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The ESR spectra for the cation radicals of CH

 

3

 

CH

 

2

 

F (FE) and its partially deuterated derivatives, formed by irradi-
ation with 

 

γ

 

-rays in SF

 

6

 

 matrices at 77 K, were observed at low temperatures.  The spectra consist of two lines typical of
an anisotropic hyperfine coupling to a 

 

19

 

F nucleus.  The optimized geometry of FE

 

·+

 

 was obtained by the ab initio MO
method, and hyperfine splittings were evaluated by density functional theory (DFT).  Two structures, A and B, were ob-
tained having 

 

2

 

A

 

′

 

 and 

 

2

 

A

 

�

 

 electronic states, respectively.  Structure A is in a lower energy state by 0.31 eV than structure
B, and is assigned to the detected cation radical.  This structure has a SOMO composed of the 2p orbitals of two C and an
F atoms in the molecular plane, and has an elongated C–C bond of 0.1884 nm.  This resembles the SOMO given for
C

 

2

 

H

 

6

 

·+

 

.  Furthermore, the structural distortion of FE

 

·+

 

 in zeolite and the thermal dissociation of FE

 

·+

 

 in matrices are re-
ported.

 

A number of studies have been reported on the electronic
structures for the cation radicals of the hydrocarbons substitut-
ed by halogens, since substitution by halogens can induce large
effects in the geometric and electronic structure of organic
molecules.

 

1–6

 

  For example, the ethylene cation and the pro-
pene cation have nonplanar twisted structures,

 

7,8

 

 while the flu-
orinated ethylene and propene cations were concluded to have
planar structures.

 

5

 

Iwasaki et al. reported that the ESR spectrum of C

 

2

 

H

 

6

 

·+

 

consisted of three lines with binominal 1:2:1 intensities and
that the unpaired electron possessed a 4

 

a

 

g

 

 orbital in a 

 

C

 

2

 

h

 

 sym-
metry.

 

9

 

  This is a cation of the 

 

σ

 

-type; a spin density of ca.
60% lies in the 1s orbitals of the two hydrogen atoms in the
plane of the molecule (Scheme 1).  On the other hand, Knight
et al. observed the ESR spectrum of CH

 

3

 

F

 

·+

 

 trapped in a Ne
matrix.

 

10

 

  In this cation of the 

 

π

 

-type, ca. 24% of the unpaired
electron is occupied in a 2p orbital of 

 

19

 

F and ca. 67% in the 1s
orbitals of the three hydrogen atoms (Scheme 1).

In this study, the electronic structure of the cation radical of
fluoroethane (FE

 

·+

 

) was investigated.  FE

 

·+

 

 can be thought to
be a radical yielded by the substitution of a hydrogen atom in
the C

 

2

 

H

 

6

 

·+

 

 radical of the 

 

σ

 

-type by a fluorine atom.  Therefore,
a study of the electronic structure of CH

 

3

 

CH

 

2

 

F

 

·+

 

 may provide
fundamental experimental information on the substitution ef-
fects of 

 

n

 

-alkanes by fluorine atoms.  On the other hand, FE

 

·+

 

can also be compared to the radical produced by the substitu-
tion of a hydrogen atom in the CH

 

3

 

F

 

·+

 

 radical of the 

 

π

 

-type by
a CH

 

3

 

 group.  Accordingly, the electronic structure and the dis-
tribution of the spin density for FE

 

·+

 

 were investigated by ESR
measurements and molecular-orbital calculations, and were
compared with those of C

 

2

 

H

 

6

 

·+

 

 and CH

 

3

 

F

 

·+

 

.  The thermal re-
action of FE

 

·+

 

 was also studied by the ESR method, and the
reactivity of FE

 

·+

 

 is discussed.  Moreover, the surface effect
for FE

 

·+

 

 adsorbed on zeolite is considered.

