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Quantum chemical calculations of CF2ICF2I and •CF2CF2I, model systems in reaction dynamics, in the gas
phase and methanol solvent are performed using the density functional theory (DFT) and multiconfigurational
ab initio methods. Molecular geometries, vibrational frequencies, and vertical excitation energies (Tv) are
computed and compared with available experimental results. We also evaluate the performance of four hybrid
and one hybrid meta DFT functionals. The Tv values calculated using time-dependent DFT vary depending
on the exchange-correlation functionals, with the degree of variation approaching ∼0.7 eV. The M05-2X
functional well predicts molecular geometries and Tv values, while it overestimates the vibrational frequencies.
The Tv values calculated using the M05-2X are similar to those calculated by the CASPT2. All low-lying
excited states in CF2ICF2I are characterized by the excitation from the nonbonding to antibonding orbital of
C-I. The excited states of •CF2CF2I are different in their character from those of CF2ICF2I and have
considerable double excitation characters. The spin-orbit coupling of •CF2CF2I is larger than that of CF2ICF2I.

Introduction

Over several decades, the reaction dynamics of halomethanes
and haloethanes have attracted much interest due to their simple
molecular structure, high photodissociation reactivity, and
accessibility by the computational quantum chemistry. Accord-
ingly, numerous theoretical1-9 and experimental10-18 studies
have been made to investigate their electronic structure and
photodissociation dynamics. Both halomethanes and haloethanes
commonly show a continuous A band spectrum characterized
by the excitation from n (nonbonding orbital) to σ* (C-X
antibonding orbital, X ) halogen).19 This A band absorption
brings the molecule onto a repulsive potential energy surface
(PES) of the electronic excited state, and the C-X bond
breakage eventually generates a highly reactive halogen atom.

Although many studies have focused on the reaction dynamics
of halomethanes and haloethanes, fluorinated molecules have also
been of interest due to remarkable changes in both molecular
structure and PES induced by substitution of hydrogen with
fluorine.14-18,20,21 For instance, while anti structure is generally more
stable than gauche structure in haloethane molecules, the opposite
is true for 1,2-difluoroethane (CH2FCH2F).22-24 Another example
can be found in the comparison of the short-lived •CF2CF2I
(iodo-1,1,2,2,-tetrafluoroethyl) and •CH2CH2I (iodoethyl) radi-
cals. The former exists as a mixture of anti and gauche
structures,20,21 but the latter forms a bridged structure where the
iodine atom is bridged between two carbon atoms.25 The
structures of the CF2ICF2I molecule and its •CF2CF2I radical in
the gas20 and solution phases21 have been well characterized by
the experiments on photodissociation of 1,2-diiodotetrafluoro-
ethane (CF2ICF2I) using gas-phase ultrafast electron diffraction
and time-resolved X-ray liquidography (solution scattering),26

respectively. The availability of such experimental data on their
structure greatly facilitates the theoretical characterization of
the molecules and potentially their reaction dynamics as well
as provides a good model system for quantum chemical

calculations. In other words, by comparing theoretically pre-
dicted structural and dynamic properties with the experimentally
obtained values, the performances of various quantum chemical
methods can be tested, as will be presented in this paper.

Computational studies on the structure of CF2ICF2I and
•CF2CF2I have been already reported for the gas phase,27 but
their solution structures modified by surrounding solvent
molecules have not been well characterized yet. Since the
solvent can significantly affect molecular structure and thus
vibrational frequencies, it is challenging to extend the theoretical
efforts from gas to solution phase. In particular, the lack of
theoretical studies on the fluorinated haloethyl radicals in
solution has hampered the experimental investigation of reaction
dynamics of fluorinated molecules. For example, Rasmusson
et al. investigated the photodissociation of CF2ICF2I in aceto-
nitrile using femtosecond transient absorption spectroscopy but
could not clearly assign the measured spectral features of
•CF2CF2I due to the lack of available theoretical results.18

Therefore, systematic theoretical studies of haloethyl radicals
in the gas phase as well as in the solution phase are much needed
with the prospect of stimulating further experimental investiga-
tions of fluorinated molecules.

In this study, we have applied the time-dependent density
functional theory (TDDFT)28-30 method using a variety of
functionals to calculate vertical excitation energies (Tv) of
CF2ICF2I and •CF2CF2I. The TDDFT is an efficient method for
calculating the excitation energy and characterizing the elec-
tronic structure of excited states. The TDDFT method uses an
ordinary exchange-correlation functional based on the adiabatic
approximation, as is the case for an ordinary DFT. However,
the previous studies of evaluating the performance of exchange-
correlation functionals have mainly concentrated on calculating
molecular geometries, vibrational frequencies, and thermo-
chemical energies using the ordinary DFT rather than calculating
excitation energies using the TDDFT. Fortunately, the experi-
mental values of excitation energies and the transition properties
of halomethanes and haloethanes are readily available so that* Corresponding author. E-mail: ihee57@gmail.com.
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they can be used to test the performance of various functionals
used for the TDDFT calculations. In addition, we have also
performed multiconfigurational ab initio calculations for com-
parison with the TDDFT. The molecular geometries, vibrational
frequencies, and vertical excitation energies (Tv) have been
calculated and compared with available experimental results.
In the Tv calculations, using ab initio methods, we considered
spin-orbit coupling (SOC) that plays an important role in
determining the electronic and spectroscopic properties of states
arising from open-shell electronic configurations. In addition,
the performance of four hybrid and one hybrid meta DFT
functionals, which are commonly used in calculating molecular
geometry, vibrational frequency, and even Tv, are assessed.

