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The Vinyl Radical and Fluorinated Vinyl Radicals, CoHs—,F, (n = 0—3), and
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Density functional theory (DFT) has been utilized to study the vinyl radical and fluorinated vinyl radical
series, GHs—,F, n = 0—3. Six different functionalsB3LYP, B3P86, BHLYP, BLYP, BP86, and LSDA

were used. A doublé-basis set, augmented with additional s- and p-type diffuse functions as well as additional
polarization functions (DZ#+), was employed for all of the computations. Extensive calibrative studies
have demonstrated that the DZF 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

(EA4g), the vertical electron affinities (EAy, 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 eMHEL 1.54 eV (GH2F), 1.96 eV (GHF,), and

2.40 eV (GFs). 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 midbwer 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 In this discussion, the quantity EAwill be used to represent
the adiabatic electron affinity, i.e., the electron affinity associated
. ) X with a slow neutral-to-anion transition that allows geometric
studied over recent decades, both theoreti¢allipnd experi-  yoarrangement to occur. In polyatomic systems, attachment of
mentally:-©~1* The 70's and 80's saw the publicatighof an electron is usually accompanied by a change in geometry,
studies of both the vinyl and trifluorovinyl radicals, carried out 1,5 making adiabatic EAs difficult to measure experimentally.
using semiempirical methods or Hartréeock theory with  por this reason, both the vertical electron affinity (54 and
minimal basis sets and focused on calculating the radicals’ i yertical detachment energy (VDE) are reported here, where
geometries and harmonic vibrational frequencies. The evolution i ace quantities correspond to the FranGlondon transitions

of computers has enabled more elaborate levels of theory 10 begom the optimized anion to the neutral and from the optimized
employed in more recent years, such as the recent paper by,eytra| to the anion, respectively. Assuming that the geometry

Goldschleger, Akimov, Misochko, and Wightwhich found ¢ he species does not change drastically upon addition of an
excellent agreement between experimental and B3LYP predictedg|ectron, the VDE and EAq provide lower and upper bounds

hyperﬁne coupling constants. A detailed study of the electronic respectively, for the experimentally observed EAs. The experi-
transitions of the vinyl radical, computed at the MRCISD and enta| electron affinity should be close to the adiabatic value,
CASSCEF levels of theory was published recently by Zhang and ¢pqu1d this change in geometry be small.

Morokuma? 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 thermochemisfry'” and have many The properties of the molecules were computed using six
roles in semiconductor technology.?* different DFT or hybrid HF/DFT functionals, defined below,
An earlier study?? somewhat surprisingly, showed that the with a DZP++ basis set. This basis set is comprised of the

electron affinities of halide-substituted methyl radicals do not standard first row HuzinagaDunning doubles basis setg3:24
necessarily correlate with the electronegativities of the different augmented with additional pure spherical harmonic polarization
halide substituents. However, the authors found that substitutingfunctions withas(C) = 0.75, aq(F) = 1.00, ando,(H) = 0.75

the hydrogen atoms with fluorine atoms increases the electronand diffuse functions witlas(C) = 0.04302,0,,(C) = 0.03629,
affinity of the species, as expected on simple electronegativity as(F) = 0.1049,0,(F) = 0.0826, andxs(H) = 0.04415. Spin
grounds. Given these results, one of the principal aims of this unrestricted formulations of the DFT functionals were employed
research is to extend this study to fluorinated vinyl radicals and for the computation of the radicals’ properties, as recommended

