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The importance of including spin-orbit interactions for the correct description of structures and vibrational

frequencies of haloiodomethanes is demonstrated by density functional theory calculations with spin-orbit

relativistic effective core potentials (SO-DFT). The vibrational frequencies and the molecular geometries

obtained by SO-DFT calculations do not match with the experimental results as well as for other cations

without significant relativistic effects. In this sense, the present data can be considered as a guideline in the

development of the relativistic quantum chemical methods. The influence of spin-orbit effects on the bending

frequency of the cation could well be recognized by comparing the experimental and calculated results for

CH2BrI and CH2ClI cations. Spin-orbit effects on the geometries and vibrational frequencies of CH2XI (X=F,

Cl, Br, and I) neutral are negligible except that C-I bond lengths of haloiodomethane neutral is slightly

increased by the inclusion of spin-orbit effects. The 2A' and 2A'' states were found in the cations of

haloiodomethanes and mix due to the spin-orbit interactions and generate two 2E1/2 fine-structure states. The

geometries of CH2XI
+ (X=F and Cl) from SO-DFT calculations are roughly in the middle of two cation

geometries from DFT calculations since two cation states of CH2XI (X=F and Cl) from DFT calculations are

energetically close enough to mix two cation states. The geometries of CH2XI
+ (X=Br and I) from SO-DFT

calculations are close to that of the most stable cation from DFT calculations since two cation states of CH2XI

(X=Br and I) from DFT calculations are energetically well separated near the fine-structure state minimum.
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Introduction

Quantum chemical calculations could provide results

comparable to experimental measurements in many instances,

but still need improvement in the accuracy and reliability.

One such direction is the inclusion of spin-orbit interactions

in Hamiltonian. The importance of relativity for the descrip-

tion of heavy elements is well recognized,1-3 and the spin-

orbit interaction is present in the relativistic formalism based

upon Dirac operator for the electron. Spin-orbit and other

relativistic effects required for the accurate description of

valence states of molecules containing heavy elements can

be represented as two-component relativistic effective core

potentials (RECPs) derived from Dirac-Coulomb Hamiltonian

based all-electron calculations of atoms.4 Scalar relativistic

effects are routinely included in electronic-structure calcu-

lations through the use of RECPs, but spin–orbit interactions

are usually omitted when deriving optimized structures

partly because of the assumption that their influence on the

molecular structures is negligible and partly due to compu-

tational difficulties.5,6 Even when spin–orbit terms are avai-

lable in RECPs, the usual treatment involves perturbational

inclusion of these terms after the variational determination

of orbitals and structures. Quantum chemical calculations

employing RECPs with spin–orbit operators from the beginn-

ing of ab initio calculations have been available.7,8 Spin–

orbit density functional theory (SO-DFT) method available

in NWCHEM is particularly useful for the present purpose

of demonstrating spin–orbit effects on geometries since the

structures can be optimized with both spin–orbit interactions

and electron correlations included.9,10 Relativistic effects on

geometries of molecules containing heavy elements can be

comparable or larger than electron correlation effects and

make an unexpected shape to be a local minimum. We found

this influence of spin-orbit interactions on the geometry for

polyhalomethanes CH2ClI
+ and CH2BrI+ cations in collabo-

rations with the group of Prof. M. S. Kim.11-13

Polyhalomethanes have been of considerable interest in

relation to ozone depletion in the atmosphere.14-16 The photo-

chemistry of iodine containing polyhalomethanes such as

CH2ClI, CH2BrI, and CH2I2 have been actively investigated

in this context for the role in the ozone depletion in the

troposphere,15,17,18 and also from the point of view of fund-

amental science for the importance of these molecules as

prototypes of the reaction control via electronic state selec-

tion.19-21 Another important aspect in the fundamental study

of these iodine containing molecules is the extent of the

influence of relativistic effects on their structures and mole-

cular properties.11,12 A conventional approach to handle this

effect in the electronic structure calculation is to adopt

RECPs for heavy elements. Spin-orbit interaction is usually

omitted as noted above. The same approach is generally

adopted to analyze the results from the photoelectron spectro-
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scopy (PES) which provides low resolution spectroscopic

data for cations.22,23 Zero kinetic energy (ZEKE) photoelec-

tron spectroscopy24,25 and mass-analyzed threshold ioni-

zation (MATI) spectroscopy26 are offspring of PES and pro-

vide much higher resolution spectroscopic data for cations.