 

Experimental and Calculations

 

CH

 

3

 

CH

 

2

 

F (FE) and its two partially deuterated derivatives,
CH

 

2

 

DCH

 

2

 

F and CD

 

3

 

CH

 

2

 

F, were used as solutes.  CH

 

3

 

CH

 

2

 

F (97%)
was purchased from Takachiho Co. Ltd. and CH

 

2

 

DCH

 

2

 

F and
CD

 

3

 

CH

 

2

 

F were supplied by Professor Emeritus Michiro Hayashi
of the Faculty of Science, Hiroshima University.  SF

 

6

 

 (Takachiho
Co. Ltd.) and Na-ZSM5 zeolite (SiO

 

2

 

/Al

 

2

 

O

 

3

 

 

 

=

 

 23.8, TOSOH Co.
Ltd.) were used as matrices.  Solutions containing about 1 mol%
of FE in matrices were prepared in Spectrosil ESR sample tubes
on a vacuum line.  For the experiments using zeolite, 10 wt% FE
was introduced and adsorbed at room temperature on zeolite,
which had been subjected to a thermal treatment at 200 °C for 2
hours in air followed by a treatment at 400 °C for 4 hours under a
vacuum.  The samples were irradiated with 

 

γ

 

-rays from a 

 

60

 

Co
source at 77 K, the typical total absorption dose being about 10
kGy.  ESR measurements were conducted with a Bruker ESP300E
spectrometer operating at a 100 kHz field modulation of 0.32 mTScheme 1.   
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and a microwave power of 1.0 mW, in the temperature region of 4
K to 150 K.

The optimized geometry of FE

 

·+

 

 was obtained by the ab initio
MO method at the MP2/6-31G

 

**

 

 level, and isotopic and anisotro-
pic hyperfine splittings were evaluated for the structure by the
density functional theory (DFT) at the B3LYP/6-31G

 

**

 

 level.

 

11

 

All calculations were carried out on a Dell Precision 410 worksta-
tion using the GAUSSIAN 98 program package.

 

Results and Discussion

ESR of Fluoroethane Cations in SF

 

6

 

 Matrices.    

 

 The
ESR spectrum observed from an irradiated SF

 

6

 

 matrix contain-
ing CH

 

3

 

CH

 

2

 

F at 77 K, consists of two anisotropic lines typical
of the hyperfine splitting due to a 

 

19

 

F nucleus, as shown in Fig.
1a.  No obvious change in the spectrum was observed in the
rage of 4 to 95 K, but, by annealing to higher temperatures, the
spectrum changed reversibly into an isotropic spectrum.  In the
spectrum observed at 100 K, two different radicals, ((

 

Ⅰ

 

) and
(

 

Ⅱ

 

)) having the following parameters, were found in addition
to SF

 

6

 

·−

 

 and SF

 

5

 

·

 

 radicals,

 

12,13

 

 as described in a below section:

(

 

Ⅰ

 

) 2.2 mT (2 

 

×

 

 

 

1

 

H) and 2.6 mT (3 

 

×

 

 

 

1

 

H),

(

 

Ⅱ

 

) 6.8 mT (1 

 

×

 

 

 

19

 

F), 2.2 mT (1 

 

×

 

 

 

1

 

H), 
and 2.5 mT (3 

 

×

 

 

 

1

 

H).

Radicals (

 

Ⅰ

 

) and (

 

Ⅱ

 

) were assigned to CH

 

3

 

CH

 

2

 

·

 

 

 

14

 

 and
CH

 

3

 

CHF

 

·

 

,

 

15

 

 respectively, based on these ESR parameters.
Thus, the radical, strongly suggested as the FE

 

·+

 

 cation and
giving the spectrum in Fig. 1, may be a precursor for neutral
radicals (

 

Ⅰ

 

) and (

 

Ⅱ

 

).
The ESR spectra of CH

 

2

 

DCH

 

2

 

F

 

·+

 

 and CD

 

3

 

CH

 

2

 

F

 

·+

 

, generat-
ed in SF

 

6

 

 matrices and observed at 77 K, are slightly different
in their line-widths, but are essentially the same as the spec-
trum of CH

 

3

 

CH

 

2

 

F

 

·+

 

, as shown in Fig. 1.  Thus, since partially
deuterated samples gave no change in the hyperfine splitting
(hfs), it may be concluded that the hfs of the 

 

1

 

H in the CH

 

3

 

group is smaller than the line-width (0.5 mT).
The ESR spectrum of CH

 

