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Previous ab initio studies on reactions involving radical addition to alkenes showed that such reactions are
very sensitive to theoretical levels, and thus are difficult to deal with. This motivates us to theoretically
reexamine the title reaction thoroughly, which has been studied only at several low levels of theory. In the
present work, the geometry optimizations and energy calculations for all species involved in the title reaction
were performed at several high levels of theory. The reaction mechanism of the title reaction is discussed at
the CCSD(T)/aug-cc-pVDZ//CCSD/6-31G(d,p) theoretical level. According to our study, the fluorine addition
to ethylene occurs via the formation of a prereaction complex @ithsymmetry, which is pointed out for

the first time. The prereaction complex evolves into a fluoroethyl radical almost without a barrier, with an
exothermicity of 41.49 kcal/mol. The fluoroethyl radical can further decompose into a hydrogen atom and
fluoroethylene, with an energy release of 10.33 kcal/mol. Besides the direct departure of the hydrogen atom
from the fluoroethyl radical, an indirect decomposition pathway may also be open, which has not been reported
before. In addition, the formation of a fluoroethyl radical from a separate fluorine atom and ethylene is described
pictorially via the molecular intrinsic characteristic contour (MICC) and the electron density mapped on it.
Thereby, strong interpolarization and evident electron transfer between the fluorine atom and ethylene are
observed as they approach each other. The transition structure for the fluorine addition to ethylene is clearly

shown to be reactant-like. This provides new and intuitional insight into the title reaction.

Introduction decomposition of CBFCH, at the UHF/4-31G level of theory
and obtained a loose transition structure, with an energy of 5.6

considerable attention, both theoretically and experimeritaily. {I;c:é/ rg?;t(:'; Eﬁgvg?la\;\gm ;ﬁ:joﬁzc())lp()teiﬂeg@ V,\Q\t?nz)erzpsgtt;?e d
Lee and co-workers have performed a systematic study on thetheo?et'cal s)t/ dVg on the title reaction y as ’ erformed b
reactions between fluorine atoms with a number of olefins, using : u ! lon was p Y

the crossed molecular beam technidubltwas found thatthis 2L EBE 2 B YO0 PCRL (6 L T OO
class of reactions proceeds primarily by the addition of fluorine 9

atoms to olefins to form chemical activated radicals, which of theory. According to their calculations, the activation energy

further decompose unimolecularly o give predominantly hy- 219, 20 ERCLA RS R A 2 SR e
drogen atoms or methyl radicals. Particularly, in the reaction y

between a fluorine atom and ethylene, the following reaction estimated to be 15 ,2 kcal/mF)I. ) ) ]
pathway was observed: However, theoretical studi€on the reactions involving
radical addition to alkenes showed that such reactions are
CH,CH, + F— CH,FCH, — CH,CHF + H Q) difficult to describe theoretically and that the calculated energies
are sensitive to theoretical levels. In a theoretical study of the
The exothermicity of this reaction was estimated to be about reaction between a chlorine atom and ethylene,” &facom-
11 + 2 kcal/mol from Benson'’s additivity scherién perform- pared the potential energy surfaces computed at different
ing the kinematic calculations, Lee et al. found that the theoretical levels and concluded that extreme care should be
exoergicity of 11 kcal/mol produced a sharp nonphysical cutoff taken to choose an appropriate theoretical level for calculations
in the recoil distribution of the product and should be increased involving radicals. However, the previous ab initio studies on
to 14 kcal/mol to produce smooth recoil distributidgn$he the title reaction, as mentioned above, were performed at
abstraction of a hydrogen atom by a fluorine atom was another relatively low levels of theory. To our knowledge, hitherto, the
channel experimentally observédyut the present work is highest levels used for treating the title reaction are the MP2/
primarily concerned with the formation of intermediate com- 3-21G level for transition structure optimization and the
plexes and subsequent unimolecular decomposition; hence, theétpproximate MP4/6-31G* level for single-point energy calcula-
abstraction reaction is not considered. tion,!1 due to the limitation in both computational methodology
Several ab initio theoretical studies have been carried out onand computer technique at that time. Such low levels of theory
the reaction between a fluorine atom and ethylene. Clark et al. make the reliability of the computed results questionable. Thus,
located a loose transition structure for the addition of a fluorine it is necessary to reexamine the title reaction at sophisticated
atom to ethylene with a partial geometry optimizatfofihe levels of theory, which has been feasible only in recent years,
activation barrier they obtained was 3.1 kcal/mol with respect to provide theoretical knowledge accurate enough to be useful
to a separate fluorine atom and ethylene calculated at the UHF/for further kinetic and thermodynamic theoretical study.
4-31G theoretical level. Kato and Morokutianvestigated the Additionally, chemists are interested in more than the energy,