The vibrational spectra of the halomethane cations have

been recorded using the MATI spectrometry.11-13 SO-DFT

calculations for spectroscopic constants of mixed dihalo-

methanes have been performed using shape-consistent RECPs

with effective one-electron spin-orbit operator to confirm

and improve the phenomenological assignments. 

In order to generalize and understand interesting spin-orbit

effects obtained for CH2ClI
+ and CH2BrI

+, we extend the

study to include CH2FI
+ and CH2I2

+. The vibrational frequ-

encies of CH2XI (X=F, Cl, Br, and I) neutral and cation were

obtained from SO-DFT calculations. The shapes and energy

levels of molecular orbitals from DFT calculations and the

energy levels of molecular spinors from SO-DFT calcu-

lations were analyzed to reveal the origin of characteristic

spin-orbit effects on the X-C-I bond angle.

Computational Details

Optimized molecular geometries of haloiodomethane CH2XI

neutral and cation (X=F, Cl, Br, and I) were calculated at the

DFT level of theory employing RECPs including spin-orbit

terms. The RECP employed for the present calculations is

expressed by the following form within the framework

originated from Lee et al.,27

(1)

where  represents a two-component projection

operator. Molecular spinors which are obtained as one-

electron wave functions of the Hamiltonian containing the

above RECP have two components. The RECP, UREP which

is referred to SOREP here can be expressed as the sum of the

scalar relativistic effective core potential (AREP), UAREP,

and the effective one-electron spin-orbit operator,28 USO, as

(2)

Values calculated with AREP include scalar relativistic

effects, and those with SOREP contain spin-orbit effects as

well as scalar relativistic effects. The spin-orbit effects (ΔSO)

are defined as the difference between AREP and SOREP

values calculated with the same basis set at a given level of

theory.

SO-DFT calculations were done for the CH2XI (X=F, Cl,

Br, and I) neutral and cation in the ground electronic state

with the B3LYP29 (Becke's three parameter hybrid func-

tional30 with the Lee-Yang-Parr correlation functional31)

functional using NWCHEM.9,10 RECPs with the effective

spin-orbit potentials and the basis sets for the valence shell

reported by Christiansen and coworkers32,33 were used for

halogen atoms. To this basis set of F, Cl, Br, and I, the

diffuse and polarization functions reported by Lee et al.5

were added to make halogen basis sets consistent with the

large basis sets used for other atoms as shown in Table 1.

AREP and SOREP calculations were performed to observe

the magnitude of spin-orbit effects. The step size in the cal-

culation of the numerical Hessian was optimized to produce

reliable vibrational frequencies. Equilibrium geometries and

vibrational frequencies of the neutral and the cation were

calculated.

Six sets of DFT calculations were performed for CH2ClI

to test the effects of the type of functionals. The applied

hybrid functionals were B3LYP,29 ACM30 (Becke’s adiabatic

connection method, also known as B3PW91) and PBE034,35

(Perdew-Burke-Ernzerhof parameter-free functional) func-

tionals. Additional DFT calculations use local density approxi-

mation (LDA), generalized gradient approximation (GGA),

and hybrid meta-GGA (HMGGA) of the exchange-corre-

lation functionals to gauge the reliability of the hybrid func-

tionals. The applied LDA and GGA functionals are SVWN5

(Slater exchange36 and Vosko-Wilk-Nusair correlation func-

tional (VWN)37), BP86 (Becke exchange38 and Perdew

correlation functional39), respectively. The applied HMGGA

functionals is M0540 (Minnesota 2005). It is noted that RECPs

used here are all generated using relativistic HF results and

may introduce some inconsistency when used with DFT

methods. We assume this error to be small enough at least

for the purposes of the present study.

