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Density functional theory (DFT) has been utilized to study the vinyl radical and fluorinated vinyl radical
series, C2H3-nFn, n ) 0-3. Six different functionalssB3LYP, B3P86, BHLYP, BLYP, BP86, and LSDAs
were used. A double-ú basis set, augmented with additional s- and p-type diffuse functions as well as additional
polarization functions (DZP++), was employed for all of the computations. Extensive calibrative studies
have demonstrated that the DZP++ B3LYP, BLYP, and BP86 methods do a good job in the prediction of
electron affinities. Neutral-anion energy separations were used to calculate the adiabatic electron affinities
(EAad), the vertical electron affinities (EAvert), and the vertical detachment energies (VDE). These electron
affinities were found to get progressively larger as the number of fluorines is increased; ZPVE-corrected
values predicted by the reliable BLYP method are 0.66 eV (C2H3), 1.54 eV (C2H2F), 1.96 eV (C2HF2), and
2.40 eV (C2F3). This trend can be attributed to increasing anion stability, which can be rationalized in terms
of inductive and negative hyperconjugative effects. Optimized geometries for all of the neutral and anionic
species, which are indicative of the aforementioned effects, are presented. The 1-fluorovinyl radical is found
to lie lowest in energy of the mono-fluorinated species, whereas the most stable anion of the same stoichiometry
is a fluoride‚‚‚acetylene complex, which is found to lie 19.5 kcal mol-1 lower than the 1-fluorovinyl anion
using BLYP. The most stable configuration for the difluorinated species is 2,2-difluorovinyl for both the
neutral radical and the anion.

I. Introduction

The vinyl radical and its fluorinated derivatives have been
studied over recent decades, both theoretically1-5 and experi-
mentally.1,6-14 The 70’s and 80’s saw the publication3,5 of
studies of both the vinyl and trifluorovinyl radicals, carried out
using semiempirical methods or Hartree-Fock theory with
minimal basis sets and focused on calculating the radicals’
geometries and harmonic vibrational frequencies. The evolution
of computers has enabled more elaborate levels of theory to be
employed in more recent years, such as the recent paper by
Goldschleger, Akimov, Misochko, and Wight,1 which found
excellent agreement between experimental and B3LYP predicted
hyperfine coupling constants. A detailed study of the electronic
transitions of the vinyl radical, computed at the MRCISD and
CASSCF levels of theory was published recently by Zhang and
Morokuma.4 However, despite this interest, no systematic study
of the effects of halogen substitution on the electronic properties
of the vinyl radical has been published. Electron affinities (EAs)
are extremely useful in thermochemistry15-17 and have many
roles in semiconductor technology.18-21

An earlier study,22 somewhat surprisingly, showed that the
electron affinities of halide-substituted methyl radicals do not
necessarily correlate with the electronegativities of the different
halide substituents. However, the authors found that substituting
the hydrogen atoms with fluorine atoms increases the electron
affinity of the species, as expected on simple electronegativity
grounds. Given these results, one of the principal aims of this
research is to extend this study to fluorinated vinyl radicals and
to ascertain whether similar trends are observed.

In this discussion, the quantity EAad will be used to represent
the adiabatic electron affinity, i.e., the electron affinity associated
with a slow neutral-to-anion transition that allows geometric
rearrangement to occur. In polyatomic systems, attachment of
an electron is usually accompanied by a change in geometry,
thus making adiabatic EAs difficult to measure experimentally.
For this reason, both the vertical electron affinity (EAvert) and
the vertical detachment energy (VDE) are reported here, where
these quantities correspond to the Franck-Condon transitions
from the optimized anion to the neutral and from the optimized
neutral to the anion, respectively. Assuming that the geometry
of the species does not change drastically upon addition of an
electron, the VDE and EAvert provide lower and upper bounds,
respectively, for the experimentally observed EAs. The experi-
mental electron affinity should be close to the adiabatic value,
should this change in geometry be small.