The vinyl radical and its fluorinated derivatives have been

Il. Theoretical Methods

to ascertain whether similar trends are observed. by Pople, Gill, and Handy2
The functionals used in this study are the following: (1)
* Corresponding author. E-mail: hfs@uga.edu. Becke’s hybrid three-parameter exchange functf§rBI3) with
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Vinyl radical E-2-Fluorovinyl radical
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Exp 1.3160.006 Hgi e Z-2-Fluorovinyl radical
Exp 1.085+0.010 142.6° 122.8°
142.5° 123.0°
141.0° 122.7°
143.8° 122.7° }gg;
Vinyl anion 143.7° 122.9 1346
1.391
o B3LYP 1.082 1.378
108.5° 126.3° B3P§6  1.081 1.352
108.1° 126.4° BHLYP 1.074
108.3° 125.8° 1.116 BLYP 1.088 \ 111.7°
108.8° 126.7° 1.115 BP86  1.089 1316 111.9°
B3LYP 1.124 108.4° 126.8o 1.104 LSDA  1.090 1.314 X 112.1°
B3P86  1.123 108.7° 126.6 1.128 1.306 1.089 111.2°
BHLYP 1.114 1.129 1.324 1.080 111.6°
BLYP 1.113 1.128 1.324 1.097 111.9°
BP86  1.134 1313 1.099
LSDA 1130 1.101
\ 1-Fluorovinyl radical
L12.4° 129.8° 120.5°
1.358 1103 112,40 129.9° 120.6°
1377 ' 112.8° 129.8° 120.4° 1.093
1.103 .
1375 et 129.5 120.7° 1.091
1361 1.094 . :
: 1.110 112.1° 129.7° 120.7 1.083
1.112 112.2° B3LYP 1320 130.0 1100
Ll B3P86 1312 1.101
_ BHLYP 1304 1.102
Figure 1. C;Hs and GH3~ bond lengths (A) and angles. BLYP 1.337
BP86 1. o
, _ _ _ LSDA 1308 AN oS
Lee, Yang, and Parr’s correlation functiotgL YP), designated 11970
as B3LYP; (2) the same B3 exchange functional with Perdew’s {gﬁ 1.084 119.5°
1986 correlation function#2° (P86) giving the B3P86 hybrid 1.337 igg Hg‘g:
functional; (3) Becke’s half-and-h&f3! correlation functional ig;g 1,093 '
(BH) with the LYP exchange (BHLYP); (4) Becke's 1988 1.094
exchange function® (B) with LYP correlation (BLYP); (5)  Figure 2. CoHaF bond lengths (A) and angles.
the same B exchange functional with P86 correlation (BP86); . . o
and (6) the Slater exchange functicitat® (S) with Vosko, F_or clarity, the quantities to be computed are explicitly
Wilk, and Nusair correlatiot (VWN). This last functional uses ~ d€fined below:
the local spin density approximation and is, therefore, usually EAq= E(optimized neutral) E(optimized anion)
referred to as LSDA (this nomenclature has been adopted in = g _ g _E
this paper) but it may also be referred to as SVWN. vert — —(optimized neutral) (anion at optimized neutral geometry)
In a recent theoretical/experimental revié\Rjenstra-Kira- VDE = E(,eytral at optimized anion geometry) E(optimized anion)

cofe, Tschumper, Schaefer, Nandi, and Ellison showed that DFT, a|| structures were optimized using analytic gradients, yielding
when implemented with the same DZR basis set used here,  stationary points that were characterized by computing harmonic
has a tendency to overestimate EAs, with the exception of the vibrational frequencies. The structures presented were confirmed
BHLYP functional. The authors compared 91 experimentally to be minima. Natural population analysis (NPA) computations
measured EAs, each having an uncertainty of less than 0.09were carried out at the B3LYP level of theory at the B3LYP
eV, with DFT computed values. Of the six functionals men- optimized geometries. These facilitated a qualitative comparison
tioned above, B3LYP, BLYP, and BP86 were found to be the of the “atomic charges” between neutral and anion species. All
most consistently accurate with average absolute errors of 0.14of the quantum chemical computations were carried out using
(0.16), 0.14 (0.15), and 0.18 (0.19) eV, respectively, where the the GAUSSIAN 94 software packagé.

values in parentheses represent the zero-point vibrational energy

(ZPVE) corrected values. The corresponding absolute values!!l- Results

of the maximum errors for these functionals were reported as We have computed optimized geometries and EAs for the
0.71 (0.76), 0.67 (0.71), and 0.62 (0.66) eV. vinyl radical and a series of fluorinated vinyl radicals. The aim
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TABLE 1: Predicted EAs of the Vinyl Radical and Substituted Vinyl Radicals (in eV) (ZPVE corrected EAyq are in
parentheses; EAe: and VDE are not corrected for ZPVE.)