Results and Discussion

Test Calculations for CH2ClI. DFT calculations with

several functionals were performed for CH2ClI and optimized

geometrical parameters are listed in Table 2. There are the

functional dependencies on the bond lengths of CH2ClI

neutral, while that on the bond angles are small as shown in

Table 2. Spin-orbit effects on the geometries of CH2ClI neutral

are negligible except on the C-I bond lengths for which spin-

orbit effects slightly increase the bond length. The most

pronounced discrepancy from experimental geometrical para-

meters is the C-I bond length. All calculated C-I bond
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Table 1. Basis sets and RECPs used in the SO-DFT calculations
with the B3LYP functionala

set
RECP basis set

halogen atom (X) halogen atom (X) other atoms

1

7 VE CRENBL
RECP for F

7 VE CRENBL
RECP for Cl

17 VE CRENBL
RECP for Br

17 VE CRENBL
RECP for I

4s4p3d2f

basis set for F
4s4p3d2f

basis set for Cl
4s4p6d2f

basis set for Br
4s4p6d2f

basis set for I

aug-cc-pVTZ

aRECPs and basis sets used for halogen atoms are in Refs. 32 and 33 and
spin-orbit terms in the same references were used when needed.
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lengths of CH2ClI from DFT and SO-DFT calculations are

overestimated compared to the experimental ones. The C-I

bond lengths of CH2ClI from HF and SO-HF calculations

are closer to the experimental one. The C-I bond lengths of

CH2ClI from DFT calculations have rather small variation

with the class of the functional employed among LDA,

GGA and HGGA. LDA yields shortest one followed by

HGGA and then GGA. Roughly speaking, the C-I bond

lengths of CH2ClI from DFT calculations with functionals

including HF exchange contribution, which are hybrid func-

tionals, are indirectly proportional to the amount of the HF

exchange contribution to the functionals. The C-I bond

lengths of CH2ClI from DFT calculations with functionals

including HF exchange contribution are 2.181 (B3LYP with

20% HF exchange), 2.163 (ACM or B3PW91 with 20% HF

exchange), 2.154 (PBE0 with 25% HF exchange), 2.152

Table 2. Geometries of CH2ClI neutral in the ground electronic state without (w/o) and with (w/) spin-orbit effects
a

Method
bond length (Å) bond angle (°)

C−Cl C−I C−H Cl−C−I Cl−C−H I−C−H H−C−H

exp.b 1.774 2.137 1.062 112.5 108.4 108.3 111.0

HF w/o 1.760 2.139 1.072 113.9 108.8 106.8 111.9

w/ 1.760 2.142 1.072 113.9 108.8 106.7 111.9

SVWN5 w/o 1.758 2.154 1.095 114.2 109.1 106.3 111.7

w/ 1.757 2.159 1.095 113.9 109.2 106.5 111.6

BP86 w/o 1.782 2.191 1.091 114.4 108.7 106.5 112.1

w/ 1.781 2.197 1.091 114.4 108.8 106.3 112.2

B3LYP w/o 1.778 2.181 1.081 114.4 108.6 106.6 112.1

w/ 1.777 2.187 1.081 114.4 108.7 106.6 112.0

ACM w/o 1.766 2.163 1.083 114.3 108.8 106.6 111.8

w/ 1.765 2.168 1.083 114.3 108.9 106.5 111.8

PBE0 w/o 1.759 2.154 1.084 114.2 108.9 106.6 111.7

w/ 1.760 2.157 1.084 114.0 108.9 106.7 111.6

M05 w/o 1.765 2.152 1.083 114.7 108.6 106.9 111.2

w/ 1.765 2.156 1.083 114.7 108.6 106.9 111.3
aThe set 1 basis sets and RECPs in Table 1 were used. bMicrowave spectroscopic data from Ref.42

Table 3. Geometries of CH2ClI cation in the ground electronic state without (w/o) and with (w/) spin-orbit effects
a

Method
bond length (Å) bond angle (°)

C−Cl C−I C−H Cl−C−I Cl−C−H I−C−H H−C−H

HF 2A′ 1.713 2.267 1.073 106.8 113.5 102.8 115.7
2A″ 1.701 2.283 1.075 112.4 114.0 100.1 114.4
2E1/2 1.707 2.278 1.073 110.0 113.8 101.3 115.0

SVWN5 2A′ 1.761 2.144 1.096 93.1 111.9 110.1 115.7
2A″ 1.711 2.141 1.111 119.5 111.1 103.8 106.5
2E1/2 1.751 2.156 1.097 97.5 112.2 109.4 114.8

