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A B S T R A C T

The CH3I molecule serves as an important model system in photochemistry. The photoionization usually includes the laser-molecule interaction and ionization
process. Theoretical simulations of the laser-induced ionization process are, however, difficult due to multi-electrons involved. In this work, the ionization process of
CH3I is studied based on the Frank-Condon principle. Three two-dimensional potential energy surfaces along the CeI bond length and the HeCeI umbrella angle are
constructed for the ground electronic state of CH3I and the ground and first excited states of CH3I+, with internally contracted multireference configuration
interaction method and the aug-cc-pVTZ basis set used for the atoms C and H and the aug-cc-pvtz-pp basis set for the atom I. The vibrational frequencies of the CeI
stretching mode and the umbrella mode of CH3 are calculated for both CH3I and CH3I+, and are consistent with the experimental measurements. Furthermore, based
on the Ammosov-Delone-Krainov ionization model, dynamics calculations are carried out to simulate ionization process induced by R-selective depletion mechanism
and the vibrational wave packet motion on CH3I+ PESs.

1. Introduction

Methyl iodide is a prototypical system for understanding polyatomic
molecular photodissociation dynamics. Much work has been done on
the spectroscopy and photochemistry of CH3I due to its importance in
industry and environment [1–8]. Aside from the extensive studies on
the photodissociation dynamics of CH3I and its isotopomers, the pho-
toionization dynamics of CH3I and the subsequent photodissociation of
CH3I+ has also attracted particular attention since the first high re-
solution photodissociation spectrum was reported by McGilvery and
Morrison [9]. The CH3I+ exhibits a strong absorption in the visible
band of the spectrum corresponding to the formation of CH3

+, thus
making it a good candidate for studying ion photodissociation. On the
other hand, spin-orbit interaction, vibronic interaction and Coriolis
effect are expected to affect its rotational structure [10]. Besides, me-
thyl iodide and its cation have been proven to be an excellent system for
the demonstration of new experimental techniques [11–19].

The photodissociation mechanism of CH3I+ is still unclear although
many experimental studies focus on the photodissociation of low-lying
excited states jumping from the ground electronic state [16–18]. Goss
et al. [13,14] determined the vibrational frequencies of CH3I+ by
analyzing the photodissociation spectra for the A2A1→ X2E3/2 transi-
tion. Chupka and his co-workers [20] measured the photodissociation
spectra and determined the dissociation threshold for the methyl cation
and the iodine cation. The dissociation pathways and the associated
dissociated fragments of CH3I+ were examined by Locht et al. [21]

using two distinct setups experimentally [22,23] and DFT calculations
theoretically. Merkt and his co-workers [24,25] reported a high-re-
solution photoelectron spectroscopic study of the combined Jahn–Teller
and spin–orbit interactions in the methyl iodide cation using a vacuum
ultraviolet (VUV) laser source with a bandwidth of 0.008 cm−1. Very
recently, Poullain et al. [26] performed a combined experimental and
theoretical study of the photodissociation of CH3I+. A velocity map
imaging (VMI) technique incorporated with nanosecond laser pulses
was employed to explore the one-color and two-color photodissociation
dynamics of CH3I+. The measured translational energy distributions for
the CH3

+ and I+ ions indicate two different dissociation processes.
Meanwhile, theoretical calculations were carried out using multi-
reference method considering single and double excitations from
CASSCF wavefunctions (MRCISD). The relativistic correction and spin-
orbit (SO) coupling were also taken into account in their calculations.
The Boltzmann-type unstructured distribution at low energies as well as
a recoiled narrow structure at higher energies observed in the experi-
ment were all explained by the direct and indirect dissociation on a
repulsive state from manifold of state.

Very recently, Loh’s and our groups [27] cooperatively studied vi-
brational wave packet generation mechanism in neutral CH3I and
multimode coherent vibrational motion in cationic CH3I+. Thanks to
the exquisite sensitivity of femtosecond extreme ultraviolet absorption
spectroscopy to sub-picometer structural changes, both R-selective de-
pletion and bond softening-induced vibrational wave packets were
observed. As signatures of coherent vibrational motion in the time-
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dependent spectra provide vibronic coupling strengths involving core-
level transitions, the geometrical parameters of transient core-excited
states were determined.