B3LYP B3P86 BHLYP BLYP BP86 LSDA Experiment

vinyl radical 0.668 + 0.024°
EAu 0.68 1.14 0.39 0.63 077 1.29
0.70)  (1.17) (0.42) (0.66) (0.80) (1.31)
EAyer 0.17 0.63 -0.15 0.15 028 0.81
VDE 1.19 1.67 0.92 1.13 1.28 1.78
E-2-fluorovinyl radical
EAu H H o 1s1 196 12 148 16 215
e (1.54)  (2.00) (1.23) (1.52) (1.63) (2.18)
EAyer ) 1 1.45 0.67 0.99 1.1 1.69
VDE F 2.09 2.55 1.78 2.06 2,17 2.68
Z-2-fluorovinyl radical
EA. H F 159 203 125 L6l 1.7 222
(1.63) (2.07) (1.28) (1.66) (1.75) (2.25)
EAyer * 1.01 1.45 0.66 1.02 1.11 1.69
VDE H 2.27 2.71 1.89 2.39 243  2.86
1-fluorovinyl radical
EAu F. H 1.55 1.97 1.29 1.5 1.57 2.03
(1.59) (2.01) (1.34) (1.54) (1.62) (2.07)
EA,en : 0.85 126 0.54 0.84 091 142
VDE H 2.26 2.68 2.02 2.18 225  2.64
Z-1,2-difluorovinyl radical
EAu F. F 2.07 2.49 1.83 2.01 2.08 253
(2.13)  (2.55) (1.88) (2.07) (2.14) (2.58)
EAyer * 1.36 1.78 1.08 1.33 14 1.89
VDE H 2.77 3.19 2.54 2.7 2.76  3.15
E-1,2-difluorovinyl radical
EAu F. H 2.06 2.47 1.82 1.99 2.05 251
E— 2.11)  (2.52) (1.87) (2.04) (2.10) (2.55)
EA,er ‘ 1.41 1.82 1.13 1.38 144 197
VDE F 2.76 3.16 2.53 2.67 272 3.08
2,2-difluorovinyl radical
EA.. H F 1.96 241 1.66 1.93 2.03 258
(1.99) (245 (1.69) (1.96) (2.07) (2.60)
EA . ‘ 1.32 1.77 1.01 1.29 139 197
VDE F 2.65 3.11 2.33 2.63 274  3.24
trifluorovinyl radical 21+02°
EAu 2.43 2.84 2.2 2.35 241 285
(2.48) (2.90) (2.25) (2.40) (2.46) (2.90)
EA e 1.67 2.08 1.42 1.61 1.67 2.17
VDE 3.17 3.58 2.95 3.09 3.14  3.51

aRef 43.P Ref 48.

was to observe trends in EAs with the inclusion of additional expected. The geometries of the neutral and anionic species
fluorine atoms, and to analyze relative stabilities of the isomers are shown in Figure 1. The BHLYP functional predicts bond
of the mono- and di-fluorinated structures. lengths and angles in excellent agreement with experiftent,
All of the optimized structures are predicted to ha@e although these comparisons should be made with caution since
symmetry and the neutral radicals all h&?¢ ground electronic we are comparing a computeglgeometry with an experimen-
states, i.e. they are radicals. These findings are in agreement ta|ly derivedr, structure. The bond lengths (&) predicted by