Computational Details

Geometry optimizations and subsequent vibrational frequency
calculations were performed using the density functional theory
(DFT)31,32 and ab initio methods. We used B3LYP,33,34

B3PW91,35 PBE0,36 X3LYP37 (hybrid) and M05-2X38 (hybrid
meta) as the DFT exchange-correlation functional. Only one
generalized gradient approximation (GGA) functional, PBE,39

was used to compare the results with hybrid functionals and all
results are summarized in the Supporting Information. The PBE
generally provided poor results compared with hybrid func-
tionals so we do not discuss the results. We also used ab initio
methods such as Hartree-Fock (HF), Møller-Plesset second-
order perturbation theory (MP2),40,41 complete active space SCF
(CASSCF),42 and multiconfigurational second-order perturbation
theory (CASPT2)43,44 for comparing the results with the DFT
calculations. In the CASSCF calculations, twelve and seven
electrons were distributed in twelve and seven active spaces
for CF2ICF2I (CAS(12,12)) and •CF2CF2I (CAS(7,7)), respec-
tively. The active space contains σ bonding (C-I), σ* anti-
bonding (C-I), and nonbonding (I) orbitals. Because a numer-
ical gradient is used for the CASPT2 calculation, computational
time is demanding. Thus, using the CASPT2, we only performed
geometry optimizations without doing the vibrational frequency
calculation. To account for solvent environment, we used the
CPCM (Conductor-like Polarizable Continuum Model)45 method,
which works effectively for polar solvents. The dielectric
constant and the tesserae of average area for the CPCM
calculation are 32.63 (methanol) and 0.2 Å2, respectively. The
calculations of vibrational frequencies were performed at only
HF and DFT levels of theory with the CPCM method. All
calculations except CASSCF and CASPT2 were carried out
using the Gaussian03 program.46 The multireference methods
(CASSCF and CASPT2) were performed using the Molcas6.4
program.47 We used the aug-cc-pVTZ all electron basis set for
C and F and the aug-cc-pVTZ-PP48 ((13s12p10d2f)/[6s5p4d2f])
small-core relativistic effective core potential (RECP) for I in
HF, MP2, and DFT calculations. In CASSCF and CASPT2
calculations, we used the ANO-RCC49 all-electron basis set for
all atoms (C, (14s9p4d)/[5s4p1d]; F, (14s9p4d)/[5s4p1d]; I,
(22s19p13d5f)/[7s5p3d1f]) and the scalar relativistic effect was
considered using Douglas-Kroll-Hess second-order method
(DKH2).50,51

To calculate the vertical excitation energies (Tv), the TDDFT
method was used.28-30 The size of basis set was extended for
TDDFT and CASPT2 calculations to obtain accurate excitation
energies. We used aug-cc-pVQZ-PP48 ((15s12p13d3f2g)/
[7s7p5d3f2g]) for I in the TDDFT calculations and [6s5p2d1f],
[6s5p2d1f], and [7s6p4d2f1g] for C, F, and I, respectively, in
the CASPT2 calculations. For the anti structure of CF2ICF2I in
both gas and solution phases, we used the state-specific CASSCF

and the single-state CASPT2. For the gauche structure of
CF2ICF2I and all structures of •CF2CF2I in the gas phase, we
used the state-averaged CASSCF (SA-CASSCF) and the mul-
tistate CASPT2 (MS-CASPT2).52 In contrast, the SA-CASSCF
and the single-state CASPT2 with the CPCM model was used
for the gauche structure of CF2ICF2I and all structures of
•CF2CF2I in the solution phase. The zeroth-order Hamiltonian
for all CASPT2 calculations was the default one in the Molcas
and the IPEA shift of 0.25 au was used.53 The SOC estimated
using RASSI-SO method54 with the atomic mean field integral
(AMFI)55 was considered only in the gas phase.

To facilitate convenient comparison of the methods used in
this study, the performance of each method for calculations of
various molecular properties is summarized in Table S8
(Supporting Information). Readers may find Table S8 useful in
assessing the performance of the methods.

Results and Discussion

A. CF2I CF2I. Molecular Structures. The fully optimized
geometries of CF2ICF2I in the gas phase and methanol solvent
are summarized in Table S1 and S2 in the Supporting Informa-
tion, respectively, and related molecular structures are depicted
in Figure 1. All calculations by DFT methods give longer C-I
bond lengths in the anti structure than experimental values. The
B3LYP, the most commonly used DFT functional, gives C-I
bond lengths with the largest deviation from the experimental
values. The M05-2X functional gives shorter C-I bond lengths
than other DFT methods, but the calculated lengths are still
longer than the experimental values. The C-I bond lengths
calculated by the MP2 exhibit the best agreement with the
experimental values. Since the CASSCF contains the small
portion of the configuration where electrons occupy σ* (C-I)
orbital, the C-I bond lengths are calculated to be longer than
those from other methods. The CASPT2 results indicate that
the dynamic electron correlation effect reduces the C-I distance,
thus showing a better agreement. The C-F distance sensitively

Figure 1. (a) Anti structure and (b) gauche structure of CF2ICF2I and
(c) anti structure, (d) gauche structure, and (e) bridge structure of the
•CF2CF2I radical.
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changes by the dynamic electron correlation effect as well. Only
the HF and CASSCF methods, which do not include the
dynamic electron correlation effect, give shorter C-F bond
lengths than experiment values. The PBE0 gives the best result
for the C-F bond lengths. For the C-C bond length, B3LYP
and X3LYP give slightly longer bond lengths. Multireference
based methods such as CASSCF and CASPT2 give accurate
values for the C-C bond length. Among the DFT methods,
only M05-2X well calculates the C-C bond length. All methods
generally give good estimations of bond angles in the anti
structure.

The experimentally obtained geometrical parameters of the
gauche structure are the same as those of the anti structure
because they were obtained on the basis of the assumption that
anti and gauche structures have identical geometries except the
ICCI dihedral angle.27 Accordingly, the comparison between
calculated and experimental values for the gauche structure can
be made in a way similar to that for the anti structure. In contrast
to the case of anti structure, for the C-I bond lengths, CASPT2
and M05-2X give good results whereas MP2 slightly underes-
timates them. The CCI angle is overestimated when using HF
and CASSCF methods. The overestimation by the two methods
can be attributed to the lack of dynamic electron correlation
effect, but the overall discrepancy of the CCI angles calculated
by all methods from the experimental value is not accounted
for by that effect. Such a difference might arise from the lack
of spin-orbit coupling in the calculations. All methods give
reasonable values for the ICCI dihedral angle except MP2,
which underestimates the ICCI dihedral angle.

