation window TDDFT (REW-TDDFT)24 was also
employed to calculate the XAS of the excited state during the bond
breaking process. Since LR-TDDFT considers electronic excitations
within a basis of single electron-hole pairs, the self-consistent field
of the underlying valence-excited state was fixed using MOM, while
efficient calculation of excitation energies relevant to core-excited
states was provided again by LR-TDDFT, within a restricted energy
window, by limiting the considered orbital space for holes to the cor-
responding inner-shell orbitals of the core-excited C atoms during
this ring-opening process. However, it is well known that complete
photodissociation often results in electronic excited states with clear
multiconfigurational character. The accurate description of such a
state can be obtained using spin-flip TDDFT25 or a multireference
method.

Multiconfiguration excited states can be accurately com-
puted using complete active space self-consistent field (CASSCF)

calculations with a judicious choice of orbitals to include in the
active space26 and the addition of corrections to include dynamic
correlation from second-order perturbation theory (CASPT2).27

Such calculations can obtain excited-state energies with only ∼0.3 eV
errors28 for small- to medium-sized molecules. FSSH simulations
based on the multireference method have been employed to accu-
rately simulate electron and ion dynamics. The Surface Hopping
including ARbitrary Couplings (SHARC) program29–31 provides
such a computational framework and has been applied in various
systems.32–35 However, we still lack the bridge between theoreti-
cal chemical dynamics simulations and pump-probe measurements
based on XAS probes. In this work, we provide a methodology and
a working example of simulated transient XUV/X-ray absorption
spectroscopy (XAS) employing the current SHARC framework. We
focus on the photo-induced bond breaking process of CH3I as an
illustrative example to explain the necessary workflow. In addition,
the high atomic number of the I atom and the XUV probe of its 4d
inner-shell electrons require accounting for strong spin-orbit (SO)
interactions, both for the valence and core orbitals, respectively.
In combination, the multiconfigurational and relativistic approach
adopted here can reproduce the bond breaking process within FSSH
trajectories, providing an electronic excitation spectrum with the
correct spin-orbit splitting and associated transient XAS calcula-
tions that reproduce and interpret previous experimental measure-
ments.

COMPUTATIONAL METHOD
Ground state XAS algorithm

The ground state XAS is calculated following the work of Josef-
sson et al.36 and Delcey and Lundberg.37 In the restricted active
space self-consistent field (RASSCF) method, the multiconfigura-
tional wavefunction is built up on the basis of electron configu-
rations obtained by permutation of electrons occupying molecular
orbitals in the active space, which is divided into subspaces, e.g.,
RAS1, RAS2, and RAS3. Core orbitals are placed in RAS1 active
space allowing for at most one excitation. To keep the core orbitals
that are initiated by orbitals from a Hartree-Fock (HF) calcula-
tion from rotating to valence orbitals, they can be frozen during
the orbital optimization of multiconfigurational SCF calculations.
Valence orbitals are placed in the RAS2 active space without con-
straint on their occupations. Possible higher energy orbitals are
included in the RAS3 active space. After obtaining the RASSCF
wavefunction, the dynamic electron correlation effects are included
at the level of second order perturbation theory (RASPT2). The spin-
orbit coupling effect and oscillator strength between the ground state
and core excited state are calculated using the restricted active space
state interaction (RASSI) approach.38

Multireference valence excited state XAS algorithm

Valence excited states can be created by the UV pump. The
low-lying valence excited-state spectrum can be calculated using the
CASPT2 method.39 The XUV/X-ray probe is considered purely from
the perspective of the new excitation channel that it exposes (see
Fig. 1), the excitation of inner-shell or core orbitals into any unoccu-
pied state. With respect to a pre-existing valence excited state, within



FIG. 1. A simplified diagram of the low-energy photon excitation and subse-
quent XUV/X-ray excitation process. The electronic structure of ground state (a),
valence excited state induced by low-energy photon excitation (b), and the double
excitation (c) and single excitation (d) state after XUV/X-ray excitation.