This work reported the theoretical studies of CH3I+ and CH3I with
multi-reference configuration interaction. Three two-dimensional po-
tential energy surfaces (PESs) describing the ground electronic state of
CH3I and the ground and first excited electronic states of CH3I+ along
the CeI stretching and HeCeI umbrella modes will be constructed
using the neural network method, in which the ab initio energies are
calculated at the level of MRCI+Q. Dynamics calculations will be
performed to simulate the vibrational wave packet motion induced by
the R-selective depletion mechanism. The remainder of the paper is
organized as follows. Section 2 outlines briefly the methodology. The
results and discussion are presented in Section 3, followed by conclu-
sions in Section 4.

2. Theory

2.1. Potential energy surface

The ab initio calculations are carried out with state-averaged com-
plete active space self-consistent field (SA-CASSCF) and internally
contracted multireference configuration interaction method with the
Davidson correction (MRCI+Q) [28,29] and the augmented correla-
tion-consistent polarized valence triple zeta basis set (aug-cc-pVTZ) is
employed for the atoms C and H and the relativistic effective core po-
tentials (RECP) basis aug-cc-pvtz-pp for the atom I, using the MOLPRO
2010.1 program package [3,28,31]. The active space considered in this
study contains five electrons and four molecular orbitals: σ-bonding, σ-
antibonding and 5px/5py orbitals of iodine atom. Six electronic states
are included in SA-CASSCF calculations with equal weight for both
neutral CH3I and cationic CH3I+. Test calculations show that including
six electronic states could produce smooth potential energy curves. In
addition, the spin-orbit eigenstates are obtained by diagonalizing the
full Breit-Pauli Hamiltonian ̂ ̂+H Hel SO in the basis of eigenfunctions of

̂H el.
To construct the two-dimensional (2D) potential energy surface, the

ab initio points are sampled by a two-dimensional grid. The HeCeI
angle is taken from 60°to 135°with an interval of 5°and the bond length
CeI is selected from 1.6 to 25.0 Å with an uneven internal, yielding
4226 points. After truncating the energy to 5.7 eV for the ground state
and 3.0 eV for the first-excited state with respect to the global minimum
of CH3I+, a total of 3601 points and 1925 points are retained to con-
struct the PES of the ground state and the first-excited state, respec-
tively. The three 2D PESs are fitted independently. The robust neural-
network (NN) method is employed in the fitting [32]. In each NN fit-
ting, the dataset is divided randomly into two sets, namely the training
(95%) and validation (5%) sets. The training data is then fitted by
backward propagation neural network with the Levenberg-Marquardt
algorithm. The structure of the neural network is 2-20-20-1, which
contains 2 internal coordinates as input, 20 and 20 neurons in two
hidden layers, and 1 output of potential energy. The inputs in the NN
fitting are taken as the bond length CeI R and the HeCeI angle θ . The
root mean squared errors of the three PESs are 2.86, 2.74 and 2.68meV
for the ground state of CH3I, the ground and first excited states of
CH3I+.

2.2. Quantum dynamics

In the two-dimensional model, the CH3 moiety in CH3I+ is assumed
to keep C3V symmetry. The coordinates R is the bond length of CeI is
denoted as and the angle of HeCeI is denoted as θ . The two-dimen-
sional ADK Hamiltonian in the coordinates (R, θ) is expressed as:
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where μR is the reduced mass of CH3I+. μx and μs are the reduced
masses of H3 and CH3, respectively. ρ is the bond length of C-H, which is
fixed at 1.082 Å, corresponding to the equilibrium geometry of CH3I+.
The vibrational energies of CH3I and CH3I+ on the ground and/or first
excited electronic states are obtained by diagonalizing the 2D
Hamiltonian on their individual PESs.

The time-dependent wave function is expanded as

∑=ψ R θ t a t Q R Q θ( , ; ) ( ) ( ) ( ),
n m

n m n m
,

,
R θ

R θ R θ
(2)

where a t( )n m,R θ are time-dependent coefficients. nR and mθ are the la-
bels for basis functions of R and θ, respectively. Q R( )nR and Q θ( )mθ are
sine basis functions.