BP86 2A′ 1.779 2.188 1.092 94.9 111.7 110.2 116.1
2A″ 1.726 2.198 1.104 118.7 111.4 102.6 109.2
2E1/2 1.765 2.207 1.093 99.8 112.1 108.2 115.3

B3LYP 2A′ 1.767 2.187 1.082 96.1 111.9 109.7 115.8
2A″ 1.715 2.245 1.090 116.1 113.1 101.0 111.6
2E1/2 1.738 2.242 1.084 106.0 112.7 104.9 114.5

ACM 2A′ 1.760 2.161 1.084 94.8 112.0 110.2 115.7
2A″ 1.710 2.205 1.093 116.3 112.9 101.5 110.7
2E1/2 1.744 2.187 1.085 101.0 112.4 107.6 114.7

PBE0 2A′ 1.755 2.151 1.085 94.5 112.0 110.3 115.7
2A″ 1.707 2.194 1.093 115.8 113.0 101.6 110.7
2E1/2 1.741 2.174 1.086 100.1 112.4 108.0 114.7

M05 2A′ 1.760 2.144 1.083 94.1 111.8 110.9 115.4
2A″ 1.714 2.164 1.093 117.2 112.2 102.5 109.2
2E1/2 1.748 2.163 1.084 99.3 112.1 108.8 114.6

aThe set 1 basis sets and RECPs in Table 1 were used.
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(M05 with 28% HF exchange), and 2.151 (BHLYP with

50% HF exchange). The hybrid functional with the larger

HF exchange results in the shorter C-I bond length and

closer to experimental one. The vibrational frequencies of

CH2ClI neutral from DFT calculations with hybrid func-

tional are overestimated compared to experimental ones.

Since HF results for energies and vibrational frequencies are

not reliable, we may select DFT and hybrid functionals

among DFT as the method of choice for chloroiodomethane.

Two stationary states, 2A' and 2A'', of the chloroiodometh-

ane cation corresponding to removal of HOMO−1 a' and

HOMO a'', respectively, from the neutral molecule can be

obtained in AREP-HF and AREP-DFT calculations. The

optimized structures of the two cation states indicate that

structural change from the neural one is larger for the 2A'

state than for the 2A'' state, It appears that antibonding

interaction for the a' orbital is larger than that in the a''

orbital as can be seen in Figure 1. Reflecting this larger

geometry changes, the most stable cation of CH2ClI is the
2A' state generated by removal of an electron from the second

highest occupied a' orbital (Fig. 1). Qualtitative changes

from neutral to the two cation states in Table 3 are essenti-

ally similar for all methods. One exception is the C-I bond

length. HF gives longer bond lengths for cation states while

LDA and GGA produce shorter ones for the cation states. It

appears that electron correlations shorten the C-I bond

lengths, which is also observed in all-electron calculations.41

It is noted that this trend is opposite to that in the neutral.

The 2A' and 2A'' states mix due to the spin-orbit interactions

and generate two 2E1/2 fine-structure states. The energy

differences of two cation states from AREP calculations for

CH2ClI
+ is about 1200 cm−1. Energetically close two states

of chloroiodomethane cation mix substantially to generate

the fine-structure states with geometries somewhere between

two AREP states. The geometries of CH2ClI from SO-DFT

calculations are roughly in the middle of two cation geo-

metries especially in terms of the Cl-C-I bond angle. In this

regard, HF and all DFT functional considered afford the

same trend. This has been the subject of several reports. We

try to observe the general pattern of this behavior by con-

sidering other members of CH2XI
+, The performance of HF

and various DFT methods for the cation is similar to that for

the neutral case and we proceed to use B3LYP with AREP

and SOREP for other members of CH2XI.

Spin-orbit Effects on the Vibrational Frequencies of

Haloiodomethane Cations (CH2XI
+ (X=F, Cl, Br, and I)).