3

 

CH

 

2

 

F

 

·+

 

 was reproduced by a sim-
ulation using the ESR parameters of 

 

A

 

//

 

(

 

19

 

F) 

 

= 13.0 mT,
A⊥(19F) = 0.5 mT, a(2 × 1H) = 0.9 mT, a(3 × 1H) < 0.5 mT,
gxx = 2.0053, gyy = 2.0072, and gzz = 2.0054, as shown in Fig.
1.  From the isotropic hfs of a(2 × 1H) = 0.9 mT, ca. 4% of the
unpaired electron is found to be occupied in the two 1s orbitals
of the equivalent 1H atoms.

Since the observed 19F hf tensor can be assumed to be
uniaxially symmetric, isotropic a(19F) and anisotropic b(19F)
hf tensors can be obtained in terms of the observed A//(19F) and
A⊥(19F) from the following equations:16

A//(19F) = a(19F) + 2b(19F),

A⊥(19F) = a(19F) − b(19F).

Although the sign of A⊥(19F) could not be determined from
ESR measurements, the value A⊥(19F) is much smaller than
that of A//(19F).  Thus, the value of b(19F) is only slightly affect-
ed by the sign of A⊥(19F), since the value is 4.2 and 4.5 mT for
the positive and negative signs, respectively, of A⊥(19F).  It is

concluded from the atomic anisotropy of 54.3 mT17 for 19F that
ca. 8% of the unpaired electron is localized in a 2p orbital of
the 19F atom.

ESR of Fluoroethane Cations Adsorbed on Zeolites.
The ESR spectra of the CH3CH2F·+ and CH2DCH2F·+ cations
generated in the matrices of Na-ZSM5 zeolite are shown in
Figs. 2a and b, respectively.  For a comparison, the spectrum of
CD3CH2F·+ in SF6 is also shown in Fig. 2c.  The A//(19F) value
of FE·+  in the zeolite is larger by ca. 3 mT than that in SF6.
This difference may result from the fact that the geometric
structure of the cations is affected by adsorption on crystalline
zeolite, having a 0.5 nm size channel.18–21

MO Calculation Results.    CH3CH2F·+/SF6 System.    Ab
initio MO calculations were conducted to elucidate the elec-
tronic structure of CH3CH2F·+ in more detail.  Two different
optimized geometric structures, A and B, were obtained by us-
ing the GAUSSIAN 98 program at the MP2/6-31G** level, as
shown in Fig. 3.  The total energy for structure A with the 2A′
electronic state (Cs structure) of the σ-type is lower by ca. 0.31
eV than that of structure B in the 2A� electronic state (Cs struc-
ture) of the π-type, as shown in Fig. 3.  The theoretical values
of not only isotropic but also anisortopic 19F- and 1H-hfs for
these two structures were evaluated by DFT method at the
B3LYP/6-31G** level.11  The calculated hf tensors and the di-

Fig. 1.   ESR spectra of (a) CH3CH2F·+, (b) CH2DCH2F·+,
and (c) CD3CH2F·+ formed in SF6 matrices by ionizing ra-
diation, and recorded at 77 K.  The dotted lines are the sim-
ulation spectrum calculated using the following ESR pa-
rameters: A//(19F) = 13.0 mT, A⊥(19F) = 0.5 mT, a(1H in
CH2F) = 0.9 mT, a(1H in CH3) < 0.5 mT, gxx = 2.0053,
gyy = 2.0072, and gzz = 2.0054.  The Gaussian line shape
with a line-width of 0.5 mT was used.
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rections for the 19F nucleus and isotropic couplings to 1H nu-
clei are shown with the observed values in Figs. 3a and b.

The SOMO of structure A is mainly composed of the 2p or-
bitals, of the two C and the F atoms, which are in the molecular
plane, whereas that for the structure B is done with the 2p or-
bitals perpendicular to the molecular plane.  The difference in
the two electronic states results in a large difference in the C–C
bond lengths.  The C–C bond length of structure A is 0.1884
nm, elongated by ca. 25% from 0.1509 nm for its neutral mol-
ecule (Fig. 4), while that of structure B is 0.1458 nm, reduced
only by ca. 3.3%.

