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Abstract Spin—orbit coupling plays a crucial role in the
determination of molecular structure and calculation of
vibrational frequencies of CH,CII". We performed the
geometry optimizations and vibrational frequency calcu-
lations of both the lower and upper spin—orbit (SO) states
using an ab initio SO method based on multiconfigurational
wave function. The multistate complete active space per-
turbation theory second-order SO (MS-CASPT2-SO)
method reasonably describes the structures of the lower SO
state, yielding the C-I distance and the I-C—Cl angle close
to the experimental values. The geometrical parameters of
the upper SO state is quite similar to that of the lower SO
state, whereas structures of two states differ substantially
in calculations prior to the introduction of SO coupling.
The MS-CASPT2-SO method reproduces the difference
between the lower and upper SO states for the I-C-Cl
bending frequency. The vibrational frequencies calculated
by MS-CASPT2-SO generally overestimate in comparison
with the experiments. The energy gap between the two SO
states calculated by MS-CASPT2-SO is reasonably close to
the experimental value. To the best of our knowledge, this
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is the first attempt to calculate vibrational frequencies of
two SO states of CH,CI™, and the first time to apply
MS-CASPT2-SO method to the geometry optimization and
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1 Introduction

Halomethanes have served as a long-standing prototypical
molecular system for experimental and theoretical chem-
ists, since they are highly related to environmental issues
[1, 2] and useful for the understanding of photochemical
reaction mechanism. Accordingly, numerous theoretical
[3-11] and experimental [12-17] studies have been
undertaken to elucidate their electronic structure and
photodynamical characters. In addition, when a halome-
thane contains heavy halogen atom such as Br and I, the
spin—orbit coupling (SOC) may play a key role in the
interpretation of experimental results.

Recent investigation has shown that the molecular
geometries and vibrational frequencies of dihalomethane
cation are strongly affected by SOC [18-20]. The importance
of SOC,which is one of relativistic effect [21], is demon-
strated when the lower spin—orbit (SO) state of CH,CII' is
correctly elucidated by the two-component spin—orbit den-
sity functional theory (SODFT) [22] with the relativistic
effective core potential (RECP) [18, 19] only upon the
inclusion of SO terms. Especially, the bending frequency of
the I-C—Cl angle calculated by SODFT is close to the
experimental value. However, both the SODFT and the time-
dependent DFT (TDDFT) did not locate the upper SO state,
which may be considered as an SO excited state [23].
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Two-component SCF methods like Hartree—Fock (HF)
and DFT methods using the RECP well describe the SOC
in a cost-effective manner but are limited in treating the
SO excited state. In contrast, the SO ab initio methods
based on a multiconfigurational approach [24, 25] rea-
sonably work in calculations of the excited states as well as
the ground states, but additional work is required for
geometry optimization and vibrational frequency calcula-
tion due to the lack of the analytical gradient. Thus, the
latter method has been mainly used for simple diatomic
molecules to calculate the potential energy surfaces (PESs)
[26, 27] and for halomethanes to calculate PES along the
dissociation coordinate [4, 5, 9, 10]. Both approaches
provide reasonable results for the calculations of SO states.
Since the gradients and hessians can be calculated
numerically for small polyatomic molecules, geometry
optimizations and vibration frequency calculations are
possible for all SO states using the latter method. The SO
effect on the molecular structure and the shape of PES for
the SO ground state as well as the excited states can be
identified through this method. CH,CII" is an appropriate
molecule for this purpose. Moreover, the experimental
results [18, 19, 23] of CH,CII are available, so that they
can be used to assess the performance of the ab initio SO
method based on a multiconfigurational wave function for
the geometry optimizations and vibrational frequency
calculations.

In the present work, we have applied the ab initio SO
method to two SO states of CH,CII*, where a large SO
effect arises. The geometries of both SO lower and upper
states are optimized and the vibrational frequencies are also
calculated, and the results are compared with available
experimental results.