a simplified noninteracting electron model, we can imagine two pos-
sible final states for the core electron: (1) excitation into orbitals
originally accessible in the ground state and (2) excitation into the
vacated orbitals (holes) created by the UV excitation. In the first case,
the molecule is placed in a doubly excited state, while, in the sec-
ond case, the resulting final state is, ultimately, a singly excited state,
due to annihilation of the valence hole. Of course, these core-excited
states are more complicated due to the concomitant motion of the
nuclei which in turn alters the electronic structure. For each moment
in time, The CASPT2 method can handle both the single and double
excitations, provided enough high-energy excited roots are calcu-
lated, although the relative accuracy may differ. With the pumped,
valence excited state and final, valence and core excited states gen-
erated, we make use of the restricted active space state interaction
(RASSI) module in OpenMolcas to calculate the oscillator strengths
between these two sets of states. By numerically broadening the
oscillator strength sticks with a Gaussian or Lorentzian function, a
simulated absorption spectrum can be produced.

The state interaction calculation in OpenMolcas

Since the valence excited states and core+valence excited states
are obtained from different calculations, the wavefunctions from
both sets of calculations are not necessarily orthogonal. In fact, we
must take particular care to avoid numerical errors here since the
overlap between different wavefunctions is likely to be small, while
the diagonal elements of the Hamiltonian may have very large values
because, in this case, we consider the entire set of iodine core orbitals
(e.g., Etot = ∼7000 hartree for CH3I). We employ the original correc-
tions to the overall Hamiltonian, defined in Ref. 38 for RASSI with
spin-orbit (SO), as follows:

ΔHIJ = 0.5(ΔEI + ΔEJ)SIJ ,

whereΔEI andΔEJ are the energy shift for Ith and Jth RASSCF roots,
SIJ is the overlap matrix element, and ΔHIJ is the energy shift for
element HIJ .

RESULT AND DISCUSSION

First, we study the XAS at the I N4,5-edge for the electronic
ground state of CH3I, as shown in Fig. 2. Because of the strong

FIG. 2. XAS calculation of ground state CH3I is shown in the solid line, where
the dotted line is experimental data from Ref. 3. The peaks above 53 eV in the
experimental spectrum3 are Rydberg states, which are not well represented in the
ANO-RCC-VTZP basis set. The experimental data are reproduced with permission
from Attar et al., J. Phys. Chem. Lett. 6(24), 5072–5077 (2015). Copyright 2015
American Chemical Society. Further permissions related to the material excerpted
should be directed to the ACS.

spin-orbit coupling effect in CH3I, the relativistic effects were
included and treated in two steps, both based on the Douglas–
Kroll Hamiltonian.40,41 In the first step, scalar relativistic effects
were included in the basis set generation42,43 and used to determine
“spin free” wavefunctions and energies of states with pure multi-
plicity through the use of the RASSCF method. Dynamic electron
correlation effects were included in the RASPT2 method. Next, the
optimized RASSCF/RASPT2 wavefunctions were used as the basis
states in the restricted active space state interaction (RASSI)38 mod-
ule, where spin-orbit coupling was treated in the Atomic Mean Field
(AMFI) approximation.44 All the simulations in this work are car-
ried out using the ANO-RCC basis set of VTZP quality.42,43 As
shown in Fig. 3, five iodine 4d orbitals in the RAS1 active space
together with the 4 valence orbitals in the RAS2 space were used in
the RASSCF/RASPT2 calculation. 4 orbitals in RAS2 space include
two lone pair orbitals (I atom 5px and 5py orbitals) with slightly

FIG. 3. Diagram of active space for XAS and FSSH calculation. In the FSSH calcu-
lation, 6 electrons and 4 RAS2 orbitals including two lone pair orbitals of I atom and
C–I σ and σ∗ orbitals are considered. The isosurface of the four valence orbitals
are calculated with Hartree Fock theory. In the XAS calculation at each snapshot
of the FSSH trajectory, 10 iodine 4d electrons are included in 5 RAS1 orbitals.