II. Theoretical Methods

The properties of the molecules were computed using six
different DFT or hybrid HF/DFT functionals, defined below,
with a DZP++ basis set. This basis set is comprised of the
standard first row Huzinaga-Dunning double-ú basis sets,23,24

augmented with additional pure spherical harmonic polarization
functions withRd(C) ) 0.75,Rd(F) ) 1.00, andRp(H) ) 0.75
and diffuse functions withRs(C) ) 0.04302,Rp(C) ) 0.03629,
Rs(F) ) 0.1049,Rp(F) ) 0.0826, andRs(H) ) 0.04415. Spin
unrestricted formulations of the DFT functionals were employed
for the computation of the radicals’ properties, as recommended
by Pople, Gill, and Handy.25

The functionals used in this study are the following: (1)
Becke’s hybrid three-parameter exchange functional26 (B3) with* Corresponding author. E-mail: hfs@uga.edu.
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Lee, Yang, and Parr’s correlation functional27 (LYP), designated
as B3LYP; (2) the same B3 exchange functional with Perdew’s
1986 correlation functional28,29 (P86) giving the B3P86 hybrid
functional; (3) Becke’s half-and-half30,31correlation functional
(BH) with the LYP exchange (BHLYP); (4) Becke’s 1988
exchange functional32 (B) with LYP correlation (BLYP); (5)
the same B exchange functional with P86 correlation (BP86);
and (6) the Slater exchange functional33-35 (S) with Vosko,
Wilk, and Nusair correlation36 (VWN). This last functional uses
the local spin density approximation and is, therefore, usually
referred to as LSDA (this nomenclature has been adopted in
this paper) but it may also be referred to as SVWN.

In a recent theoretical/experimental review,2 Rienstra-Kira-
cofe, Tschumper, Schaefer, Nandi, and Ellison showed that DFT,
when implemented with the same DZP++ basis set used here,
has a tendency to overestimate EAs, with the exception of the
BHLYP functional. The authors compared 91 experimentally
measured EAs, each having an uncertainty of less than 0.09
eV, with DFT computed values. Of the six functionals men-
tioned above, B3LYP, BLYP, and BP86 were found to be the
most consistently accurate with average absolute errors of 0.14
(0.16), 0.14 (0.15), and 0.18 (0.19) eV, respectively, where the
values in parentheses represent the zero-point vibrational energy
(ZPVE) corrected values. The corresponding absolute values
of the maximum errors for these functionals were reported as
0.71 (0.76), 0.67 (0.71), and 0.62 (0.66) eV.

For clarity, the quantities to be computed are explicitly
defined below:

All structures were optimized using analytic gradients, yielding
stationary points that were characterized by computing harmonic
vibrational frequencies. The structures presented were confirmed
to be minima. Natural population analysis (NPA) computations
were carried out at the B3LYP level of theory at the B3LYP
optimized geometries. These facilitated a qualitative comparison
of the “atomic charges” between neutral and anion species. All
of the quantum chemical computations were carried out using
the GAUSSIAN 94 software package.37

III. Results

We have computed optimized geometries and EAs for the
vinyl radical and a series of fluorinated vinyl radicals. The aim

Figure 1. C2H3 and C2H3
- bond lengths (Å) and angles.

Figure 2. C2H2F bond lengths (Å) and angles.

EAad ) E(optimized neutral)- E(optimized anion)

EAvert ) E(optimized neutral)- E(anion at optimized neutral geometry)

VDE ) E(neutral at optimized anion geometry)- E(optimized anion)
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was to observe trends in EAs with the inclusion of additional
fluorine atoms, and to analyze relative stabilities of the isomers
of the mono- and di-fluorinated structures.

All of the optimized structures are predicted to haveCs

symmetry and the neutral radicals all have2A′ ground electronic
states, i.e. they areσ radicals. These findings are in agreement
with previous electron spin resonance (ESR) studies,6,10-13

which have shown this to be the case for both the vinyl radical
and the trifluorovinyl radical. All of the anions have1A′
electronic ground states. Although we were unable to find
experimental geometrical data for the substituted vinyl radicals,
some studies have suggested that the BHLYP method is the
most accurate of the six functionals used here in the optimization
of molecular geometry,22,38-42 while others prefer the B3LYP
method.

A. C2H3. We found two experimental EAs of the vinyl
radical: 0.668( 0.02443 and 0.80( 0.2 eV.44 Comparison of
the former of these values with the theoretical results, shown
in Table 1, reveals that the B3LYP, BLYP, and BP86 func-
tionals, which yield ZPVE corrected EAad values of 0.70, 0.66,
and 0.80 eV, respectively, predict this EA most accurately, as

expected.2 The geometries of the neutral and anionic species
are shown in Figure 1. The BHLYP functional predicts bond
lengths and angles in excellent agreement with experiment,45

although these comparisons should be made with caution since
we are comparing a computedre geometry with an experimen-
tally derived r0 structure. The bond lengths (Å) predicted by
BHLYP (with corresponding experimental data45 in parentheses)
are 1.078 (1.080( 0.010), 1.310 (1.3160( 0.0063), 1.083
(1.085( 0.010), and 1.088 (1.085( 0.010). It should be noted
that these last two values represent the two Câ-H bonds, which
appear to be equivalent on typical experimental time-scales, i.e.
the radical appears to haveC2V symmetry due to the rapid
rocking-tunneling of theR-hydrogen between equivalent sites.
The BHLYP (and experimental) bond angles are 137.2° (137.3
( 4.0°), 121.4° (121.5( 1.0°), and 116.8° (117.0( 2.0°). All
of the functionals predicted the angles within experimental error
and, with the exception of the Câ-H bonds, B3LYP and B3P86
predict the bond lengths within experimental uncertainty. All
of the functionals predict longer C-H bond lengths and a
marginally longer CdC bond in the anion, relative to the neutral.