with previous electron spin resonance (ESR) stutli€s;® gy yp (with corresponding experimental détin parentheses)
which have shown this to be the case for both the vinyl radical 5.0 1 978 (1.08Gt 0.010), 1.310 (1.316@ 0.0063), 1.083
and the trifluorovinyl radical. All of the anions haviA (1.085+ 0.010), and 1.088 (1.085 0.010). It should be noted

e'e"”?”'c ground states. Although we were ““‘?‘b'e to_flnd that these last two values represent the tywe & bonds, which
experimental geometrical data for the substituted vinyl radicals, . . . . .
some studies have suggested that the BHLYP method is the@PPeAr FO be equivalent on typical experimental tlme-scaleg, €
most accurate of the six functionals used here in the optimization € radical appears to hav@;, symmetry due to the rapid
of molecular geometr§23%-42 while others prefer the B3LYP rocking-tunneling of thex-hydrogen between equivalent sites.
method. The BHLYP (and experimental) bond angles are 137137.3

A. C,Hs. We found two experimental EAs of the vinyl ~+ 4.0°), 121.4 (121.5+ 1.0°), and 116.8 (117.0+ 2.C°). All
radical: 0.668+ 0.0243 and 0.80+ 0.2 eV4 Comparison of of the functionals predicted the angles within experimental error
the former of these values with the theoretical results, shown and, with the exception of the;€H bonds, B3LYP and B3P86
in Table 1, reveals that the B3LYP, BLYP, and BP86 func- predict the bond lengths within experimental uncertainty. All
tionals, which yield ZPVE corrected Edvalues of 0.70, 0.66,  of the functionals predict longer €H bond lengths and a
and 0.80 eV, respectively, predict this EA most accurately, as marginally longer &C bond in the anion, relative to the neutral.
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E-2-Fluorovinyl anion Z-1,2-Difluorovinyl radical
106.9° 134.1°
106.2° 133.7° 131.2° 122.3°
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104.9° LSDA 1.297 1.329 114.8°
. 1.431 102.9° 1.326 115.0
1.337 1414 103.3° 1.316 1076 115.0°
1.325 1.480 104.2° 1.341 1.092 114.5°
1.460 1.339 1,094 114.8°
1.420 1.329 1,095 115.3
Z-2-Fluorovinyl anion E-1,2-Difluorovinyl radical
128.0° 124.1°
112.9° 126.5° 128.2° 123.9°
111.8° 126.8° 128.0° 123.9° 1.091
110.9° 126.0° 1.510 127.7° 124.5° 1.090
108 116.5° 127.0° }-jgg 127.9° 124.1° 1082
B3LYP 1. o 30 :
B3P86 1.109 sl 1273 1.606 B3LYP 1.315 1.099
BHLYP 1.102 1.550 B3P86 1.308 1.101
BLYP 1.110 1.478 BHLYP 1.301 1.103
BP86  1.115 BLYP 1.332 11470
LSDA 1115 BP86  1.324 A
102.67 LSDA 1.301 114.9
103.3° : 114.9¢
104.37 114.4°
I e 1146°
‘5o ~ 115.0°
1.326 1'097 103.2
1.320 1.101
1.104
1-Fluorovinyl anion 2,2-Difluorovinyl radical
140.5° 125.5°
108.1° 123.8° o o
108.3° 123.4° 11 o o 1.329
107.9° 124.1° 141.6 125.6 1313
B3LYP 1467 108.1° 12410 1.102 141.3° 125.6° 1318
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BLYP 1.085 109.6°
\ 117.9° BP86 1.086 109.6°
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117.9° 1095
. 1.092 o .
1376 1,084 117.87 30 . 109.5°
1375 1100 117.8° 30 .
1.361 1101 118.5 323
1.099 : 1.318
Figure 3. C;H,F~ bond lengths (A) and angles. Figure 4. CHF, bond lengths (A) and angles.