The solvent effect can be seen in the comparison of Tables
S1 and S2 in the Supporting Information. For example, the
solvent effect on the C-C bond length in both anti and gauche
structures is negligible, while the C-F and C-I bond lengths
increase and decrease, respectively, due to the presence of
solvent. Besides, the bond angles involving I increase, while
those related to F decrease. The ICCI dihedral angle slightly
decreases by the solvent effect. The same trend of solvent effect
is observed in the results of all DFT calculations using various
functionals.

Energies. Predictions from all methods indicate that the anti
structure is more stable than the gauche structure. Since the
experimental value of 1.835 ( 0.1 kcal/mol56 was obtained from
a pure vapor phase, it is more similar to that of the quantum
chemical calculation. On the basis of this assumption, B3PW91,
PBE0, and M05-2X give good results. All ab initio methods
except the MP2 overestimate the energy difference between the
anti and gauche structures, while the MP2 underestimates it.
As shown in Table S2 (Supporting Information), the energy
difference between the anti and the gauche structures in
methanol is smaller than that in the gas phase. This reflects that,
in methanol, the gauche structure is more stabilized than the
anti structure, as it has a nonzero dipole moment that interacts
with the solvent reaction field.

Vibrational Frequencies. The calculated vibrational frequen-
cies of anti and gauche structures of CF2ICF2I in the gas phase
and methanol solvent are summarized in Table S3 in the
Supporting Information. As shown in Table S3, HF and
CASSCF methods generally overestimate the vibrational fre-
quencies. In particular, overestimation of the C-F stretching
mode frequencies (Bu 1256 cm-1 and Au 1335 cm-1 in HF; Bu

1258 cm-1 and Au 1348 cm-1 in CASSCF) is correlated with
underestimation of the C-F bond lengths. Thus, the dynamic
correlation effect is important for obtaining an accurate shape
of PES. All DFT methods except M05-2X yield good results.

Especially, for the anti structure, the results of B3LYP and
X3LYP are in good agreement with experimental results.
Although the performance of the B3LYP turns out to be poor
in predicting the molecular geometries, the vibrational frequen-
cies of the B3LYP are in excellent agreement with experimental
values. In the gauche structure, the B3PW91 gives slightly better
results than B3LYP and X3LYP. The M05-2X significantly
overestimates the vibrational frequencies; thus a scale factor is
required for relevant comparison of calculation and experiment.
A recent study demonstrated that the M05-2X does not provide
better results than B3LYP for vibrational frequencies and a scale
factor (optimized to be 0.975) is needed for M05-2X.57 However,
even with the scale factor considered, the M05-2X still
overestimates the vibrational frequencies. The MP2 method
slightly overestimates the vibrational frequencies and gives
worse results than the DFT results, indicating that the DFT
methods are superior to the MP2 for calculating vibrational
frequencies. The solvent effect on vibrational frequencies is
generally small, but the change induced by the solvent is about
40 cm-1 for the C-F stretching mode (Au), of which the
coordinate is changed by 0.004 Å owing to the solvent effect.

Vertical Excitation Energy. The vertical excitation energy,
Tv, values calculated by the TDDFT method are summarized
in Table 1. All TDDFT methods give the same ordering and
properties of excited states. All excited states in the anti and
gauche structures have n (nonbonding orbital) f σ* (antibond-
ing orbital of C-I) excitation character, which is a well-known
property for halomethane and haloethane. However, the Tv

values drastically vary depending on the type of DFT functional.
For example, the difference in calculated Tv values is about 0.7
eV between B3LYP and M05-2X. This functional dependence
of Tv can possibly arise from the difference in molecular
geometry optimized by each method. To test such possibility,
we calculated the Tv using B3LYP and M05-2X at the same
geometry optimized by the CASPT2 (see Table S4 in the
Supporting Information). The results of the M05-2X are similar
to those obtained from the geometry optimized by the M05-
2X. In contrast, the values calculated by the B3LYP using the
CASPT2 geometry increase because the C-I bond length on
the CASPT2 geometry is shorter than that of the B3LYP
geometry. However, even with this geometry consideration, the
difference in Tv is still as large as 0.45 eV. These results clearly
show that the Tv values strongly depend on the DFT exchange-
correlation functional and one should be careful in choosing a
DFT functional to calculate Tv accurately.

As can be seen in the results of CPCM calculations, all DFT
methods give blue-shifted Tv values in methanol as compared
to in the gas phase (see Table 1). The deviations between Tv

values in the gas phase and in methanol are similar for all the
functionals used except for M05-2X, which gives rather smaller
deviations than other functionals (average deviation: B3LYP,
+0.087; B3PW91, +0.089; PBE0, +0.083; X3LYP, +0.088;
M05-2X, +0.067 eV). Still, the overall trend in variations among
the methods is the same as in the gas phase. The UV spectrum
of CF2ICF2I in methanol shows the λmax at 4.67 eV (265.5 nm;
see Figure S1 in the Supporting Information). The calculated
energy of 1Bu in the anti structure, rather than 1B in the gauche
structure, is more relevant for comparison with the λmax from
the experiment because the oscillator strength of 1Bu is much
larger than that of 1B. In addition, the population of the anti
structure is larger than that of the gauche, supporting that the
A band absorption is dominated by the contribution of anti
structure. As shown in Table 1, it was found that the B3LYP
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significantly underestimates the Tv values, while the M05-2X
provides the best agreement with the experiment.