2 Computational details

The complete active space self-consistent field (CASSCF)
[28] method was used to obtain the wave functions of 2A’
and *A” states of CH,CII™. In the CASSCF calculations,
eleven electrons were distributed in ten active orbitals
(CAS(11,10)) for CH,CII". The active orbitals contain ¢
bonding orbitals of C-I and C—Cl, ¢* antibonding orbitals
of C-I and C-Cl, and nonbonding orbitals (p orbitals) of I
and Cl. The scalar relativistic effects were considered using
the second-order Douglas—Kroll-Hess (DKH2) method [29,
30]. The ANO-RCC [31] all-electron basis sets were used
for all atoms (C, (14s9p4d)/[4s3p2d]; H, (8s4p3d)/[3s2pld];
CL, (17s12p5d4f)/[5s4p2d1f]; I, (22s19p13d5£)/[7s6p4d3f]).
We used C; symmetry instead of C, symmetry, so that both
A’ and A" states can be calculated simultaneously using the
state-average CASSCF (SA-CASSCF). Subsequently, the
multistate multiconfigurational second-order perturbation
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theory (MS-CASPT2) [32] was used to consider the
dynamic electron correlation effect. The SO coupled states
were calculated using the restricted active space state
interaction with spin—orbit coupling (RASSI-SO) [25]
method with the atomic mean field integrals (AMFI) for
SOC [33]. In SO calculations, an effective one-electron
Fock-type SO Hamiltonian was used [33]. All SO coupled
states of CH,CII™ were obtained by a diagonalization of
four spin-free states, *A’, *A”, *A’, and *A”. Through these
processes, we can obtain the electronic energies of the lower
and upper SO states of CH,CII". The Molcas6.4 program
[34] was used to obtain the electronic energies of the SO
states and to optimize the geometries of two spin-free states,
A’ and *A”.

For the geometry optimizations, we developed our own
code. The Cartesian numerical gradients were calculated
using the electronic energies of the SO coupled states
obtained from the Molcas6.4 program [34]. We used the
central difference formula for the evaluation of the
numerical gradients. The central difference formula is
given by
0E 1

5.~ 2 Bl 1) — E(xi = )] (1)

where x; and & are the Cartesian nuclear coordinate and
displacement, respectively. The steepest descent algorithm
was used for the geometry optimizations. We used one-fifth
of the default values of convergence criteria in usual
quantum chemical programs as the criteria for the geom-
etry optimizations (maximum force, 0.000090 (hartree/
bohr); root-mean-square force, 0.000060 (hartree/bohr);
maximum displacement, 0.000360 (bohr); root-mean-
square displacement, 0.000240 (bohr)).

We calculated the Cartesian numerical hessians on the
optimized geometries to obtain the vibrational frequencies
of the SO states of CH,CII". The numerical hessians were
evaluated using the following formulas:

TE ~ i[E(x —h x<) — 2E(x~ x<) + E(x- +h x)}
ax,-axj h2 1 bR L) 1 v
for i=j (2)
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axl@xj %m
7E(x,' — h,xj +h) +E()C,‘ +h,xj' + ]’Z)]

for i#£j (3)

The optimal value of the displacement was 0.025 A for the
geometry optimizations and vibrational frequency calcu-
lations. A total of fifteen Cartesian nuclear coordinates were
used for CH,CIIT. We also calculated the harmonic
vibrational frequencies of the SO states of CH,CII" using
our own code.
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3 Results and discussion

CH,CII" has been generated through a removal of one
electron from neutral CH,CIL Thus, 2A’ or 2A” electronic
states appear as an unpaired electron occupying a’ or a”
orbitals, respectively, in the absence of SOC. In the pres-
ence of SOC, SOC mixes both A’ and *A”, and then
generates the lower and upper SO states. These phenomena
are well explained through simple single-point calcula-
tions. We have performed the single-point calculations
with the varying CI-C-I angle, and the calculated results
are depicted in Fig. 1. SOC increases the energy gap
between A’ and ?A” as if the two states repelled each
other. Since both states belong to the same symmetry
(*Ey5) in the double group symmetry, the energy gap
increases in the presence of SOC. We note that the mini-
mum points and shapes of PESs of the lower and upper SO
states are considerably different from those of “A’ and *A”’
states. SOC strongly affects the molecular geometries and
the vibrational frequencies, which are related to the shape
of the PES.