TABLE 1: Predicted EAs of the Vinyl Radical and Substituted Vinyl Radicals (in eV) (ZPVE corrected EAad are in
parentheses; EAvert and VDE are not corrected for ZPVE.)

a Ref 43.b Ref 48.
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The C-C-H bond angle, centered on theR-carbon, shows a
reduction of roughly 30° upon addition of the extra electron,
due to the extra repulsion.

B. C2H2F. Three isomers of the fluorovinyl radical and anion,
whose structures are shown in Figures 2 and 3, were studied.
The relative energies of these isomers are presented in Table 2.
These values indicate that, of the three isomers, the 1-fluoro
species is the most stable for both the neutral and the anion, a
result that can be attributed to the ability of the electronegative
fluorine atom to inductively withdraw electron density from the
R-carbon.

Additional stabilization of the radical results fromπ donation
from fluorine, a weakπ donor. The 2-fluorovinyl radicals are
roughly isoenergetic, with theE-isomer slightly more stable,
suggesting that the radical stabilization is dominated by a
combination ofσ withdrawal andπ donation by the fluorine
atom at theR-carbon, not resonance. Of the two 2-fluorovinyl
anion isomers, theZ-isomer is more stabilized with respect to
its E analogue due to negative hyperconjugation,46 with DFT

predicting the stabilization of theZ-2-fluorovinyl anion to fall
between 1 and 3 kcal mol-1 relative to theE-2-fluorovinyl anion.

A vinylic anion exhibiting negative hyperconjugation would
be expected to have a shorter carbon-carbon bond length, due
to the increase in acetylenic character. However, somewhat
paradoxically, all of the DFT functionals predict an increase in
this bond length with formation of the anion. Despite this, some
increased acetylenic character is evident from the ca. 0.1 Å
increase in the C-F bond length in theZ-2-fluorovinyl anion,
compared to its neutral counterpart.

The B3LYP NPA computation predicts that the fluorine atom
has a natural charge of-0.38 in the radical and-0.54 in the
anion for theZ-isomer. This difference is less pronounced
(-0.37 in the radical and-0.49 in the anion) in theE-isomer.
This increase in negative charge is indicative of a contribution
from H-CtC-H + F-. These hyperconjugative effects are
more prevalent in theZ-2-isomer than theE-2-isomer due to
the increased overlap of the nonbonding lone pair (n) orbital
with the π*

C-F orbital47 in the antiperiplanar arrangement,

Figure 3. C2H2F- bond lengths (Å) and angles. Figure 4. C2HF2 bond lengths (Å) and angles.
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compared with the synperiplanar arrangement. Stabilization of
the fluorovinyl radical through effects at theR-carbon is
dominant over resonance stabilization. With the exception of
BP86 and LSDA, these stabilizing effects are more pronounced
in the anion than in the neutral radical.

Computed EAs for the fluorovinyl radical isomers are roughly
equal, with DFT consistently predicting the EA of theE-2-
fluorovinyl radical as the smallest. All the functionals except
BHLYP give the EA ofZ-2-fluorovinyl radical as slightly larger
than that of 1-fluorovinyl radical.

C. C2HF2. As with the mono-fluorinated structures, there are
three isomers to be considered for the difluorinated species. The
geometries of these are shown in Figures 4 and 5. The relative
stabilities of the different isomers are shown in Table 2, and
seem to follow a different pattern than the fluorovinyl species.
As with the fluorovinyl radical, theE- andZ-1,2-difluorovinyl
radicals are roughly isoenergetic, with theE-1,2-difluorovinyl
radical slightly more stable than theZ-isomer. The 2,2-
difluorovinyl radical is stabilized with respect to the 1,2-
difluorovinyl radical by between 5 and 7 kcal mol-1, suggesting
that in this case resonant effects are the dominant stabilizing
factor, in contrast to the case of mono-fluorinated vinyl radicals.