Regarding the hfs to the 19F nucleus of structure A, the cal-
culated A// value, 31.5 mT, is ca. 2.4-times larger than the ob-
served one, 13 mT, and the calculated A⊥, (−)7.3 mT, is ca.
15-times larger than the observed one, ca. 0.5 mT.  The calcu-
lated isotropic hfs of the two 1H nuclei in the CH2F group, 1.4
mT, is close to the observed one, 0.9 mT, and the value aver-
aged among the three 1H nuclei in the CH3 group, −0.15 mT,
is consistent with the observed one, < 0.5 mT.  On the other
hand, for structure B, not only the reproduction of the hfs to
19F is unsatisfactory, but also the isotropic coupling for the 1H
nuclei in the CH2F group is 18-times larger than the observed
value.  Thus, structure A might be reasonably assigned to the
cation generated, if it is taken into consideration that a small
difference in the calculated unpaired electron density gives rise

to a large difference in hfs for the 19F nucleus because of the
large value of the magnetic moment of the nucleus.

To the best of our knowledge, a few DFT calculations have
been carried out for such radical species containing F atoms as
F2

·−,22 FCl·−,22 F·,23,24 and FOO·,25 but there is no report for
cation radicals  containing F atoms.  As a matter of course, the
fitting between the calculated and observed hfs for these four
species reported is unsatisfactory, since the hfs values for 19F is
largely dependent upon its spin density.

In order to compare the electronic structure between FE·+

and C2H6
·+, the optimized structure of C2H6

·+ was evaluated
at the MP2/6-31G** level and two electronic states, 2Ag and
2Bg (C2h), were obtained.  The 2Ag state is a σ-type and the 2Bg

state is a π-type, having C–C bond lengths of 0.1584 nm and
0.1435 nm, respectively, as shown in Fig. 3.  They are elongat-
ed and shortened as compared with that of the neutral CH3CH3

molecule, 0.1542 nm.  The 2Ag state is in a lower energy state
by ca. 0.2 eV, in accord with the results reported by Iwasaki et
al.8,9  Structure A for FE·+ in the 2A′ is analogous to the 2Ag

state of CH3CH3
·+, while the B structure corresponds to the

2Bg state.  Thus, the substitution of one H atom in the
CH3CH3

·+ cation by an F atom is ineffective with regard to the
electronic ground state, and the electronic state similar to the
2Ag state is retained, although the unpaired electron density is
partly distributed on the F atom.  The meta stable structure B,
in a π-type, corresponds to the structure assigned to CH2F·+.10

Optimized geometries for neutral mother molecules of
C2H5F and C2H6, shown in Fig. 4, were compared with those
of these cation radicals.  Structure A for FE·+ is formed by
elongating the C–C bond with a σ bonding nature and shorten-
ing the C–F bond with a π antibonding nature, whereas struc-
ture B has shortened C–C and C–F bonds both with a π anti-
bonding nature.  Similar behavior was obtained for the C–C
bonds in the 2Ag and 2Bg states for CH3CH3

·+.
This trend is in agreement with that which we have conclud-

ed in our recent study on the cation radicals of fluorinated ben-
zenes.6  It depends upon the process of releasing one electron
from an HOMO; the chemical bonds with the bonding nature
in the HOMO become elongated and that the bonds with an an-
tibonding nature become shortened.

Hfs values of 0.9 mT to < 0.5 mT are given to the 1H nucle-
us in FE·+, and are too much smaller than 15.2 mT for two 1H
nuclei in the molecular plane of C2H6

·+ 8,9 and 11.3 mT for
three 1H nuclei in the CH3F·+.10  The large amount of spin den-
sity, ca. 60%, is occupied by the two hydrogens in the case of
C2H6

·+, and ca. 67%, is possessed by the three hydrogens in
CH3F·+.  However, the large spin density moves into the 2p or-
bitals of two C atoms in the case of FE·+.