To identify the optimized geometrical parameters of
CH,CII™" in the absence of SOC, we performed geometry
optimizations for A’ and 2A” states using SA-CASSCF and
MS-CASPT?2, and the results are summarized in Table 1.
As can be seen in Table 1, MS-CASPT2 reasonably

reproduces the geometrical characters of A’ and *A” states
of previous B3LYP calculations [19]. For example, the C-I
distance of the A/ state is shorter than that of the A"’ state,
and MS-CASPT?2 results also follow this trend. However,
MS-CASPT2 gives the shorter C-I distance than that of
B3LYP. This trend of the C—I bond length was also reported
for CF,ICF,I [35]. The I-C—Cl angles for A’ and *A”’ states
calculated by MS-CASPT?2 are similar to those calculated
by B3LYP. From the difference between SA-CASSCF
(104.8°) and MS-CASPT2 (94.3°) I-C-Cl angles, it is
apparent that the I-C—Cl angle of the A’ state sensitively
changes by the dynamic electron correlation effect. In all
other geometrical parameters, the results of MS-CASPT2
are acceptably close to those of B3LYP. From these results
of the spin-free calculations, we conclude that the size of
basis sets and the selection of the active orbitals are
appropriate for the MS-CASPT?2 calculations.

To examine the SO effect on the molecular geometries
of CH,CII", we have performed the geometry optimiza-
tions of the lower and upper SO states and the calculated
results are summarized in Table 2. The lower SO state is
composed of 55.1% of 2A’, 44.7% of A", 0.1% of *A’, and
0.1% of *A’ state. The upper SO state is composed of
46.5% of *A’ state, 53.4% of *A”, and 0.1% of *A”. Due to
the similar contributions of the spin-free states, similar
equilibrium geometries are expected for the SO-coupled

Fig. 1 a PESs of CH,CII" 14 141
calculated by MS-CASPT2. 12 12 — SO-Lower
b PESs of CH,CII* calculated il - :A' =P
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21 21 \\
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Table 1 Optimized geometrical parameters of CH,CII™ of A’ and A" calculated by SA-CASSCF and MS-CASPT2
w/o SO A/ A
SA-CAS(11,10) MS-CASPT2 B3LYP? SA-CAS(11,10) MS-CASPT2 B3LYP?
C-1 2.277 2.157 2.187 2.307 2.223 2.243
C-Cl1 1.740 1.757 1.767 1.721 1.710 1.716
C-H 1.069 1.075 1.082 1.071 1.081 1.090
Z1CCl1 104.8 94.3 96.1 112.3 113.5 116.1
/ICH 104.0 109.1 109.6 100.3 100.6 101.0
/CICH 113.0 112.6 111.9 113.7 113.8 112.9
/HCH 116.4 116.7 115.8 114.9 113.0 111.8

4 Reference [19]
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Table 2 Optimized geometrical parameters and vibrational frequencies of the SO lower and upper states of CH,ClI*calculated by MS-

CASPT2-SO
With SO SO Lower SO Upper
MS-CASPT2-SO SODFT* (B3LYP) Exp.a‘h MS-CASPT2-SO Exp.©
C-1 2217 2.242 2.191 £ 0.003 2.223 -
C-Cl 1.723 1.738 1.745 + 0.002 1.719 -
C-H 1.078 1.084 - 1.079 -
Z1CCl1 108.0 106.0 107.09 + 0.09 109.0 -
/ICH 103.1 104.9 106.43 £+ 0.12 102.5 -
Z/CICH 113.3 112.7 - 113.5 -
/HCH 114.6 114.5 - 114.5 -
C-H symm. stretch 3,144 3,106 - 3,136 -
CH, scissoring 1,436 1,420 1,385 1,431 1,398
CH, wagging 1,208 1,175 1,164 1,204 1,133
C—ClI stretch 781 747 767 786 793
C-I stretch 422 419 408 422 371
I-C—Cl bending 131 112 114 161 144
C-H asymm. stretch 3,247 3,206 - 3,237 -
CH, twisting 1,086 1,089 1,072 1,066 -
CH,; rocking 779 791 - 748 -