antibonding π∗ character and both C–I σ and σ∗ orbitals. 10 sin-
glet and 10 triplet roots are calculated by limiting the maximum
occupation in the RAS1 active space (calculated using the Open-
Molcas HEXS45 tag), which calculates the excited states with one
iodine 4d core hole. The oscillator strengths were calculated in the
RASSI module. The vertical transition energies were obtained from
state-averaged RASSCF and multistate RASPT2 calculations per-
formed using all resulting singlet and triplet states. The core orbitals
were constrained to their shape from the underlying HF calcula-
tion to ensure convergence. The core excitations were shifted in an
ad hoc manner (−1.0 eV for RASPT2) to compensate for limita-
tions in the wavefunctions. An overall 0.27 eV Gaussian convolution
was applied to broaden the calculated spectrum and simulate the
intrinsic experimental resolution.

Then, we performed nonadiabatic molecular dynamics simu-
lation for the CH3I molecule with Tully’s fewest switches surface
hopping theory46 as implemented in the SHARC software pack-
age. Full multiple spawning47 would be an alternative approach to
simulate the bond breaking dynamics after UV excitation, but it is
not our focus in this study and it might be considered in future
work. The diagonal representation was used in the FSSH calculation,
where the spin-mixed, fully adiabatic states are obtained by diag-
onalizing the electronic Hamiltonian matrix, which is built with 4
singlet and 4 triplet spin-free eigenstates and spin-orbit interaction.
The velocity-Verlet algorithm with a time step of 0.1 fs was used in
the integration of the nuclear motion. An energy-difference based
correction48 with parameter α = 0.1 hartree is used to take decoher-
ence into consideration. The dynamics simulation was performed
based on multistate, complete active-space second-order perturba-
tion theory (MS-CASPT2) with an active space of 6 electrons in 4
orbitals calculated using OpenMolcas.48 The isosurface of the four
orbitals is shown in Fig. 3. Since the pump laser wavelength used
in the experiment3 is 266 nm, which is highly likely to excite CH3I
into the 3Q0 state, we deliberately bias our excited state dynamics
and only consider one electronic initial state for surface-hopping
dynamics, which initially explores the 3Q0 excited-state potential
energy surface (PES). The initial velocities and geometries for the
dynamics simulations were sampled from a Wigner distribution
around the S0 minimum geometry with an effective temperature of
300 K.

Simulated transient XAS of FSSH trajectories

SHARC outputs the energy ordering index and energy of the
active PES and the geometry of the molecule at each time point of the
FSSH simulation. The on-the-fly XUV absorption spectrum is calcu-
lated with the geometry from every 0.5 fs snapshot of the trajectory.
Note that the multiconfigurational wavefunction from the valence-
excited FSSH calculation is not reused since core orbitals are absent
from its active space, necessarily, for the sake of computational effi-
ciency. Instead, the oscillator strength calculation has a similar setup
as the ground state XAS calculation; however, as shown in Fig. 3, the
active space used is larger: the transient valence excited state XAS
calculation has 5 more iodine 4d orbitals compared with the one in
the FSSH calculation. 4 singlet and 4 triplet valence excited states
were calculated to be consistent with FSSH calculation. The iodine
4 d orbital manifold is found about 50 eV lower than the 4 valence
orbitals used in FSSH calculation, and their inclusion in the active