The reactions of fluorine atoms with alkenes have received
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geometry, and other properties that can be obtained directly fromtransition states. To improve the energy prediction, the CCSD-
routine ab initio calculations. They instead require that the (T)3! method with the aug-cc-pVDZ basis set was used to
chemical information be interpreted in a more vivid and easily calculate the single-point energies based on the geometries of
understood language that can provide them with more chemicalthe MP2/6-31#+G(3df,3pd) and CCSD/6-31G(d,p) levels,
intuitions other than a pile of abstract numbers. Some efforts respectively. The zero-point energies (ZPEs) for all structures
have already been made in this direction. For example, Baderwere calculated at the MP2/6-3t1G(d,p) level and not scaled.
advanced the theory of atoms in molecule (AIM)which All these calculation works were performed with the Gaussian
reflects and encodes the concept of atoms, bonds, structure, an@8 progran??2

structure stability by the topological property of the charge  The potential acting on an electron in a molecule (PAEM)
density and has been widely used for the analysis of chemicalwas calculated by the configuration interaction with all single
bonding®® Politzer et al. mapped such molecular physical and double substitutions (SDCI) method in conjunction with
properties as electrostatic potential or local ionization potential the 6-3H-G (d,p) basis set. The calculation was performed using
on the molecular surface corresponding to a certain electronthe ab initio MELD?® program and a separate code developed
density to analyze molecular reactiviyln analogy to Politzer’s by us. According to the definition of the MICC, to be discussed
idea, Ehresmann et al. defined local electron affinity, electro- later, to determine the MICC, knowledge of the ionization
negativity, and hardness and projected them onto molecularpotentials for the structures considered is required. In this work,
isodensity surfaces to describe acceptor and other electronica vertical ionization potential was adopted and calculated at the
properties on molecular surfaces or in the vicinity of mol- CCSD(T)/aug-cc-pvVDZ//MP2/6-31+G(3df,3pd) level using
ecules!” Mezey and co-workers employed molecular isodensity the Gaussian 98 program. Visualization of the MICCs was
contour (MIDCO) to describe molecular shape and molecular achieved using the free code (SCILAB 238).

similarity based on it® Furthermore, they explored the cor-

relations between molecular chemical properties such as toxicity Results and Discussion

and drug activity with topological character of molecular . )

shapée9-2 Recently, Yang et al. have developed a new method 1. Ab I_n|t|o Study on the Potential _Energy Surface (PES)

for representing molecular shape, the molecular intrinsic for the Title Reaction. 1.1. GeometriesAll of the structures

characteristic contour (MICC), based on the potential acting on !0cated in this work are presented in Table 1, including the
an electron in a molecule (PAEM3:24 They have explored ~ 'eactants, prereaction complexes, intermediates, transition struc-
the shape changing during the process pf¢iming from two tures, and produc_:ts. For the sake of simplicity, we list only the
separate hydrogen atoms in terms of MI&More recently, most representative parameters for these structures as computed
they have investigated the polarization and bonding interaction @t the dlﬁgrent levels of theo_ry emplgyed in this work.

pictures between a hydrogen atom and a fluorine atom via the ~ Comparison of the geometries obtained with the MP2 method
model of MICC and the electron density mapped off in in conjunction with different basis sets allows us to examine
this work, we will present a variation of the MICC and the the effects of basis sets on the geometrical parameters. Gener-
electron density mapped on the contour along the reaction ally, the MP2 method with Pople’s series of basis sets provides
pathway for the formation of C}#fCH, from a separate fluorine similar geometries. The discrepancies in bond lengths are within

atom and ethylene, for the purpose of providing a new and vivid 0-022 A for the C-C bond, 0.015 A for the €H bond, and
description of this chemical reaction. 0.023 A for the G-F bond. The largest discrepancies irC,