The C-C—H bond angle, centered on thecarbon, shows a  predicting the stabilization of thé-2-fluorovinyl anion to fall
reduction of roughly 30 upon addition of the extra electron, between 1 and 3 kcal md!relative to theE-2-fluorovinyl anion.
due to the extra repulsion. A vinylic anion exhibiting negative hyperconjugation would
B. C,HJF. Three isomers of the fluorovinyl radical and anion, be expected to have a shorter carbearbon bond length, due
whose structures are shown in Figures 2 and 3, were studiedto the increase in acetylenic character. However, somewhat
The relative energies of these isomers are presented in Table 2paradoxically, all of the DFT functionals predict an increase in
These values indicate that, of the three isomers, the 1-fluoro this bond length with formation of the anion. Despite this, some
species is the most stable for both the neutral and the anion, aincreased acetylenic character is evident from the ca. 0.1 A
result that can be attributed to the ability of the electronegative increase in the €F bond length in th&-2-fluorovinyl anion,
fluorine atom to inductively withdraw electron density from the compared to its neutral counterpart.
o-carbon. The B3LYP NPA computation predicts that the fluorine atom
Additional stabilization of the radical results framdonation has a natural charge 6f0.38 in the radical ane-0.54 in the
from fluorine, a weakr donor. The 2-fluorovinyl radicals are  anion for theZ-isomer. This difference is less pronounced
roughly isoenergetic, with th&-isomer slightly more stable, (—0.37 in the radical ang-0.49 in the anion) in th&-isomer.
suggesting that the radical stabilization is dominated by a This increase in negative charge is indicative of a contribution
combination ofo withdrawal andz donation by the fluorine from H—C=C—H + F~. These hyperconjugative effects are
atom at thea-carbon, not resonance. Of the two 2-fluorovinyl more prevalent in th&-2-isomer than thé=-2-isomer due to
anion isomers, th&-isomer is more stabilized with respect to the increased overlap of the nonbonding lone pajratbital
its E analogue due to negative hyperconjugatibmith DFT with the 7"c_¢ orbital” in the antiperiplanar arrangement,



1612 J. Phys. Chem. A, Vol. 108, No. 9, 2004 Simmonett et al.

TABLE 2: Energies (kcal mol~?) 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 19.2 211 18.9 151
(23.2) (21.0) (21.6) (23.5) (21.3) (17.2)
Z-2-fluorovinyl anion 185 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 17.0 154 12.8
(19.1) (17.4) (17.0) (19.5) (17.9) (15.0)
[Fe+*H—C=C—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)
[Fe+*H—C=C—F]~ 2.46 4.21 421 1.23 3.02 7.09
(0.23) (2.08) (2.32) €1.17) (0.89) (5.11)
[Fe+-F—C=C—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)
[Fe+-F—C=C—-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)

compared with the synperiplanar arrangement. Stabilization of no experimental EAs for either the mono- or di-substituted
the fluorovinyl radical through effects at the-carbon is radicals, so we are unable to provide an analysis of performance
dominant over resonance stabilization. With the exception of of individual DFT functionals. However, we expect the B3LYP,
BP86 and LSDA, these stabilizing effects are more pronounced BLYP, and BP86 EAs to be very reliable.

in the anion than in the neutral radical. D. C,Fs. Spyrou, Sauers and Christopherou report the
Computed EAs for the fluorovinyl radical isomers are roughly experimental EA of trifluorovinyl radical as 24 0.2 eV#8In
equal, with DFT consistently predicting the EA of te2- contrast to the unsubstituted radical, only the BHLYP value

fluorovinyl radical as the smallest. All the functionals except (2.25 eV) is within the experimental erreall of the other
BHLYP give the EA ofZ-2-fluorovinyl radical as slightly larger ~ methods exceed the experimental value. It seems likely that 2.3
than that of 1-fluorovinyl radical. eV (the experimental upper bound) is a far more plausible EA
C. C,HF». As with the mono-fluorinated structures, there are for CyF3 than is 1.9 eV (the experimental lower bound).
three isomers to be considered for the difluorinated species. TheGeometrically, the trifluorinated system behaves similarly to
geometries of these are shown in Figures 4 and 5. The relativeits unsubstituted parent upon addition of an extra electron. The
stabilities of the different isomers are shown in Table 2, and structures of the radical and anion are shown in Figure 6. The
seem to follow a different pattern than the fluorovinyl species. F—C—C bond angle, centered on tte-carbon closes by