The wave function is propagated using the split-operator method,

̂ ̂ ̂+ = − − −ψ t e e e ψ t( Δ) ( ),iT iV iTΔ/2 Δ Δ/2 (3)

in which the total Hamiltonian is split into two terms as ̂ ̂ ̂= +H T V .
The time-evolution of the CeI bond distance R and the umbrella

angle θ is defined as
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Since the R-selective depletion mechanism is simulated in this work,
the Ammosov- Delone-Krainov (ADK) ionization rates [33] are em-
ployed to deplete the wave functions of the neutral CH3I. It should be a
good approximation considering that ionization involving the lone-pair
electrons of iodine with predominantly atomic 5p character. The ioni-
zation rate is given by

=

× −

− −
∗

∗( ) ( )
( )

W R θ r t

C f l m E R θ E R θ

E R θ

( , , ; )

41.34 ( , ) ( , ) (2 ( , ))

exp (2 ( , )) ,

n l
F r t

π E R θ F r t

n m

F r t

2 3 ( , )
(2 ( , ))

1 2 2
( , )

3/2
2 | | 1

2
3 ( , )

3/2

3/2

(5)

where the factor C and F are given by
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in which = =me 2.71828, 0 and =l 0. F r t( , ) is the electronic of the
laser and expressed as
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E R θ( , ) is the ionization potential and defined as

= −+E R θ V R θ V R θ( , ) ( , ) ( , ),CH I CH I3 3 (9)

in which +V R θ( , )CH I3 and V R θ( , )CH I3 are the potential energies of the
ground electronic states of the cationic CH3I+ and the neutral CH3I,
respectively. Then, the effective principle quantum number can be
obtained by

=∗n Z E R θ/ 2 ( , ) , (10)

where Z is the charge of CH3I+ and taken as+ 1.
The initial wave packet is constructed as the product of the eigen-

function of the neutral CH3I and the square root of the ionization
fraction:
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where i denotes the ith eigenstate of CH3I. The ionization fraction f is
calculated by
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In the calculation, 80 sine discrete variable representation (DVR)
basis/grids are used for the CeH bond coordinate R in a range from 3.5
to 5.5 a0 and 240 sine DVR basis/grids for the HeCeI umbrella angle θ
ranging from 50° to 140°.

3. Results and discussion

The equilibrium geometry of CH3I+ in the ground electronic state is
optimized by both MRCI and UCCSD(T) methods. Table 1 shows the
calculated equilibrium geometry, together with some available experi-
mental and theoretical results for comparison. It be can see that the
UCCSD(T) results agree well with the MRCI values, with the bond-
distance difference less than 0.02 Å and the angle difference less than
0.5°. And these values are all in good accord with the corresponding
experimental measurements [34]. Interestingly, the DFT calculations
performed by Bae et al. [34] give nearly the same values as the MRCI
calculations. The MP2 method [26], by happy coincidence, predicts the
closest CeI bond distance to the experimental value. The equilibrium
geometry of CH3I+ in the first excited electronic state is also optimized
by the MRCI method. Again, the MRCI values are in good agreement
with the SODFT results [34]. They are both close to the experimental
measurements, although the conformity is not as good as for the ground
state.

The one-dimensional potential energy curves of several low-lying
electronic states of CH3I+ along the CeI bond length are shown in
Fig. 1 with the other coordinates relaxed. The vertical ionization energy
of CH3I from the ground state of CH3I is determined to be 9.50 eV to the
ground electronic state of CH3I+ and 12.33 eV to the first excited
electronic state of CH3I+. These values are compared with other
available experimental and theoretical results in Table 2. The agree-
ment is good for the ground electronic state of CH3I+ and becomes a
little bit worse but acceptable for the first excited electronic state.
Table 2 also displays the dissociation energies of CH3I+ to the dis-
sociation channels CH3

++ I(2P3/2) and CH3+ I+(3P2), which are in
accord with the experimental values [35].

The CeI stretching and umbrella modes are the two most important
motions of CH3I and CH3I+ . Here three two-dimensional PESs are
constructed to for the ground electronic state of neutral CH3I and the
ground and first excited electronic states of CH3I+. The aforementioned

two-dimensional Hamiltonian is then used to solve the bound state of
with the three PESs. Table 3 shows the calculated frequencies. The
theoretical frequencies are in reasonable agreement with the experi-
mental values, with the largest difference being 99 cm−1 for the um-
brella mode in the ground state of CH3I+. It appears that the new PESs
describe better the CeI stretching motion than the umbrella motion.