4 Reference [19]
b Reference [18]
¢ Reference [23]

states. The MS-CASPT2-SO method reasonably describes
the characters of the lower SO state, in particular the I-C—
Cl angle. Spectral fitting result for the I-C—Cl angle is
107.09 £ 0.09 [20], and the DFT and MS-CASPT2 cannot
provide correct results for the I-C—Cl angle without con-
sidering SOC. On the other hand, the MS-CASPT2-SO
method gives correct result (108.0°) for the [-C—Cl angle,
in good agreement with the experimental value. MS-
CASPT2-SO slightly overestimates and underestimates the
C-I and C-CI bond lengths, respectively. However, in the
C-I distance, MS-CASPT2-SO method gives better results
than SODFT. The geometrical parameters of the lower SO
state calculated by MS-CASPT2-SO are generally similar
to those calculated by SODFT. In the case of the upper SO
state, there exist neither experimental nor calculated values
for the molecular structure. We expect that the MS-CAS-
PT2-SO method would also provide reasonable description
of the upper SO state of CH,CII", because the lower SO
state is accurately described by the MS-CASPT2-SO
method. As shown in Table 2, the optimized molecular
structure of the upper SO state is similar to that of the
lower SO state. The C-I distance of the upper SO state is
slightly longer than that of the lower SO state, whereas the
opposite result is obtained for the C—Cl distance. The I-C-
Cl and I-C-H angles of the upper SO state are slightly
larger and smaller than those of the lower SO state,
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respectively. Other geometrical parameters of the upper SO
state are quite similar to those of the lower SO state.

We have performed the harmonic vibrational frequency
calculations on the optimized structures of the lower and
upper SO states and the results are summarized in Table 2.
As can be seen in Table 2, MS-CASPT2-SO slightly
overestimates the vibrational frequencies for the lower SO
state compared with the experimental values. The results
for the lower SO state calculated by SODFT are generally
closer to the experiment, but in some values such as the
C-CI stretching and CH, twisting frequencies, MS-CAS-
PT2-SO provides better results than SODFT. In the upper
SO state, MS-CASPT2-SO overestimates the vibrational
frequencies but reproduces the trend between the lower and
upper SO state for the I-C—Cl bending frequency. The
experimental value for the [-C—Cl bending frequency of
the lower SO state (114 cm™ ") is smaller than that of the
upper SO state (144 cm™"). The calculated results by MS-
CASPT2-SO follow this trend well, and the difference
(161 — 131 = 30 cm ™) is in excellent agreement with the
experiment (144 — 114 = 30 cm™"). In all other frequen-
cies, calculated frequencies for the two SO states are much
closer than those of experiments. The source for this dis-
crepancy is not clear at the moment. Some error might have
been caused by numerical evaluation of the gradients and
hessians and even more errors by incomplete treatment of
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higher-order SO and electron correlation effects. Since the
MS-CASPT2-SO method overestimates the vibrational
frequencies for all modes of the lower SO state as shown in
Table 2, employing a proper scale factor would improve
the overall agreement with the experimental values. This
adjustment still would not change the closeness between
calculated frequencies of the two SO states compared with
experimental ones.

The energy gap between the two SO states calculated by
MS-CASPT2-SO is 0.6229 eV. This value is reasonably
close to that of experiment (0.5539 %+ 0.0012 eV) [23]
obtained by MATI spectrometry. We might conclude that
MS-CASPT2-SO method of the present study also effec-
tively describes the energetics induced by SOC.

To the best of our knowledge, this is the first time to
apply MS-CASPT2-SO method to the geometry optimi-
zation and vibrational frequency calculation of polyatomic
molecule. This method can also be applied to determine
molecular structures and vibrational frequencies of other
polyatomic molecules, where SOC plays a crucial role.

4 Conclusions

The molecular structures and vibrational frequencies of
both lower and upper SO states of CH,CII™" are calculated
using the MS-CASPT2-SO method. The two states are
structurally very similar since both of them have almost
equal contributions of two spin-free states 1 A’ and 1 A"’
MS-CASPT2-SO calculations reasonably describe the
characters of the lower SO state and gives the results that
are similar to the previous SODFT results. For the C-I
distance, MS-CASPT2-SO provides better results than
SODFT. MS-CASPT2-SO reproduces the difference
between the lower and upper SO state for the [I-C-Cl
bending frequency. The vibrational frequencies calculated
by MS-CASPT2-SO are generally overestimated. The
energy gap between the two SO states calculated by MS-
CASPT2-SO is reasonably close to the experimental value.
TheMS-CASPT2-SO method seems to effectively work in
the determination of the molecular structure, calculation of
the vibrational frequency, and estimation of the energy gap
between two SO states of CH,CII". We hope that this
method applies to other molecular systems where SOC
plays a crucial role in calculations of molecular properties.
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