Spin-orbit effects on the geometries and vibrational frequ-

encies of CH2XI (X=F, Cl, Br, and I) neutral are negligible

as shown in Tables 4 and 5. The C-I bond length of halo-

iodomethane neutral is slightly increased by the inclusion of

spin-orbit effects. Calculations incorporating spin-orbit terms

still need to achieve more accurate theoretical results. The

calculated C-I bond lengths of CH2ClI and CH2I2 are over-

estimated in comparison to the available experimental

ones.42,43 The calculated C-I bond lengths of CH2BrI and

CH2I2 are longer than the available CASPT2 results.
44,45

DFT calculations with the B3LYP functional using RECPs

by Christiansen et al.32,33 seem to overestimate the C-I bond

lengths, but the degree of overestimate is not so large as to

affect the reliability of the present study. The C-X bond

lengths of CH2XI (X=F, Cl, Br, and I) increase on descend-

ing the halogen group in the periodic table, as expected from

the increasing size of halogen atoms. The C-I bond lengths

of CH2XI (X=F, Cl, Br, and I) decrease on descending the

halogen group in the periodic table. The X-C-I bond angle of

CH2XI (X=F, Cl, Br, and I) increases on descending the

halogen group in the periodic table probably due to the

increasing steric repulsion between X and I. In order to

reduce the steric repulsion between X and I, the shorter C-X

bond length induces the longer C-I bond length. The X-C-I

bond angle of CH2I2 is also larger than that of CH2FI

indicating that the steric repulsion between Two I atoms is

larger than that between F and I atoms. 

The shapes and energy levels of molecular orbitals and

energy levels of molecular spinors of CH2XI (X=F, Cl, Br,

and I) neutral are shown in Figure 1. For CH2XI (X=F and

Cl), HOMO and HOMO−1 have a'' and a' symmetries,

respectively. For CH2BrI and CH2I2, HOMO and HOMO−1

have a' and a'' symmetries, respectively. The a' and a'' corre-

spond largely to the iodine 5p nonbonding orbtials, parallel

n(I5p||) and perpendicular n(I5p⊥), respectively, to the mole-

cular plane as shown in Figure 1. The a' orbitals are two in-

plane nonbonding orbitals, n(I5p||) and n(Xnp||). The in-plane

nonbonding orbitals of two halogens have small antibonding

interactions with each other The antibonding characteristics

of a' orbitals for CH2XI (X=F, Cl, Br, and I) increase on

descending the periodic table. Thus the energy levels of

molecular orbitals increase for the lower members of the

halogen group in the periodic table. The a'' orbitals have the

perpendicular nonbonding orbital, n(I5p⊥). The energy levels

of molecular orbitals are all similar in CH2XI (X=F, Cl, Br,

and I). As a result, the destabilization of a' orbitals induces

the symmetry alternation of HOMO and HOMO−1 in CH2XI

(X=Br and I) compared with CH2XI (X=F and Cl). Thus the

gap in energy levels of HOMO and HOMO−1 in CH2ClI

Figure 1. Shapes and energy levels (energy levels) of molecular
orbitals (molecular spinors) from the B3LYP (SO-B3LYP)
calculations for CH2XI (X=F, Cl, Br, and I). For each molecule
orbital energy levels are on the left column and molecular spinor
energy levels are open the right. Each dotted line connecting an
orbital with a spinor imply spin-orbit coupling.
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(299 cm−1) and CH2BrI (379 cm
−1) are closer than that in

CH2FI (1302 cm
−1) and CH2I2 (1813 cm

−1). The HOMO and

HOMO−1 levels in DFT calculations shift due to spin-orbit

interactions and generate highest occupied molecular spinor

(HOMS) and HOMS−1 in SO-DFT calculations. Actually all

energy levels are affected by spin-orbit interactions. The

closer the energy levels in DFT calculations, the larger the

spin-orbit splitting in SO-DFT calculations. The splitting of

HOMS and HOMS−1 energy levels due to spin-orbit effects

are 4751 cm−1 for CH2FI, 4448 cm
−1 for CH2ClI, 3956 cm

−1

for CH2BrI, and 5402 cm
−1 for CH2I2. 

Similar analysis is possible for lower lying halogen orbitals.