To simulate the vibrational wave packet launched by R-selective
depletion, the ADK model is employed to calculate the ionization rate.
At the experimental temperature of 353 K, the neutral CH3I mainly
populates in its first four eigenstates, the ground state, the fundamental
and first overtone of the CeH stretching mode, the fundamental of the
umbrella mode, with respective Boltzmann weight of 0.8822, 0.0979,
0.0111 and 0.0038. Fig. 2(a–d) show the time-evolution of the ex-
pectation values of the CeI bond distance R and the umbrella angle θ
from the four eigenstates. It can be seen that for each state the vibra-
tional wave packet is launched from the minimum value of R and the
maximum value of θ . Thus, 〈R(t)〉 initially evolves towards larger CeI
bond distance and 〈θ(t)〉 evolves towards smaller CeHeI umbrella
angle. The results here are in sharp contrast the experimental ob-
servations, in which the wave packet is launched from the outer turning
point, i.e. 〈R(t= 0)〉 is a maximum. It should be noted that the initial
state of CH3I in the experiment is a mixed state, not a pure state as has
been done in the calculation. As aforementioned, the first four states of
CH3I all have nonnegligible populations at 353 K. However, it is in-
feasible to determine the phase difference among the four states under
the current theoretical framework.

4. Conclusions

In this work, three two-dimensional potential energy surfaces along
the CeI bond length and the HeCeI umbrella angle, describing the

Table 1
Equilibrium geometries of the ground and first excited electronic state of CH3I+.

RCeI/Å RCeH/Å AHeCeI/degrees

CH3I+(X2E3/2) DFT/B3LYP/aug-cc-Pvtz [34] 2.169 1.082 107.7
MP2 [26] 2.133 1.077 107.6
Exp. [34] 2.126 ± 0.002 1.091 ± 0.002 108.3 ± 0.3
MRCIa 2.170 1.082 107.7
UCCSD(T)a 2.154 1.088 107.2

CH3I+(A2A1) SODFT/B3LYP/aug-cc-pVTZ [34] SODFT 2.180 1.086 105.6
Exp. [34] 2.503 ± 0.015 1.072 ± 0.009 98.2 ± 3.7
MRCIa 2.162 – 105.2

a This work, the basis set is C,H=avtz; I= avtz-pp.

Fig. 1. Potential energy curves of several low-lying states of CH3I+ along the
dissociation coordinate of CeI.
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ground electronic state of CH3I and the ground and first excited elec-
tronic states of CH3I+, have been constructed using the neural network
method. The ab initio energies were calculated at the level of the
Davidson corrected internally contracted multireference configuration
interaction (MRCI+Q) with the aug-cc-pVTZ basis set for the atoms C
and H and the aug-cc-pvtz-pp basis set for the atom I. The calculated
ionization energy of CH3I+ and the dissociation energies to the dis-
sociation products CH3

++ I(2P3/2) and CH3+ I+(3P2) agree well with
the available experimental results. In addition, the fundamental fre-
quencies of the umbrella mode and the CeI stretching mode on the
ground electronic state of CH3I and the ground and first excited state of
CH3I+ are in good consistent with experimental measurements, in-
dicating a high accuracy of the newly constructed potential energy
surfaces.

Table 2
Ionization energy of the ground state of CH3I+ without spin-orbit coupling and dissociation energies of CH3I+ with spin-orbit coupling. DE1 corresponds to the
dissociation products CH3

++ I(2P3/2) and DE2 to the dissociation products CH3+ I+(3P2). CH3
+ and CH3 are both in their ground states.

IE/eV DE1/eV DE2/eV

X2E3/2 A2A1 CH3
++ I(2P3/2) CH3+ I+(3P2)

ADC(3) [36] 9.48 12.36 CCSD(FC)/DGP [21] 2.45 3.05
Exp. [11] 9.540 ± 0.004 11.949 ± 0.007 CASPT2 [26] 3.00 3.18
Exp. [37] 9.5386 ± 0.0006 – Exp. [35] 2.64 3.36
Exp. [21] 9.543 ± 0.005 – This work 2.84 3.52
Exp. [38] 9.48 ± 0.03 –
This work 9.50 12.33

Table 3
Comparison of the computational and experimental energies (in cm−1) of the
umbrella and CeI stretching modes of CH3I and CH3I+. The theoretical energies
are obtained on the corresponding two-dimensional PESs.

CH3I (ground state) Calc. Exp. [39]

Umbrella 1281 1252
CeI stretching 538 533
CH3I+ (ground state) Calc. Exp. [39]
Umbrella 1356 1257
CeI stretching 492 480
CH3I+ (first excited state) Calc. Exp. [39]
Umbrella 1264 1192
CeI stretching 312 294

Fig. 2. Time-evolution of the vibrational wave packet induced by R-selective depletion along the CeI bond distance R and the umbrella angle θ . The vibrational
wave packet is generated by the strong-field ionization of the state (n1, n2) of CH3I. The two quantum numbers n1 and n2 in the bracket denote excitations in the CeH
stretching mode and the umbrella mode.
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