When the cation radicals of a series of fluorinated ethylenes
were compared, in the order of CF2wCH2

·+, CF2wCFH·+,
CF2wCF2

·+, the observed isotropic and anisotropic hfs to the
19F nuclei in the CF2 groups systematically increased with the
number of F atoms in the group of the counterpart of the CF2

group.5  This phenomenon was interpreted in terms of the
“back donation” effect of the fluorine, which has a high elec-
tronegativity and behaves as a π donor.26  The concentration of
the spin density to the 2p orbitals of two C atoms, which was
brought about by substitution of C2H6

·+ by a fluorine atom in
this study, is also explained as the “back donation” effect of the

Fig. 2.   ESR spectra of (a) CH2DCH2F·+ and (b) CD3CH2F·+

generated in Na-ZSM5 zeolite matrices by ionizing radia-
tion, and recorded at 77 K.  Spectrum (C) is for
CD3CH2F·+ generated in an SF6 matrix (Fig. 1c).
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fluorine.
The hfs of the methyl protons in FE·+ is negligibly small.

Positive spin is caused by super conjugation from the C atom
in the CH2F group, but negative spin through a spin polariza-
tion from the methyl C atom.  The sum of the positive and neg-
ative spin gives hfs to the methyl proton.  This is one more rea-
son why they have small hfs.  The small hfs for methylene pro-
tons (0.9 mT) can be also explained using similar reasoning.

CH3CH2F·+/Na-ZSM5 System.    The hf A//(19F) tensor of
the FE·+ generated in the zeolite is larger by ca. 3 mT than that
formed in SF6 matrices, as described above.  This may result
from the fact that the structure of the cation is subjected to
some distortion through interactions between the cation and
the zeolite surface.  In order to attain any information on the
structural deformation of FE·+ adsorbed on the zeolite, the
DFT method at the level of B3LYP/6-31G** was used to cal-
culate how the value of A//(19F) and the total energy were
changed when the C–C–F angle, θ, and the length of the C–F,
r(C–F), and C–C, r(C–C), bonds were altered from those of
the optimized geometry.  The change in the values of A// and
total energy, respectively, induced by change in θ and r is
shown in Fig. 5.

The increased value in A//(19F) of 3 mT, observed in the zeo-
lite matrices, corresponds to ca. 23% of the observed value (13
mT) in SF6 matrices.  Since the optimized structure A has an
A//(19F) value of 31.5 mT, the value increased by 23% is ca.
38.8 mT.  Thus, we searched for θ, r(C–F), and r(C–C), giving

an A//(19F) of 38.8 mT; θ = 87° and r(C–F) = 0.146 and r(C–
C) = 0.169 nm were obtained.  The structure having either pa-
rameter is in a higher energy state by ca. 0.0040 a.u (ca. 0.11
eV), 0.0190 a.u (ca. 0.52 eV) and 0.0046 a.u (ca. 0.13 eV) than
the optimized one, respectively.  Increase in A// value arisen in
zeolite is possible for a structure with a smaller C–C–F bond
angle, a longer C–F bond, and a shorter C–C bond.  Although
the deformation of the cation in zeolite cavity cannot be de-
fined explicitly, elongation in the C–F bond, requiring a large
increase in energy, may be difficult in the cavity, whereas the
C–C bond shortened in the cavity may be plausible.  A de-
crease in the C–C–F angle accompanied by the smallest in-
crease in energy may also be possible.

Thermal Reactivity of Fluoroethane Cations.     When
CH3CH2F·+ generated in SF6 was annealed to 100 K, where
the matrix was in a plastic phase,27 the spectra changed irre-
versibly.  The spectrum observed at this temperature consisted
of a number of complicated lines, making its analysis difficult.
Thus, in order to identify the radical species formed,
CD3CH2F·+ was annealed in place of CH3CH2F·+.  The spec-
trum observed for CD3CH2F·+ at 100 K are shown in Fig. 6.  A
simulation indicates that in addition to the radicals of SF6

·−

and SF5
·, two kinds of radicals, Ⅲ and Ⅳ, were generated in

the ratio of 0.3:0.7, respectively, having the following ESR pa-
rameters:

(Ⅲ) 2.2 mT (2 × 1H) and 0.4 mT (3 × 2D),

Fig. 3.   Optimized geometries with the schematic representation of SOMOs for CH3CH2F·+ and CH3CH3
·+ calculated using a