The Tv values of spin-free and spin-orbit coupled states were
calculated by the CASPT2 and are summarized in Tables 2 and
3, respectively. All spin-free states in both anti and gauche
structures have n f σ* excitation characters. The Tv values
calculated by the CASPT2 are generally larger than those by
the TDDFT methods. However, excitation energies calculated
by the M05-2X in all singlet states are larger than those of the
CASPT2. In the CPCM calculations of the anti structure, all Tv

values are larger (i.e., blue-shifted) than the values in the gas
phase, as is the case of TDDFT calculations described above.
The CASPT2 method slightly overestimates Tv values compared
with the experiment (λmax: 4.67 eV). A similar trend can be
seen in the gauche structure, but in contrast to the TDDFT case,
not all of the Tv values in methanol are overestimated. Some
values are red-shifted, as is the case for •CF2CF2I that will be
discussed later. With CASPT2, the average deviation between
Tv values in the gas phase and in methanol is +0.0057 eV, which
is much smaller than when using the TDDFT. It is noteworthy

that the Tv values calculated by the M05-2X are similar to those
of the CASPT2, with both methods giving reasonably good
results.

The Tv values of two intense transitions in the anti structure
(4.75 and 4.77 eV in Table 3) are slightly larger than those of
the spin-free states (1Bu 4.64 and 1Au 4.67 eV in Table 2). The
SOC mixes about 10% of the triplet state with the singlet state.
However, the spin-orbit effect on the ground state is negligible.
A similar discussion can be applied to the gauche structure.

B. •CF2CF2I. Molecular Structures and Vibrational Fre-
quencies. The optimized geometries of •CF2CF2I in the gas phase
and methanol are shown in Tables S5 and S6 in the Supporting
Information, respectively, and its related molecular structures
are also depicted in Figure 1. The calculated vibrational
frequencies of the anti and gauche structures are summarized
in Table S7 in the Supporting Information. An overestimation
of the C-I distance by the DFT calculations is more substantial,
with the discrepancy reaching even 0.071 Å in the B3LYP case
(see Table S5). Only the M05-2X functional provides a C-I
distance that lies below 2.2 Å (2.182 Å in Table S5). The M05-
2X functional is superior to other DFT functionals in describing
C-I distance but slightly overestimates the distance compared
with the experiment value. The MP2 and CASPT2 methods give
reasonable results. We could not optimize the gauche structure
using the CASPT2 method in the CPCM calculation.58

Overall trend in the variation of •CF2CF2I geometrical
parameters and vibrational frequencies between different meth-
ods is similar to that of CF2ICF2I. The energy difference between
the anti and gauche structures calculated using ab initio methods
is smaller than that obtained from DFT methods. We also find
a bridge structure of •CF2CF2I, but it is not a local minimum,
thus being less stable than the anti structure. The bridge structure
is not found using the HF method. The energy difference
between the anti and bridge structures calculated using the
CASPT2 is similar to that obtained using DFT methods. Other
ab initio methods (HF and MP2) overestimate the energy
difference (see Table S5 and S6). All methods consistently
predict that the bridge structure is not a local minimum. For
vibrational frequencies, tendencies similar to those in the case
of CF2ICF2I are observed.

The effect of solvent on molecular geometries becomes clear
when comparing Tables S5 and S6 (Supporting Information).
For example, the solvent effect on the C-C bond length in the

TABLE 1: Vertical Excitation Energies (Tv, eV) and Oscillator Strengths (in Parentheses, ×10-3) of CF2ICF2I in the Gas Phase
and Methanola

CF2ICF2I state B3LYP
B3LYP
(CPCM) B3PW91

B3PW91
(CPCM) PBE0

PBE0
(CPCM) X3LYP

X3LYP
(CPCM) M05-2X

M05-2X
(CPCM)

anti (C2h) 3Bu 3.42 3.51 3.55 3.65 3.66 3.75 3.45 3.55 4.01 4.08
3Au 3.44 3.54 3.58 3.68 3.69 3.78 3.48 3.58 4.03 4.11
3Bg 3.53 3.63 3.67 3.77 3.77 3.87 3.56 3.66 4.10 4.18
3Ag 3.63 3.72 3.78 3.87 3.88 3.97 3.66 3.76 4.19 4.26
1Bu 3.97 (8.3) 4.06 (11.9) 4.15 (9.7) 4.24 (14.0) 4.31 (9.4) 4.39 (13.6) 4.02 (8.1) 4.11 (11.6) 4.66 (6.1) 4.73 (8.9)
1Au 4.01 4.10 4.19 4.28 (0.1) 4.35 4.44 (0.1) 4.05 4.15 4.70 4.77 (0.3)
1Bg 4.12 4.21 4.30 4.40 4.46 4.55 4.16 4.26 4.78 4.85
1Ag 4.22 4.31 4.42 4.50 4.57 4.66 4.27 4.36 4.86 4.93

gauche (C2) 3B(1) 3.68 3.76 3.78 3.87 3.87 3.94 3.71 3.79 4.17 4.23
3A(1) 3.73 3.82 3.86 3.96 3.95 4.03 3.76 3.85 4.22 4.29
3A(2) 3.79 3.87 3.92 4.00 4.00 4.08 3.81 3.89 4.26 4.32
3B(2) 3.80 3.89 3.94 4.03 4.02 4.10 3.83 3.91 4.28 4.34
1B(1) 4.26 (1.0) 4.33 (1.9) 4.39 (1.8) 4.46 (3.1) 4.52 (1.9) 4.59 (3.5) 4.30 (1.0) 4.37 (1.9) 4.82 (0.9) 4.87 (1.7)
1A(2) 4.37 (0.3) 4.46 (0.2) 4.54 (0.3) 4.63 (0.1) 4.68 (0.2) 4.76 (0.1) 4.41 (0.3) 4.49 (0.1) 4.92 (0.1) 4.99
1A(3) 4.45 4.52 4.61 4.69 4.74 4.81 4.48 4.55 4.95 5.01
1B(2) 4.50 (0.3) 4.58 (0.3) 4.69 (0.2) 4.77 (0.4) 4.80 (0.2) 4.88 (0.4) 4.53 (0.3) 4.61 (0.3) 4.98 (0.1) 5.04 (0.4)

a The value of λmax of CF2ICF2I in methanol is 4.67 eV (See Figure S1 in the Supporting Information).