space will barely influence the valence excited states. To simplify the
calculation, we consider a particular PES to have the same index in
both calculations (i.e., energy ordering is preserved). For future cal-
culation for systems with close spaced PESs, FSSH calculation could
be performed using the same active space as that of the excited XAS
calculation to make sure that the valence excited states are consis-
tent between both calculations; however, computational cost will
increase significantly. The oscillator strengths between all 28 states
are calculated in the RASSI module with spin-orbit coupling. Only
the oscillator strengths that are related to the active, valence-excited
PES were used for the probe absorption spectrum calculation. The
core excitations were shifted in an ad hoc manner by −0.6 eV to
compare with experimental data—this difference with respect to the
ground state shift of −1.0 eV can be seen as compounding system-
atic errors in accuracy of both core and valence excitations and will
be explored in future work. A smaller (than the ground state calcu-
lation above) Gaussian convolution (0.05 eV) was applied, in order
not to inadvertently hide spectral features while averaging over mul-
tiple trajectories. By contrast, the larger ground state convolution
(0.27 eV) used above serves as an approximation to the intrinsic
ground state vibrational dynamics while computing the spectrum of
a single, frozen molecular structure. Admittedly, previous work has
also shown the importance of molecular dynamics sampling in the
inner-shell absorption spectra of small molecules,49 but that is not
the focus of this study.

Since the main peaks of time-dependent XUV absorption
located below 49 eV are mostly related to probing the singly
occupied molecular orbitals (SOMOs) (which were originally dou-
bly degenerate HOMO before the pump excited the valence
orbitals), our on-the-fly XUV absorption spectrum should be reli-
able although the current setup is unable to handle higher-energy
Rydberg states with sufficient accuracy.

Potential energy surface

Photodissociation of methyl iodide extends the C–I bond to
form a methyl radical CH3

• and a neutral I (2P3/2) or I∗ (2P1/2) atom.
Note that the 5p5 electron configuration of the I atom couples total
orbital angular momentum L = 1 (P) with the total spin S = 1/2,
resulting in possible total angular momenta J = 1 ± 1

2 , with Hund’s
rules, indicating that for greater than half filling, the higher J = 3/2
is the ground state and J = 1/2 is a spin-orbit excited state. Potential
energy curves were calculated for the bond breaking process. Dur-
ing the C–I bond breaking process, as shown in the supplementary
material movie1, C–I bond will extend after the photon excitation.
Since the iodine atom is much heavier than the CH3 fragment, the
CH3 fragment will move rapidly backward, while iodine atom moves
slowly in the opposite direction. During the C–I bond extending
process, the vibrational umbrella mode will be activated in the CH3
fragment due to the inertia of the hydrogen atoms. For the PES cal-
culation, the CH3 fragment was fixed to be the ground state atomic
structure of CH3I, and the C–I bond is elongated from 1.88 to 4 Å
along the original C–I bond direction. The 3Q0 and 1Q1 PESs cross
when the C–I distance is 2.33 Å.

There are two major spin-orbit splittings in CH3I, which are
relevant to the transient XUV spectra we are simulating: one is the
atomic splitting of iodine inner-shell 4d orbitals, accessible with the
XUV probe, and the second one is the splitting of iodine valence

https://doi.org/10.1063/1.5116816#suppl
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FIG. 4. (a) Potential energy curves for
CH3I → CH3 + I with schematic inner-
shell excitations from the I 4d orbital
manifold. The photodissociation is mod-
eled here by extending the C–I bond
length from 1.88 to 4 Å, while keeping the
geometry of the CH3 fragment the same
as it was in the molecular ground state
of CH3I. 3Q0 and 1Q1 PES cross when
the C–I distance is 2.33 Å. The two exci-
tations that correspond to the two major
peaks at 45 fs in (b) are labeled with
star symbols ( ). (b) Averaged XAS for
58 FSSH trajectories. (c) Snapshots of
the averaged XAS at 10 fs, 20 fs, 30 fs,
and 45 fs, respectively. Peaks in boxes A
and B correspond to the transient A and
transient B peaks in Ref. 3.

FIG. 5. XAS (a) and PES (b) of a trajec-
tory that reaches the I∗ state. XAS (c)
and PES (d) of a trajectory that reaches
the I state. The active PES in (c) and (d)
is labeled with black circles.