As with the fluorovinyl radical, thé- andZ-1,2-difluorovinyl approximately 20 upon anion formation. Further evidence of
radicals are roughly isoenergetic, with t&el,2-difluorovinyl negative hyperconjugation comes from the increase of the
radical slightly more stable than th&-isomer. The 2,2- anion’s G-F bond, anti to the lone pair orbital, by ca. 0.05 A

difluorovinyl radical is stabilized with respect to the 1,2- relative to the neutral radical. A lengthening of slightly smaller
difluorovinyl radical by between 5 and 7 kcal mé| suggesting magnitude is predicted for the-&~ bond syn to the lone pair.
that in this case resonant effects are the dominant stabilizing The G=C bond length in the vinyl anion is predicted to be 0.02
factor, in contrast to the case of mono-fluorinated vinyl radicals. A longer than the equivalent bond in the trifluorovinyl anion,
For the difluorinated anions, the same trend is observed, with indicating that more negative hyperconjucation is afforded by
the E- andZ-1,2-difluorovinyl anion energy separation enhanced the fluorine substituents than the hydrogens, as expected.
and the inductive effects seemingly muted. The 2,2-difluorovinyl ~ E. Alternative Structures. Some important alternative
anion is predicted to lie lower thafi1,2-difluorovinyl by~3—4 structures for the fluorinated anions have been characterized
kcal mol?, which in turn lies below theE-1,2-isomer by these are shown in Figure 7. These fluoricgcetylene com-
~0.5-1 kcal mol L. The electron affinities, shown in Table 1, plexes all posses€., symmetry and have &" electronic
fit the general trend established in this work, i.e., the presenceground state. Our results show that-fH—C=C—H]~ lies
of the second fluorine increases the electron affinity. There are lower by~15 kcal moit with respect to the 1-fluorovinyl anion.
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Z-1,2-Difluorovinyl anion

111.0° 127.4°
111.0° 127.5°
110.5° 126.5°
111.7° 128.3° 1.425
B3LYP 1.439 111.7° 128.4° 1.413
B3P86 1.427 111.3° 1.396
BHLYP 1416 1.461
BLYP 1.462 1.446
BP86 1.448 1.407
LSDA 1410
109.6°
109.9°
| 110.3°
’ 108.8°
: 109.3°
1.099 110.4°
1.351 1,099
E-1,2-Difluorovinyl anion
B3LYP 1.459 1.096
B3P86 1.445 1.097
BHLYP 1.433 1.086
BLYP  1.488 1.105
BP86 1.471 1.108
LSDA 1421 1.110
110.3°
1.352 110.5°
1.350 . 110.7°
1.339 1.393 109.9°
1.363 1.383 110.1°
1.363 1.425 111.1°
1.348 1413

2,2-Difluorovinyl anion

109.3° 131.4°
108.5° 131.4°

108.4° 130.8° 1.427

110.3° 131.9° 1.415
B3LYP 1.104 109.2° 131.9° 1.393
B3P86 1.104 109.8° 1.469
BHLYP 1.096 ’ 1.452
BLYP L.I11 1.412
BP86  1.113
LSDA 1.110 101.4°

Figure 5. C;H,HF~ bond lengths (A) and angles.