TABLE 2: Vertical Excitation Energies (Tv, in eV) of
Spin-Free States of CF2ICF2I in the Gas Phase and
Methanol Calculated by the CASPT2a

CF2ICF2I state CASPT2 CASPT2(CPCM) CASPT2∆Eb

anti (C2h) 3Bu 4.16 4.19 +0.03
3Au 4.21 4.24 +0.03
3Bg 4.27 4.30 +0.03
3Ag 4.33 4.35 +0.02
1Bu 4.64 (3.7) 4.67 +0.03
1Au 4.67 (8.2) 4.71 +0.04
1Bg 4.75 4.79 +0.04

gauche (C2) 3B(1) 4.24 4.32 +0.08
3A(1) 4.29 4.36 +0.12
3A(2) 4.38 4.26 -0.12
3B(2) 4.39 4.27 -0.12
1B(1) 4.71 (8.1) 4.76 +0.05
1B(2) 4.85 (9.0) 4.79 -0.06
1A(2) 4.85 (0.16) 4.76 -0.09

a Values in parentheses are the oscillator strengths (×10-3). The
value of λmax of CF2ICF2I in methanol is 4.67 eV (see Figure S1 in
the Supporting Information). b Tv (CPCM) - Tv (gas), the positive
sign and the negative sign indicate that the Tv value is blue-shifted
and red-shifted, respectively.

11062 J. Phys. Chem. A, Vol. 113, No. 41, 2009 Kim et al.



anti structure is negligible, while the C-C bond length is slightly
reduced in both gauche and bridged structures in methanol. The
C-F bond lengths generally increase. The C-I distance
decreases in both gauche and bridge structures as in the case of
CF2ICF2I. However, in the anti structure, all methods except
HF, MP2, X3LYP, and M05-2X give longer C-I distances by
the solvent effect. All methods except HF, MP2, and M05-2X
predict that the CCF angle in the anti structure increases. For
the F′CF′ angle, all DFT methods give larger angles, but all ab
initio methods give angles smaller than the values obtained in
the gas phase. For the CCF3 angle, all methods except the PBE0
provide larger angles than the values obtained in the gas phase.
The B3PW91 gives a smaller bond angle of CCF4, which is
opposite to the results obtained with other DFT functionals.
Other angles involving F decrease by the solvent effect. The
CCI angle increases in both anti and gauche structures but
decreases in the bridge structure. In contrast to the DFT methods,
the CASSCF gives an opposite trend of solvent effect on the
CCI angle as well as other geometrical parameters. Therefore,
one should be careful in applying the CASSCF with the CPCM
model. The M05-2X also gives the opposite effect on the CCI
angle in the bridge structure compared with other methods. In
summary, the method dependence of the solvent effect exists
in the case of •CF2CF2I. Nevertheless, the B3LYP well follows
the general trend of the solvent effect seen in all other methods.

Vertical Excitation Energy. In a previous section, we have
witnessed that most DFT functionals underestimate the Tv values
in CF2ICF2I. To calculate Tv of anti and gauche structures of

•CF2CF2I, we selected only two functionals (PBE0 and M05-
2X) because these two functionals provide Tv values that are
close to the experimental value of CF2ICF2I. The results are
summarized in Table 4. For the anti structure, both functionals
predict the electronic states with identical energy orderings. The
Tv values obtained by the M05-2X are larger than those of the
PBE0. As shown in Table 4, the characters of excited states
are different from those of CF2ICF2I, which has only n f σ*
excitation characters in all low lying excited states. The intense
excitation (2A′(3)) mainly arises from the excitation from a
singly occupied molecular orbital (SOMO) of radical to anti-
bonding (σ*) of C-I. In the gauche structure, the excited states
from PBE0 have an energy ordering different from that obtained
by the M05-2X calculation. For example, 2A(6) and 2A(7) states
lie below the 2A(5) state in the TD-PBE0 calculation.

The PBE0 and M05-2X give larger Tv values in methanol
than in the gas phase except the 2A′(3) state in the TD-PBE0
calculations (see Table 4). The TD-PBE0 gives a slightly smaller
value for the 2A′(3) state. The average deviations using the TD-
PBE0 and TD-M05-2X are +0.059 and +0.046 eV, respec-
tively. The average deviation of the M05-2X is smaller than
that of the PBE0, as in the case of CF2ICF2I.

The Tv values of spin-free states of •CF2CF2I in the gas
phase and in methanol calculated by the CASPT2 are
summarized in Table 5. Unlike in CF2ICF2I, some of the
excited states have contributions from the excited electronic
configuration of double excitation character (see Table 5).
For example, we can take a closer look at the 2A′(2) state. The

TABLE 3: Vertical Excitation Energies (Tv, in eV) of Spin-Orbit Coupled States of CF2ICF2I in the Gas Phase by the
CASPT2a