5p orbitals, accessible using the UV pump. In Fig. 4(b), there are
two branched curves, whose energy separation is induced by the I
4d spin-orbit splitting—this is mostly a local atomic effect. There are
two iodine atom states in the final product, I (2P3/2) or I∗ (2P1/2). In
Fig. 4(a), the PESs converge to two branches: the orange and blue
PESs converge to 2P3/2 while the black PES converges to the 2P1/2
state. For this reason, the FSSH trajectories only show two possi-
ble branches. Two representative trajectories are shown in Figs. 5(b)
and 5(d). In both trajectories, the FSSH simulation started from the
3Q0 state and reached the conical intersection around 12 fs. In our
simulation of 58 trajectories, 71% of the trajectories stay on the 3Q0
state, ending in the I∗ (2P1/2) state, while 29% of trajectories hop to
the lower energy 1Q1 state, ending in the I (2P3/2) state. The [I∗]/([I]
+ [I∗]) ratio is close to previous surface hopping simulation16 and
experiment3,7,50,51 results, which ranges from 65% to 78%. The sim-
ulated XAS from both representative trajectories has distinct spectral
characters, as shown in Figs. 5(a) and 5(c). In Fig. 5(a), the first peak
(I∗1) with lower energy shows small intensity and finally disappears
at 40 fs. And the intensity of the second peak (I∗2) gets stronger and
stronger. In Fig. 5(c), the first 12 fs is similar to Fig. 5(b) because the
trajectory starts and stays on the 3Q0 state. After the conical inter-
section region, the trajectory hops to 1Q1 state and the XAS peak
makes a V turn and gradually converges to a value that is close to
that at 0 fs. The first peak around 46 eV (I1 peak) shows a stronger
intensity, while the peak (I2 peak) near 48 eV is weak but still visi-
ble until 45 fs. When the XAS of all the trajectories are superposed
in Fig. 4(b), two branches of peaks appear, where the I∗1 and I1 con-
tribute to the first branch and I∗2 and I2 comprise the second branch.
The snapshots of the averaged XAS at 10 fs, 20 fs, 30 fs, and 45 fs are
shown in Fig. 4(c). The origin of the transient A, B peaks in Ref. 3
can be understood clearly. The two major peaks are I1 and I2

∗ peaks,
and the height ratio represents the distribution of I (2P3/2) and I∗

(2P1/2) atoms in the final product. Transient A and transient B peaks
are highlighted with boxes A and B, respectively, in Fig. 4(c). The
transient A peak corresponds to the I1

∗ peak, and the transient B
peak mainly results from the first 12 fs of the I2

∗ peak. Since the
I1
∗ peak appears after the conical intersection, the transient A peak

appears later than the transient B peak, which is consistent with
Ref. 3.

CONCLUSION

In summary, a complete multireference pump-probe simu-
lation method combining multireference excited state trajectories
and associated transient XUV/X-ray absorption spectra was estab-
lished and applied to study the UV-induced photodissociation of
methyl iodide. Employing CASPT2 and RASSI implementations
within OpenMolcas, and excited state trajectories via surface hop-
ping implemented within SHARC, we can simulate the ultrafast
evolution of the XAS. By choosing the core-orbital manifold within
a restricted active space, limited to single-hole excitations, we
can effectively simulate the XUV/X-ray probe of valence-excited
states already treated within the complete active space formalism.
This approach has great potential for interpreting or predicting
measurements of the photo-induced dynamics of small molecules
and is especially suitable for bond breaking or photodissociative
processes.

SUPPLEMENTARY MATERIAL

See supplementary material for movie1: A FSSH trajectory of
the C–I bond breaking process. Carbon, hydrogen, and iodine atoms
are represented with cyan, white, and orange spheres, respectively.
The C–I and H–I bond lengths in angstroms are labeled.
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