For the difluorinated anions, the same trend is observed, with
theE- andZ-1,2-difluorovinyl anion energy separation enhanced
and the inductive effects seemingly muted. The 2,2-difluorovinyl
anion is predicted to lie lower thanZ-1,2-difluorovinyl by∼3-4
kcal mol-1, which in turn lies below theE-1,2-isomer by
∼0.5-1 kcal mol-1. The electron affinities, shown in Table 1,
fit the general trend established in this work, i.e., the presence
of the second fluorine increases the electron affinity. There are

no experimental EAs for either the mono- or di-substituted
radicals, so we are unable to provide an analysis of performance
of individual DFT functionals. However, we expect the B3LYP,
BLYP, and BP86 EAs to be very reliable.

D. C2F3. Spyrou, Sauers and Christopherou report the
experimental EA of trifluorovinyl radical as 2.1( 0.2 eV.48 In
contrast to the unsubstituted radical, only the BHLYP value
(2.25 eV) is within the experimental errorsall of the other
methods exceed the experimental value. It seems likely that 2.3
eV (the experimental upper bound) is a far more plausible EA
for C2F3 than is 1.9 eV (the experimental lower bound).
Geometrically, the trifluorinated system behaves similarly to
its unsubstituted parent upon addition of an extra electron. The
structures of the radical and anion are shown in Figure 6. The
F-C-C bond angle, centered on theR-carbon closes by
approximately 20° upon anion formation. Further evidence of
negative hyperconjugation comes from the increase of the
anion’s C-F bond, anti to the lone pair orbital, by ca. 0.05 Å
relative to the neutral radical. A lengthening of slightly smaller
magnitude is predicted for the C-F bond syn to the lone pair.
The CdC bond length in the vinyl anion is predicted to be 0.02
Å longer than the equivalent bond in the trifluorovinyl anion,
indicating that more negative hyperconjucation is afforded by
the fluorine substituents than the hydrogens, as expected.

E. Alternative Structures. Some important alternative
structures for the fluorinated anions have been characterizeds
these are shown in Figure 7. These fluoride‚‚‚acetylene com-
plexes all possessC∞V symmetry and have a1Σ+ electronic
ground state. Our results show that [F‚‚‚H-CtC-H]- lies
lower by∼15 kcal mol-1 with respect to the 1-fluorovinyl anion.

TABLE 2: Energies (kcal mol-1) of the Different Isomers, Relative to the Most Stable Isomer for Each Species (ZPVE
corrected values are in parentheses.)

B3LYP B3P86 BHLYP BLYP BP86 LSDA

E-2-fluorovinyl radical 3.34 3.58 2.54 3.87 4.15 5.16
(2.94) (3.21) (2.24) (3.38) (3.69) (4.67)

Z-2-fluorovinyl radical 3.39 3.72 2.76 3.72 4.11 5.52
(3.09) (3.44) (2.54) (3.35) (3.77) (5.12)

1-fluorovinyl radical 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

E-2-fluorovinyl anion 20.3 18.4 19.2 21.1 18.9 15.1
(23.2) (21.0) (21.6) (23.5) (21.3) (17.2)

Z-2-fluorovinyl anion 18.5 16.9 18.4 18.0 16.4 13.9
(21.4) (19.4) (20.7) (20.2) (18.7) (15.9)

1-fluorovinyl anion 16.0 14.8 14.6 17.0 15.4 12.8
(19.1) (17.4) (17.0) (19.5) (17.9) (15.0)

[F‚‚‚H-CtC-H]- 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Z-1,2-difluorovinyl radical 5.62 6.08 6.93 4.56 5.1 5.77
(6.36) (6.82) (7.65) (5.31) (5.84) (6.54)

E-1,2-difluorovinyl radical 6.24 6.69 7.33 5.43 5.93 6.21
(6.64) (7.08) (7.69) (5.84) (6.33) (6.64)

2,2-difluorovinyl radical 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Z-1,2-difluorovinyl anion 3.00 4.24 3.03 2.61 3.97 6.78
(3.28) (4.50) (3.28) (2.88) (4.22) (7.04)

E-1,2-difluorovinyl anion 3.93 5.39 3.65 3.97 5.58 7.73
(3.92) (5.35) (3.58) (4.02) (5.57) (7.73)

2,2-difluorovinyl anion 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

[F‚‚‚H-CtC-F]- 2.46 4.21 4.21 1.23 3.02 7.09
(0.23) (2.08) (2.32) (-1.17) (0.89) (5.11)