CF2ICF2I CASPT2-SO characteristics of SO states

anti (C2h) 0.00 99.3% 1Ag, 0.3% 3Ag, 0.4% 3Bg

4.02 (0.00090) 56.1% 3Bu, 43.8% 3Au

4.02 (0.000053) 56.0% 3Bu, 43.9% 3Au

4.13 (0.77) 10.6% 1Au, 89.4% 3Bu

4.13 42.8% 3Ag, 57.1% 3Bg

4.13 43.4% 3Ag, 56.6% 3Bg

4.16 (0.47) 13.7% 1Bu, 86.2% 3Au

4.28 13.6% 1Bg, 86.4% 3Ag

4.30 100% 3Bg

4.42 (0.14) 0.2% 1Bu, 43.6% 3Bu, 56.2% 3Au

4.42 (0.000013) 44.0% 3Bu, 56.0% 3Au

4.53 57.2% 3Ag, 42.9% 3Bg

4.57 0.7% 1Ag, 56.3% 3Ag, 43.0% 3Bg

4.75 (3.3) 86.0% 1Bu, 0.2% 3Bu, 13.8% 3Au

4.77 (7.4) 89.4% 1Au, 10.6% 3Bu

4.86 86.4% 1Bg, 13.6% 3Ag

gauche (C2) 0.00 99.3% 1A(1), 0.1% 3A(2), 0.4% 3B(1), 0.2% 3B(2)
4.13 (0.00021) 7.7% 3A(1), 11.3% 3A(2), 61.6% 3B(1), 19.2% 3B(2)
4.14 (0.026) 0.3% 1B(2), 30.0% 3A(1), 28.0% 3A(2), 40.3% 3B(1), 1.4% 3B(2)
4.14 (0.00090) 0.3% 1A(2), 11.4% 3A(1), 3.0% 3A(2), 51.5% 3B(1), 33.7% 3B(2)
4.16 (0.012) 55.5% 3A(1), 28.5% 3A(2), 2.1% 3B(1), 13.9% 3B(2)
4.23 (0.63) 1.3% 1B(1), 7.7% 1B(2), 48.4% 3A(1), 3.4% 3A(2), 37.5% 3B(1),

1.7% 3B(2)
4.26 (0.0084) 6.8% 1A(2), 51.8% 3A(1), 9.0% 3A(2), 30.2% 3B(1), 2.2% 3B(2)
4.32 (1.4) 16.4% 1B(1), 1.0% 1B(2), 0.3% 3A(1), 35.4% 3A(2), 0.7% 3B(1),

46.2% 3B(2)
4.39 (0.0048) 2.8% 1A(2), 9.5% 3A(1), 45.5% 3A(2), 1.0% 3B(1), 41.2% 3B(2)
4.56 (0.013) 0.1% 1B(2), 29.5% 3A(1), 53.5% 3A(2), 13.1% 3B(1), 3.8% 3B(2)
4.57 (0.000096) 0.1% 1A(2), 16.1% 3A(1), 2.4% 3A(2), 17.8% 3B(1), 63.6% 3B(2)
4.58 (0.014) 0.2% 1B(1), 31.8% 3A(1), 44.5% 3A(2), 1.6% 3B(1), 21.9% 3B(2)
4.59 (0.016) 0.6% 1A(1), 1.5% 3A(1), 25.0% 3A(2), 35.0% 3B(1), 37.9% 3B(2)
4.84 (6.7) 82.0% 1B(1), 1.3% 3A(1), 5.4% 3A(2), 0.2% 3B(1), 11.1% 3B(2)
4.94 (8.3) 90.7% 1B(2), 3.2% 3A(1), 1.4% 3A(2), 4.5% 3B(1), 0.1% 3B(2)
4.95 (0.15) 89.9% 1A(2), 2.0% 3A(1), 3.7% 3A(2), 2.5% 3B(1), 1.8% 3B(2)

a Values in parentheses are the oscillator strengths (×10-3). The value of λmax of CF2ICF2I in methanol is 4.67 eV (see Figure S1 in the
Supporting Information).
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major electronic configuration of the ground state, 2A′(1), of the
anti structure is ...(1a′)2(2a′)2(3a′)1(4a′)(1a′′)2, where 1a′, 2a′, 3a′,
4a′, and 1a′′ are σ orbital of C-I, p orbital of I (n), SOMO, σ*
orbital of C-I, and p orbital of I (n), respectively. As can be seen
in the third row of Table 5, the electronic configuration of the
2A′(2) state consists of 76.1% of (1a′)2(2a′)1(3a′)2(4a′)(1a′′)2,
which corresponds to the single excitation of n f SOMO, and
10.9% of (1a′)2(2a′)1(3a′)(4a′)2(1a′′)2, which corresponds to the
double excitation of n f σ* and SOMO f σ*. In the same
manner, the characters of other excited states can be inferred.

As can be seen in Table 5, the characters of single excitations
in all excited states calculated by the CASPT2 are the same as
those obtained by the TDDFT. The 2A′(4) state has larger double
excitation character. This result well explains why the difference
between M05-2X and CASPT2 (0.22 eV, see Table 4 and 5)
becomes maximized in the 2A′(4) state. The order of the excited
state energies is changed in the CPCM calculations. Such a
change in energy ordering suggests that the methanol solvent
strongly affects the electronic states of 2A′(3) and 2A′(4) with
negligible effects on other states. The CASPT2 gives smaller
Tv values except for the 2A′(2) and the 2A′(3) states. The average
deviation is -0.016 eV.

The Tv values of spin-orbit coupled states of •CF2CF2I in
the gas phase calculated by the CASPT2 are summarized in
Table 6. The SOC in the ground state of the anti structure is
negligible. In the anti structure of •CF2CF2I, the SOC is larger

than in both structures of CF2ICF2I. For example, the proportions
of doublet and quartet states are similar for two intense
spin-orbit coupled states (4.51 and 4.63 eV; see Table 6). In
addition, the magnitude of blue-shift of Tv values for the intense
excitations in •CF2CF2I is larger than that of CF2ICF2I. Two
SO states (3.13 and 3.63 eV) are generated by mixing the 2A′′(1)
state (3.34 eV) with the 2A′(2) state (3.41 eV). The difference
between the two SO states (0.50 eV) is much larger than that
of two spin-free states (0.07 eV). The SOC increases the energy
gap as if the two states had repelled each other. Since both states
belong to the same state (2E1/2) in the double group symmetry,
the energy gap increases in the SOC calculation. Similar results
can be found in CH2ClI+.59,60

The excited states of the gauche structure also have consider-
able double excitation characters as in the anti structure. The
differences in excitation energies between CASPT2 and M05-
2X are large in 2A(2) and 2A(3) states, which are accounted for
by the double excitation (see Table 5). Although the difference
in excitation energy is small in the 2A(4) state, the CASPT2
(n f σ*) gives a different nature of electronic configuration
compared with that of the M05-2X (SOMOf σ*). The excited
states of the gauche structure in the CPCM were not calculated
because we cannot find the equilibrium geometry of the gauche
structure. However, we expect that a similar trend of variation
between the calculations may be observed as well in the gauche
structure in methanol. The effect of SOC is negligible on the