Table 4. Geometries of CH2XI (X = F, Cl, Br, and I) neutral in the ground electronic state calculated without (w/o) and with (w/) spin-orbit
interactionsa

bond length (Å) bond angle (°)

C−X C−I C−H X−C−I X−C−H I−C−H H−C−H

CH2FI w/o 1.368 2.188 1.085 111.1 109.7 106.8 112.9

w/ 1.368 2.193 1.085 111.0 109.6 106.7 113.1

CH2ClI w/o 1.778 2.181 1.081 114.4 108.6 106.6 112.1

w/ 1.777 2.187 1.081 114.4 108.7 106.6 112.0

exp.b 1.774 2.137 1.062 112.5 108.4 108.3 111.0

CH2BrI w/o 1.953 2.172 1.080 115.1 107.6 107.3 112.1

w/ 1.954 2.176 1.080 115.0 107.7 107.2 112.2

calc.c 1.946 2.155 1.094 115.3 107.4 107.5 111.8

calc.d 1.956 2.172 1.098 114.3 111.4

calc.e 1.935 2.130 1.091 113.2 112.3

CH2I2 w/o 2.170 2.170 1.081 116.4 107.2 107.2 111.7

w/ 2.175 2.175 1.081 116.3 107.3 107.3 111.7

calc.f 2.174 2.174 1.086 116.4 107.0 107.0 112.5

calc.g 2.158 2.158 1.086 115.2 111.8

calc.h 2.143 2.143 1.086 115.9 107.5 107.5 111.2

calc.i 2.135 2.135 1.093 114.7 107.6 107.6 111.7

exp.j 2.12 2.12 1.09 114.7 111.3
aThe set 1 basis sets and RECPs in Table 1 were used. bMicrowave spectroscopic data from Ref.42 cB3LYP/Sadlej-PVTZ calculations from Ref.46
dCASSCF/ANO-RCC calculations from Ref.44 eCASPT2/ANO-RCC calculations from Ref.44 fBLYP calculations from Ref.47 gMP2 calculations from
Ref.48 hQCISD calculations from Ref.49 iCASPT2L1 calculations from Ref.45 jRef.43

Table 5. Vibrational frequencies (in cm−1) of CH2XI (X = F, Cl, Br, and I) neutral in the ground electronic state calculated without (w/o) and
with (w/) spin-orbit interactionsa

a′ a″

ν1
b

ν2 ν3 ν4 ν5 ν6 ν7 ν8 ν9

CH2FI w/o 3094 1483 1284 1050 553 259 3175 1238 847

w/ 3093 1482 1282 1049 547 257 3176 1238 843

CH2ClI w/o 3126 1439 1202 707 523 188 3207 1128 782

w/ 3126 1439 1202 709 518 186 3207 1127 780

exp.c 2978 1392 11l83 718 527 194 3048 1126 801

exp.d 3001 1412 1188 740 536 192 3066 1108 789

CH2BrI w/o 3138 1426 1173 605 511 138 3213 1085 764

w/ 3133 1421 1172 604 507 137 3218 1079 755

calc.e 3108 1393 1154 612 522 143 3203 1077 746

calc.f 3050 1471 1194 622 517 140 3137 1100 795

calc.g 3122 1424 1221 647 550 143 3182 1075 787

exp.h 2978 1374 1150 616 517 144 3053 1065 754

CH2I2 w/o 3137 1407 1123 563 474 113 3212 1043 713

w/ 3130 1408 1117 555 469 111 3214 1037 700

exp.c 2983 1361 1152 580 492 122 3063 1033 714

exp.i 2968 1369 581 493 134 3049 1028 714
aThe set 1 basis sets and RECPs in Table 1 were used. bMulliken notation. cRaman spectroscopic data from Ref.50 dRaman spectroscopic data from
Ref.51 eB3LYP/Sadlej-PVTZ data from Ref.46 fCASSCF/ANO-RCC calculations from Ref.44 gCASPT2/ANO-RCC calculations from Ref.44 hRaman
spectroscopic data from Ref.19 iRaman spectroscopic data from Ref.52
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For CH2XI (X=F, Cl, and Br), HOMO−2 and HOMO−3 have

a' and a'' symmetries, respectively. For CH2I2, HOMO−2 and

HOMO−3 have a'' and a' symmetries, respectively. The a'

and a'' orbitals correspond to the antibonding combination of

mainly nobonding orbitals parallel and perpendicular to the

molecular plane, respectively, as shown in Figure 1. The a'

orbitals have two in-plane orbitals a(I5p||) and a(Xnp||) in

antibonding combination. The antibonding characters of a'