GAUSSIAN 98 program at the MP2/6-31G** level, together with the 19F-hf tensors and isotropic 1H couplings calculated by DFT
method at the level of B3LYP/6-31G**.  The observed hf couplings to 1H and 19F nuclei are given with underlines.  The bond
lengths are in nm.  The p orbitals contributing the SOMO in structure A are in the molecular plane, while those in structure B are
perpendicular to the molecular plane.
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(Ⅳ) 6.8 mT (1 × 19F), 2.2 mT (1 × 1H), 
and 0.4 mT (3 × 2D).

From these parameters, radicals (Ⅲ) and (Ⅳ) were assigned to
CD3CH2

· and CD3CHF·, respectively.  Thus, the previous as-
signment to the neutral radicals CH3CH2

· and CH3CHF·, giv-
ing the ESR parameters (Ⅰ) and (Ⅱ), was confirmed using a par-
tially deuterated fluoroethane CD3CH2F.  The complicated
spectrum observed for CH3CH2F·+ at 100 K was successfully
interpreted in terms of these assignments.

The followings are three possible reaction mechanisms for
the radical formation:

(a) CH3CH2F·+ → CH3CHF· + H+ (1)

H+ + F− → HF or H+ + SF6
·− → HF + SF5

· (2)

(b) SF6
·− → SF5

· + F− (3)

CH3CH2F·+ + F− → CH3CH2
· + F2 (4)

CH3CH2F·+ + F− → CH3CHF· + HF (5)

(c) CH3CH2F·+ + SF6
·− → CH3CH2F* + SF6 (6)

CH3CH2F* → CH3CH2
· + F· (7)

CH3CH2F* → CH3CHF· + H· (8)

The first mechanism (a) shows the neutral radical CH3CHF·

formed by the removal of an H+ from FE·+.  This reaction may
be followed by reaction (2).  It may, however, be difficult to ex-
pect CH3CH2

· from a similar mechanism.  The second mecha-
nism (b) has the F− released from SF6

·− neutralizing FE·+ to
form both the neutral radicals.  The formation energies of H–F
and F–F are 565.9 and 154.8 kJ mol−1, respectively.28  That is,
the reaction to produce HF is thermodynamically more favor-
able than that to yield F2.  This might be somewhat related to the
observed higher yield of CH3CHF· ([CH3CH2

·]:[CH3CHF·] =

Fig. 4.   Optimized geometries for the neutral molecules of
CH3CH2F and CH3CH3, calculated with a GAUSSIAN 98
program at the MP2/6-31G** level to be compared with
those of their radical cations.

Fig. 5.   The dependence of the A// coupling to the 19F nucleus
and the total energy on (a) the C–C–F angle, θ(C–C–F),
and (b) the C–F, r(C–F), and (c) C–C bond, r(C–C),
lengths calculated at the MP2/6-31G** level.  The A// cou-
pling was evaluated for each optimized structure using
DFT method at B3LYP/6-31G** level.
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3:7).  The last mechanism (c) shows the neutral excited spe-
cies of FE, FE*, formed by the reaction between FE·+ and the
electron released from SF6

·− as a precursor to generate these
neutral radicals.  In this study, the ESR signals of these neutral
radicals were observed with the appearance of the SF5

· radical
formed from SF6

·−.  Therefore, mechanism (b) may be more
plausible, although mechanism (a) is not completely ruled out.

This study was partially supported by grant from the Minis-
try of Education, Science, Sports and Culture.  The authors
thank Miss Nami Miwa for experimental assistance, Dr. Wang
Pen for helpful discussions, and Professor Emeritus Michiro
Hayashi for supplying partially deuterated fluoroethanes,
CH2DCH2F and CD3CH2F.
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Fig. 6.   ESR spectrum observed at 100 K for the CD3CH2F/
SF6 sample pre-irradiated at 77 K.  The dashed line is a
simulated spectrum by superposing the calculated spectra
of CD3CH2

· and CD3CHF· with the relative ratios of 0.3
and 0.7, respectively.  The parameters used for the simula-
tion are given in the text.