TABLE 4: Vertical Excitation Energies (Tv, in eV) and Oscillator Strengths (in Parentheses, ×10-3) of •CF2CF2I in the Gas
Phase and Methanol

•CF2CF2I state characteristics PBE0 PBE0(CPCM) PBE0∆Ea M05-2X M05-2X (CPCM) M05-2X∆Ea

anti (Cs) 2A′′(1) n f SOMO 3.16 3.25 +0.09 3.52 3.60 +0.08
2A′(2) n f SOMO 3.21 (1.2) 3.29 (1.5) +0.08 3.57 (1.0) 3.63 (1.3) +0.06
2A′(3) SOMO f σ* 4.18 (38.6) 4.17 (57.1) -0.01 4.39 (15.8) 4.40 (24.1) +0.01
2A′′(2) n f σ* 4.56 4.64 (0.1) +0.08 4.90 4.96 (0.1) +0.06
2A′(4) n f σ* 4.63 (0.2) 4.69 (0.5) +0.06 4.90 (6.6) 4.95 (9.9) +0.05

gauche (C1) 2A(2) n f σ*, SOMO f σ* 3.92 (0.1) 4.00 (0.1) +0.08 4.24 4.29 +0.05
2A(3) n f σ* 4.01 4.09 +0.08 4.27 4.34 +0.07
2A(4) SOMO f σ* 4.33 (3.0) 4.40 (7.8) +0.07 4.87 (1.1) 4.92 (1.9) +0.05
2A(5) n f σ* 4.80 (0.2) 4.88 (0.7) +0.08 4.96 (0.2) 5.02 (0.5) +0.06
2A(6) n f SOMO 4.48 (1.3) 4.50 (0.3) +0.02 5.08 (3.7) 5.09 (5.5) +0.01
2A(7) n f SOMO 4.51 (7.5) 4.53 (8.0) +0.02 5.20 (5.7) 5.21 (8.0) +0.01

a Tv(CPCM) - Tv(gas), the positive sign and the negative sign indicate that the Tv value is blue-shifted and red-shifted, respectively.

TABLE 5: Vertical Excitation Energies (Tv, in eV) of Spin-Free States of •CF2CF2I in the Gas Phase and Methanol Calculated
by the CASPT2a

•CF2CF2I state CASPT2 characteristicsb CASPT2(CPCM) CASPT2∆Ec

anti (Cs) 2A′′(1) 3.34 (0.21) S: n f SOMO (81.2%)
D: n f SOMO and SOMO f σ* (15.4%)

3.33 -0.01

2A′(2) 3.41 (0.42) S: n f SOMO (76.1%)
D: n f σ* and SOMO f σ* (10.9%)

3.42 +0.01

4A′′ 4.55 S: n f σ* (97.6%) 4.53 -0.02
2A′(3) 4.56 (5.5) S: σ f SOMO (30.4%), SOMO f σ* (30.6%)

D: SOMO f σ* and σ f σ* (9.9%)
4.92 +0.36

4A′ 4.60 S: n f σ* (97.9%) 4.57 -0.03
2A′′(2) 4.99 (3.1) S: n f σ* (96.2%) 4.96 -0.03
2A′(4) 5.12 (3.7) S: n f σ* (20.5%)

D: SOMO f σ* and n f SOMO (58.0%)
4.73 -0.39

gauche (C1) 4A(1) 4.35 S: n f σ* (97.4%)
2A(2) 4.37 (0.027) S: n f σ* (16.3%)

D: n f SOMO and SOMO f σ* (72.6%)
4A(2) 4.42 S: n f σ* (97.0%)
2A(3) 4.47 (0.042) S: n f σ* (17.3%)

D: n f SOMO and SOMO f σ* (75.3%)
2A(4) 4.95 (9.2) S: n f σ* (76.7%)

D: n f SOMO and SOMO f σ* (18.7%)

a Values in parentheses are the oscillator strength (×10-3). b “S” and “D” mean the single excitation and the double excitation, respectively.
c Tv(CPCM) - Tv(gas), the positive sign and the negative sign indicate that the Tv value is blue-shifted and red-shifted, respectively.
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ground state of the gauche structure but is significant on the
excited states, as in the anti structure. For the most intense
excitation, the Tv value (5.11 eV) is larger than that of spin-
free state (4.95 eV).

In summary, the •CF2CF2I radical has considerable double
excitation character and spin-orbit coupling. Thus, for the
radical, the multiconfigurational ab initio methods such as
CASPT2 followed by treatment of the SOC, rather than the
TDDFT, are relevant for calculating its excitation energies.

Conclusions

CF2ICF2I and •CF2CF2I in the gas phase and methanol solvent
were calculated by the DFT and multiconfigurational ab initio
methods. The performances of commonly used four hybrid and
one hybrid meta DFT functionals (B3LYP, B3PW91, PBE0,
X3LYP, and M05-2X) were tested in calculating molecular
geometry, vibrational frequency, and vertical excitation energy
(Tv). The calculated results were compared with those calculated
by ab initio methods (the performance for calculations of various
molecular properties is summarized in Table S8 (Supporting
Information), which may be useful for a quick comparison).
Most DFT functionals overestimate the C-I bond lengths, while
the M05-2X functional gives reasonably good results. In general,
the M05-2X functional well predicts molecular geometries but
tends to overestimate the vibrational frequencies. The vibrational
frequencies calculated using B3LYP are in excellent agreement
with experimental values. Among the ab initio methods, the
CASPT2 method gives good results in calculating molecular
geometries. In both structures of CF2ICF2I, the solvent effect
was found to increase and decrease the C-F and C-I bond
lengths, respectively. Besides, the bond angles involving I
increase, while those related to F decrease. The ICCI dihedral
angle slightly decreases by the solvent effect. All methods show
the same trends by the solvent effect. In contrast, in the
•CF2CF2I, the method dependence of the solvent effect exists.
For example, the CASSCF with the CPCM model often gives

an opposite trend of the solvent effect compared with other
methods. In contrast, the B3LYP well follows the general trend
of the solvent effect seen in all other methods.