The work is organized as follows. In the next section, we C—H, and C-F bond lengths occur in the transition structure

present the computational details employed in this work. The TSFshit, the transition structurd Sqep;, and the prereaction
third section contains (1) an ab initio study of the potential COMPleX (add), respectively, implying that the geometrical
energy surface (PES) for the title reaction and (2) a brief parameters of the transition structures and wea_kly bound
introduction to the definition of the PAEM and the MICC for  OMPIeX (aqq) are more sensitive to the sizes of basis sets. As
the sake of completeness, which have been described in detaif® PUnning's aug-cc-pVDZ basis set, it usually renders bond
elsewher@2-24 |n addition, the changing pictures of the MICC lengths longer than those of Pople’s basis sets but similar bond
and the electron density on the contour for a series of structures2ndles and dihedral angles. Note that the most remarkable
involved in the formation of CHFCH, are also presented in  discrepancy between Dunning’s aug-cc-pVDZ basis set and

this section. In the last section, some conclusions of interest POPIe’s basis sets occurs in the structure obEEH,', which
are given. is located using the MP2 method with Pople’s basis sets as an

equilibrium structure, and is unstable with respect to the rotation
around the &C bond at the MP2/aug-cc-pVDZ level. Accord-
ingly, the transition structur&€S,: connecting the two conform-
The geometries for all species involved in the title reaction ers, CHFCH, and CHFCH;,', cannot be obtained at the MP2/
were optimized at different levels of theory. The effect of basis aug-cc-pVDZ level either. Since the results of electron spin
set on the geometrical parameters was examined by means ofesonance (ESR) experimetttshow the existence of at least
optimizing the structures of interest with the second-order two conformers for the fluoroethyl radical, Pople’s basis sets
Mgller—Plesset perturbation theory (MP2in conjunction with are preferred over Dunning’'s aug-cc-pVDZ basis set for the

Computational Details

different basis sets, that is, Popf¥'$-31G(d,p), 6-31++G- geometrical optimization in the study of the title reaction.
(d,p), and 6-311&-+(3df,3pd) basis sets and Dunningf'aug- Comparison of geometries optimized at the CCSD/6-31G-
cc-pVDZ basis set. In addition, coupled cluster theory including (d,p) level with those at the MP2/6-31G(d,p) level shows that
single and double substitutions (CC3P¥° with the 6-31G- the increase in electron correlation has no apparent impact on

(d,p) basis set was also utilized for geometrical optimization the equilibrium structures, with the exception of the weakly
with the aim to examine the influence of electronic correlation bound complexlGyd), as shown in Table 1. For all of the bond

on the geometrical parameters. Vibrational frequencies were lengths in these structures, the typical discrepancies detected
calculated at the MP2/6-3%H-G(d,p) level to identify the are within 0.006 A. However, in the case of transition structures
obtained stationary points as either equilibrium structures or involving bond forming or breaking and the complieyg, the
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TABLE 1: Representative Geometrical Parameters for All Structures Involved in the Title Reaction as Computed at Different

Theoretical Levels

CH,CHF(C;)