orbitals for CH2XI (X=F, Cl, Br, and I) increase on descend-

ing the halogen group in the periodic table in line with increase

in the energy levels of molecular orbitals. The a'' orbitals

comprise the perpendicular nonbonding orbital, n(I5p⊥),

n(Xnp||) and small contributions from the CH2 fragment. The

perpendicular nonbonding orbitals of two halogens have

slight antibonding interactions with each other. The anti-

bonding characters of a'' orbitals for CH2XI (X=F, Cl, Br,

and I) also increase on descending the halogen group in the

periodic table, and the energy levels of molecular orbitals

rise on descending the halogen group in the periodic table.

The extent of the destabilization of a'' orbitals is faster than

that of a' orbitals, which results in the symmetry alternation

of HOMO−2 and HOMO−3 in CH2I2 in comparison to CH2XI

(X=F, Cl, and Br). The destabilization of HOMO−2 and

HOMO−3 is faster than that of HOMO and HOMO−1. For

CH2I2, the energy levels of HOMO, HOMO−1, HOMO−2,

and HOMO-3 are quite close. 

The spin-orbit splitting of the HOMO−2 and HOMO−3

levels to the HOMS−2 and HOMS−3 levels strongly depends

on the X halogen atom. The energy levels of HOMO−2 and

HOMO−3 for CH2XI (X=F and Cl) are similar to those of

HOMS−2 and HOMS−3, reflecting small spin-orbit splittings

of F and Cl. The HOMO−2 and HOMO−3 levels for CH2XI

(X=Br and I) in DFT calculations split further due to the

spin-orbit interactions and generate more separated HOMS−2

and HOMS−3 in SO-DFT calculations. The closer the energy

levels in DFT calculations, the larger the spin-orbit splitting

in SO-DFT calculations. For CH2I2, the spin-orbit splitting

between the HOMO and HOMO−1 levels decrease the HOMO−1

level and that of the HOMO−2 and HOMO−3 levels increase

the HOMO−2 level. Thus, the HOMS−1 level is mainly from

spin-orbit splitting of HOMO−2 and the HOMS-2 level is

mainly from spin-orbit splitting of HOMO−1 since the

energy levels of HOMO, HOMO−1, HOMO−2, and HOMO−3

are close as shown in Figure 1. The above interpretation of

the spin-orbit splitting is an attempt to identify major factors.

Since all molecular orbitals and also molecular spinors are

mixtures of X and I atomic orbitals, additional orbital inter-

actions play a role in determining accurate positions of energy

levels. 

Two stationary states, 2A' and 2A'', of haloiodomethane

cations were found from AREP calculations, and the geo-

metries and vibrational frequencies of CH2XI
+ molecules are

summarized in Tables 6 and 7. The stable cation of haloiodo-

methane except CH2ClI from AREP calculations is gene-

rated by the removal of an electron from the HOMO. The

most stable cation of CH2FI is the 
2A'' state generated by the

removal of an electron from the highest occupied a'' orbital.

The most stable cation of CH2XI (X=Br and I) is the 
2A'

state generated by the removal of an electron from the

highest occupied a' orbital while the most stable cation of

CH2ClI is the 
2A' state generated by the removal of an elec-

tron from the second highest occupied a' orbital. The 2A'

state has much smaller X-C-I angles than the neutral mole-

cule in all CH2XI, implying that the shape of the cation in

this state is somewhat different from the neural molecule.

On the contrary, the 2A' state of the cation has the X-C-I

angle similar to the neural molecule. Vibrational frequencies

of the cation states do not differ too much for the X-C-I

bending mode (ν6 in Tables 5 and 7) except for CH2FI. The

two 2A' and 2A'' states mix due to the spin-orbit interactions

and generate two 2E1/2 states. The energy differences of two

cation states from AREP calculations for CH2FI, CH2ClI,

CH2BrI, and CH2I2 are 834, 1225, 2768, and 3584 cm
−1 in

Table 5. Energetically closer two states of cations of haloiodo-

methanes mix more substantially than energetically less

close two states of cations. The geometries of CH2XI
+ (X=F

Table 6. Geometries of CH2XI (X = F, Cl, Br, and I) cation in the ground electronic state without (w/o) and with (w/) spin-orbit effects
a

bond length (Å) bond angle (°) Energy
(in Hartree)C−X C−I C−H X−C−I X−C−H I−C−H H−C−H