The Tv values calculated using TDDFT vary according to the
type of exchange-correlation functionals and its variation is
about 0.7 eV. Most functionals underestimate the Tv values, but
the M05-2X well predicts the Tv values, as CASPT2 does. The
TDDFT methods generally give blue-shifted Tv values in the
CPCM calculations, but not in the CASPT2 case. For CF2ICF2I,
the average deviations of Tv values between in the gas phase
and in methanol (i.e., Tv (CPCM) - Tv (gas)) are +0.083 and
+0.0057 eV when using the TDDFT and CASPT2 methods,
respectively. On the other hand, the average deviations for
•CF2CF2I are +0.053 (TDDFT) and -0.016 eV (CASPT2),
respectively.

All low-lying excited states of CF2ICF2I are characterized
by the excitation from nonbonding (n) orbital to antibonding
(σ*) orbital of C-I. The excited states of •CF2CF2I are different
in their characters from those of CF2ICF2I, having considerable
double excitation characters. The energy ordering of some of
the excited states are changed in the CPCM calculations of
•CF2CF2I. The SOC of •CF2CF2I is larger than that of CF2ICF2I.

This work may be helpful for further development of DFT
functionals to provide accurate prediction of molecular proper-
ties and stimulate further experimental photochemical dynamics
studies of haloethanes in gas and solution phases.
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Supporting Information Available: UV/vis absorption
spectra of CF2ICF2I in methanol (Figure S1) with experimental
details shown in the figure caption. Fully optimized geometries
of CF2ICF2I in the gas phase and methanol solvent (Table S1
and S2, respectively). Calculated vibrational frequencies of anti

TABLE 6: Vertical Excitation Energies (Tv, in eV) of Spin-Orbit Coupled States of •CF2CF2I in the Gas Phase Calculated by
the CASPT2a

•CF2CF2I CASPT2-SO characteristics of SO states

anti (Cs) 0.00 99.2% 2A′(1), 0.2% 2A′(2), 0.2% 2A′′(1), 0.2% 4A′, 0.1% 4A′′
3.13 (0.32) 43.2% 2A′(2), 56.7% 2A′′(1)
3.63 (0.34) 0.3% 2A′(1), 52.5% 2A′(2), 6.4% 2A′(3), 0.5% 2A′(4), 39.5% 2A′′(1),

0.3% 4A′, 0.4% 4A′′
4.32 (0.0081) 44.6% 4A′, 55.3% 4A′′
4.40 (0.95) 0.5% 2A′(2), 12.6% 2A′(3), 5.1% 2A′(4), 0.4% 2A′′(1), 2.7% 2A′′(2),

23.8% 4A′, 54.9% 4A′′
4.51 (2.1) 1.1% 2A′(2), 25.1% 2A′(3), 1.8% 2A′(4), 1.1% 2A′′(1), 16.4%

2A′′(2), 48.6% 4A′, 5.7% 4A′′
4.63 (3.0) 0.1% 2A′(1), 2.0% 2A′(2), 34.9% 2A′(3), 9.3% 2A′(4), 1.6% 2A′′(1),

5.7% 2A′′(2), 15.9% 4A′, 30.4% 4A′′
4.97 (0.72) 0.1% 2A′(1), 0.2% 2A′(2), 11.8% 2A′(3), 3.0% 2A′(4), 0.1% 2A′′(1),

3.9% 2A′′(2), 43.2% 4A′, 37.7% 4A′′
5.18 (2.5) 0.1% 2A′(2), 7.6% 2A′(3), 7.2% 2A′(4), 59.0% 2A′′(2), 20.3% 4A′,

5.7% 4A′′
5.30 (3.3) 0.2% 2A′(2), 1.4% 2A′(3), 73.1% 2A′(4), 0.3% 2A′′(1), 12.1%

2A′′(2), 3.1% 4A′, 9.7% 4A′′
gauche (C1) 0.00 99.4% 2A(1), 0.1% 2A(2), 0.1% 2A(3), 0.2% 4A(1), 0.1% 4A(2)

4.12 (0.00014) 55.6% 4A(1), 44.4% 4A(2)
4.14 (0.015) 35.2% 2A(2), 21.1% 2A(3), 27.4% 4A(1), 16.2% 4A(2)
4.29 (1.2) 29.5% 2A(2), 1.4% 2A(3), 14.0% 2A(4), 28.2% 4A(1), 26.8% 4A(2)
4.45 (0.054) 3.4% 2A(2), 36.6% 2A(3), 1.0% 2A(4), 26.7% 4A(1), 32.3% 4A(2)
4.72 (0.0060) 5.5% 2A(2), 8.7% 2A(3), 37.9% 4A(1), 47.8% 4A(2)
4.76 (0.032) 0.6% 2A(1), 20.9% 2A(2), 31.9% 2A(3), 20.6% 4A(1), 26.0% 4A(2)
5.11 (8.1) 5.4% 2A(2), 0.2% 2A(3), 84.9% 2A(4), 3.4% 4A(1), 6.1% 4A(2)

a Values in parentheses are the oscillator strength (×10-3).
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and gauche structures of CF2ICF2I in the gas phase and methanol
solvent (Table S3). Tv values of the anti structure of CF2ICF2I
calculated by using B3LYP and M05-2X on CASPT2 geometry
(Table S4). Optimized geometries of •CF2CF2I in the gas phase
and methanol (Tables S5 and S6, respectively). Calculated
vibrational frequencies of anti and gauche structures of •CF2CF2I
in the gas phase and methanol solvent (Table S7). Performances
of methods for various molecular properties (Table S8). The
results calculated by the PBE (GGA) functional (Table S9-S14).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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