This value increases t&18 kcal mot! with the inclusion of

J. Phys. Chem. A, Vol. 108, No. 9, 2004613

Trifluorovinyl radical

129.3° 125.0°

129.5° 125.0°

129.1° 124.9° B
129.3° 125.2° 1332
129.5° 125.2° :

129.6°

1.352
B3LYP 1.311 1.344
B3P86 1.305 1.322
BHLYP 1297
BLYP 1.327
BP86  1.320 111.8°
LSDA 1298 112.0°
111.8°
111.8°
111.9°
112.0°

1.384
B3LYP 1.376
B3P86 1.360
BHLYP 1.413
BLYP o
BP86 } . 3(7)g
LSDA

106.0°
106.1°
106.3°
105.6°
105.7°
106.1°

Figure 6. C,Fs; and GFs~ bond lengths (A) and angles.

to be significantly higher in energy than the aforementio@ed
structures. These structures also each have a pair of srgl (
cm™1) degenerate vibrational frequencies, making the definitive
assignment of these structures as minima on the potential energy
surface difficult. The weak #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 th€., anion.

ZPVE correction. This complex has been characterized experi-1V. Conclusions

mentally*® and theoreticallf in recent years, yet no energetic
comparison has been made between the anioniadetylene
complex and the fluorovinyl anion. Botschwina, Dutoi, Mlad-
enovic, Oswald, Schmatz, and S®¥llhave computed the
equilibrium dissociation energy (for dissociation to and
acetylene) as 24.1 kcal mdlusing the aug-cc-pVQZ CCSD(T)
method. Of the difluoro-isomers, only theffH—C=C—F]~

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??

We have shown that the different isomers of the mono- and

structure is stabilized relative to the vinyl structures discussed di-fluorinated radicals have somewnhat different EAs, mainly due
previously—this isomer is of comparable energy to the 2,2- to the varying stereoelectronic effects observed in each case.

difluorovinyl anion with ZPVE taken into account, are kcal

These differences in EA should be analyzed with caution,

mol~ higher neglecting the ZPVE correction. The BHLYP however, due to the intrinsic uncertainty of the DFT computa-

predicted H-F bond lengths in [F-H—C=C—-H]~ and
[F-+*H—C=C—F]~, 1.065 and 1.041 A, are not terribly longer
than the equilibrium bond distance of free HF (0.917&Jhis

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 betfarhich is greater

strong H-F bond is responsible for the relatively low energy than the EA differences between isomers. However, the relative
of these two complexes. The other two linear isomers investi- ordering is consistently predicted by all six functionals, allowing

gated, [F--F—C=C—H] and [F--F—C=C—F]~, were found

us to draw qualitative conclusions.
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B3LYP 1.072 1.237 1.334 1.188
B3PS6  1.072 1.237 1.380 1.138
BHLYP 1.064 1.228 1471 1.065
BLYP 1.078 1.246 1.284 1.269
BPS6  1.081 1.250 1.353 1.184
LSDA  1.081 1242 1.349 1.164
O (@ (@ o [F )
B3LYP 1329 1.236 1.444 1.096
B3P86 1321 1.235 1.437 1.092
BHLYP 1313 1222 1.510 1.041
BLYP 1346 1.249 1.398 1.148
BPS6 1339 1.250 1.416 1.127
LSDA 1313 1241 1.375 1.137
(F e e[ e ()
B3LYP 1.067 1212 1.269
B3P86  1.066 1211 1263 %3?2
BHLYP 1.059 1.197 1.255 2746
BLYP 1.073 1.226 1.287 2.683
BP86  1.075 1.226 1.280 2.673
LSDA  1.076 1.221 1261 27
e e )
N N}
B3LYP 1.306 1.201 1276
B3P86 1.299 1.199 1270 2712
BHLYP 1.291 1.185 1261 2.700
BLYP 1324 1217 1297 2.731
BP86 1317 1217 1290 2.638

E o) B

Figure 7. Bond lengths (A) of the alternative linear anion structures.
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