CH2FI 2A′ 1.319 2.347 1.085 104.4 113.3 102.6 118.2 -174.6960
2A″ 1.318 2.268 1.091 110.0 113.2 102.0 115.0 -174.6998
2E1/2 1.318 2.300 1.088 108.1 113.3 102.0 116.4 -174.7132

CH2ClI 2A′ 1.767 2.187 1.082 96.1 111.9 109.7 115.8 -165.4188
2A″ 1.715 2.245 1.090 116.1 113.1 101.0 111.6 -165.4132
2E1/2 1.738 2.242 1.084 106.0 112.7 104.9 114.5 -165.4309

CH2BrI 2A′ 1.948 2.164 1.081 95.2 111.0 110.9 115.9 -306.4725
2A″ 1.904 2.174 1.092 119.3 110.1 103.8 109.4 -306.4599

calc.b 1.899 2.146 1.107 112.0 109.3 104.7 108.3
2E1/2 1.942 2.175 1.082 97.9 111.2 109.9 115.5 -306.4850

CH2I2 2A′ 2.161 2.161 1.082 96.3 110.9 110.9 115.3 -261.9331
2A″ 2.144 2.144 1.091 122.0 106.4 106.4 108.5 -261.9168
2E1/2 2.164 2.164 1.082 98.4 110.6 110.6 115.0 -261.9513

aThe set 1 basis sets and RECPs in Table 1 were used. bB3LYP/Sadlej-PVTZ data from Ref.46
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and Cl) from SO-DFT calculations are roughly in the middle

of two cation geometries from DFT calculations since two

cation states of CH2XI (X=F and Cl) from DFT calculations

are energetically close enough to mix two cation states. In

contrast, the geometries of CH2XI (X=Br and I) from SO-

DFT calculations are close to those of more stable cations

from DFT calculations since two cation states of CH2XI

(X=Br and I) from DFT calculations are energetically not so

close enough to produce well mixed fine-structure states. In

this sense, large spin-orbit induced shape change is predicted

for CH2FI and CH2ClI, but not for CH2BrI and CH2I2. One

confirmation of this is the X-C-I bending mode in Table 7

since this ν6 bending mode reflects bonding property of the

X-C-I bond angle. Energetics of spin-orbit effects will be

important in analyzing PES data, but this is not attempted

here.

Conclusion

The importance of including spin-orbit interactions for the

correct description of structures and vibrational frequencies

of haloiodomethanes is demonstrated by DFT calculations

with spin-orbit relativistic effective core potentials. The vib-

rational frequencies and the molecular geometries obtained

by SO-DFT calculations do not match with the experimental

results as well as for other cations without significant

relativistic effects. In this sense, the present data can be con-

sidered as a guideline in the development of the relativistic

quantum chemical methods. The influence of spin-orbit effects

on the bending frequency of the cation could be recognized

by comparing the experimental and calculated results. 

Spin-orbit effects on the geometries and vibrational fre-

quencies of CH2XI (X=F, Cl, Br, and I) neutral are negligible

except that C-I bond lengths of haloiodomethane neutral is

slightly increased by the inclusion of spin-orbit effects. The

2A' and 2A'' states were found in the cations of haloiodo-

methanes and mix due to the spin-orbit interactions and

generate two 2E1/2 fine-structure states. The energy differences

of two cation states from AREP calculations for CH2FI
+,

CH2ClI
+, CH2BrI

+, and CH2I2
+ are 834, 1225, 2768, and

3584 cm−1. The geometries of CH2XI
+ (X=F and Cl) from

SO-DFT calculations are roughly in the middle of two cation

geometries from DFT calculations since two cation states of

CH2XI (X=F and Cl) from DFT calculations are energetical-

ly close enough to mix two cation states. The geometries of

CH2XI
+ (X=Br and I) from SO-DFT calculations are close to

that of most stable cation from DFT calculations since two

cation states of CH2XI (X=Br and I) from DFT calculations

are energetically not close enough near the fine-structure

state minimum to extensively mix two cation states.
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