[F‚‚‚F-CtC-F]- 29.2 33.3 31.6 26.6 31.2 39.7
(28.1) (32.2) (30.5) (25.5) (30.0) (38.4)

trifluorovinyl anion 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

[F‚‚‚F-CtC-F]- 50.3 53.3 53.7 47.1 50.4 56.5
(49.3) (52.2) (52.8) (45.8) (48.9) (55.1)
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This value increases to∼18 kcal mol-1 with the inclusion of
ZPVE correction. This complex has been characterized experi-
mentally49 and theoretically50 in recent years, yet no energetic
comparison has been made between the anionic F‚‚‚acetylene
complex and the fluorovinyl anion. Botschwina, Dutoi, Mlad-
enovic, Oswald, Schmatz, and Stoll50 have computed the
equilibrium dissociation energy (for dissociation to F- and
acetylene) as 24.1 kcal mol-1 using the aug-cc-pVQZ CCSD(T)
method. Of the difluoro-isomers, only the[F‚‚‚H-CtC-F]-

structure is stabilized relative to the vinyl structures discussed
previouslysthis isomer is of comparable energy to the 2,2-
difluorovinyl anion with ZPVE taken into account, and∼2 kcal
mol-1 higher neglecting the ZPVE correction. The BHLYP
predicted H-F bond lengths in [F‚‚‚H-CtC-H]- and
[F‚‚‚H-CtC-F]-, 1.065 and 1.041 Å, are not terribly longer
than the equilibrium bond distance of free HF (0.917 Å).51 This
strong H-F bond is responsible for the relatively low energy
of these two complexes. The other two linear isomers investi-
gated, [F‚‚‚F-CtC-H]- and [F‚‚‚F-CtC-F]-, were found

to be significantly higher in energy than the aforementionedCs

structures. These structures also each have a pair of small (∼30
cm-1) degenerate vibrational frequencies, making the definitive
assignment of these structures as minima on the potential energy
surface difficult. The weak F‚‚‚F interaction, evident from the
large separation, does not afford the same stabilization as the
F-H hydrogen bond. None of the linear isomers has been
considered in the calculation of EAs because of the change in
geometry and connectivity that would have to occur between
the neutralCs species and theC∞V anion.

IV. Conclusions

The EAs shown in Table 1 reveal that the vinyl radical EAs
increase with the degree of fluorine substitution, due to the
ability of fluorine to preferentially stabilize the anion, a trend
that was also observed in fluorine-substituted methyl radical
EAs.22

We have shown that the different isomers of the mono- and
di-fluorinated radicals have somewhat different EAs, mainly due
to the varying stereoelectronic effects observed in each case.
These differences in EA should be analyzed with caution,
however, due to the intrinsic uncertainty of the DFT computa-
tions. It has been shown that the B3LYP, BLYP, and BP86
methods predict EAs of systems having a closed-shell anion
and an open-shell radical to 0.12 eV or better,22 which is greater
than the EA differences between isomers. However, the relative
ordering is consistently predicted by all six functionals, allowing
us to draw qualitative conclusions.

Figure 5. C2H2HF- bond lengths (Å) and angles.

Figure 6. C2F3 and C2F3
- bond lengths (Å) and angles.
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Successive substitution of fluorine for hydrogen atoms in the
vinyl radical results in a gradual increase in electron affinities.
Relative stabilities of isomers of mono- and di-fluorinated vinyl
radicals are governed by a competition of electronic effects at
the R-carbon and resonance effects. For the monofluorinated
anion, inductive withdrawal effects are the dominant stabilizing
mode, with some contribution from negative hyperconjugation.
In contrast, the radical stability is governed byπ donation and
σ withdrawal at theR-carbon, with resonance effects relatively
minor. For the difluorovinyl radical and anion, however,
resonance effects are the major means of stabilization, especially
for the radical.

Linear anionic complexes with the same stoichiometry as
the fluorinated vinyl radicals were characterized. The
fluoride‚‚‚acetylene complex was found to be considerably
more stable than any of the fluorovinyl anions, while the
[F‚‚‚H-CtC-F]- complex is of comparable energy to the
difluorovinyl anions. The other two linear complexes
investigated, [F‚‚‚F-CtC-H]- and [F‚‚‚F-CtC-F]-, lie
above the corresponding vinylic anions.

Though we do not have enough experimental data to make
any meaningful statements about the accuracy of the different
methods employed in this work, the relative values of the
predicted EAs consistently follow the order:

This is in good agreement with previous studies. Our limited
comparison of bond lengths seems to show that BHLYP is the
most accurate of the six functionals tested here; however, the
B3LYP and B3P86 methods were also found to perform
extremely well.
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