SYSTEM PARAMETERS MP2 fale))]
631G 631144G  6311++G  Aug-ce 631G
(d.p) (dp) (3df3pd)  -pVDZ (d.p)
Reicz 1335 1.339 1.332 1.349 1.336
Rern 1.081 1.086 1.081 1.093 1.082
Ao 121.6 1215 1213 121.3 1216
Reics 1377 1.387 1.382 1.397 1.358
Reir 1935 1953 1.930 1.947 2088
Revm 1.078 1.082 1.077 1.090 1.080
Aczcie 69.0 69.2 69.2 69.0 710
Aprcrc 121.0 120.6 120.6 120.7 1214
Dyicncatia 175.7 176.7 176.9 177.0 178.0
R 1355 1.369 1.367 1.382 1336
Reys 1.842 1.859 1.846 1.859 2,063
Reve 1.950 1.978 1.960 1.978 2,099
Rerii 1.078 1.082 1.077 1.089 1.080
Acrcrs 734 738 735 735 725
Aoz 121.2 120.8 120.7 120.7 1214
TS,u(C.) Dhicticr b 175.6 176.4 176.8 176.9 1780
. Reic 1.483 1.485 1.479 1.488 1,487
Reie 1410 1411 1.405 1.433 1.409
B Rewmn 1.090 1.092 1.087 1.099 1.091
i Anicica 1114 117 111.9 1123 111.5
a2 W Acar 110.4 110.1 110.1 109.8 1103
Drererm 119.1 1183 1183 177 119.0
CHFCHy(C,)
Reia 1.482 1.484 1.478 1,487
Revs 1407 1,405 1.402 1,405
Revuz 1.089 1.092 1.087 1,090
Yo 1.077 1.081 1.076 1.079
Aczcrs 1104 1102 110.3 1104
Dygpcnczn 73 56 92 72
Reicz 1481 1.483 1.476 1485
Réis 1398 1.398 1.390 1.396
Retuz 1.096 1,098 1.094 1,007
R 1.092 1.003 1.000 1.003
Apzore 1120 112.0 1120 112.0
Acsor 110.1 1103 1104 110.0
Rejc 1.334 1.332 1325 1.339 1.350
Reran 1.792 1.791 1.777 1.799 1.855
Rerr 1.354 1.348 1.340 1,365 1.355
Amcrc 102.0 102.1 112.0 102.0 102.5
Duscicar 105.7 1042 104.1 103.5 105.8
Dincr.car 175.9 1759 175.8 175.8 1763
1465 1.466 1460 147 1.472
1275 1287 1283 1.295 1.295
1373 1.366 1.358 1.385 1.371
1301 1300 1.302 1317 1.316
56.2 56.3 562 56.4 564
1143 1133 1138 1144 1142
TSpain(Cy)
Reic 1482 1484 1477 1.489 1.486
Hl Reza 1.094 1.098 1.094 1.106 1110
% #  Repp 1362 1356 1348 1.375 1.360
i < T 1.089 1.093 1.088 1101 1090
CH,CHF(C;) ~ Dwercr 65.3 64.4 64,0 644 653
e Rees 1327 1.326 1319 1.334 1.344
Repp 1.349 1.343 1335 1.360 1.351
Hig Revpn 1.841 1.850 1.837 1.858 1.926
o Acicrim 108.52 1079 107.1 107.1 107.8
F Drejcam 173.9 1746 1754 1755 174.5
TSy (Cy)
Repcz 1.614 1.601 1.592 1.615 1.578
Rep 1.673 1674 1.661 1.689 1.795
Retm 1.077 1.079 1075 1.088 1.077
Acicrr 5717 572 572 614 64.0
Dricrean 828 843 848 835 84.0
Reica 1.328 1.330 1324 1.339 1.328
Repan 1.081 1.084 1.080 1.091 1.081
Rezan 1.078 1.083 1.078 1.090 1.079
Rows 1354 1.348 1341 1.365 1.354
Y — 122.1 121.7 122.1 121.7 1218
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TABLE 2: Single-Point Energies and Those Including Zero-Point Energy Correction in Parentheses as Well as Zero-Point

Energy (Relative to CH,CH, + F, in kcal/mol) for the Prereaction Complex, Intermediates, Transition Structures, and Products
as Computed at Different Levels of Theory

MP2/6-31H+ PMP2/6-313+ CCSD(T)/ CCSD(T)/

system G(3df,3pdy G(3df,3pd} CCSD/6-31G(d,p) aug -cc-pVD2 aug -cc-pVD2 ZPE
I acd -17.35 —18.42 -5.33 —13.77 (-8.76) —14.31 (-9.30) 5.01
TSadd —15.73 —18.80 —5.24 —13.47 (-10.87) —14.28 (-11.68) 2.60
CH.FCH, -51.31 —51.62 —41.59 —43.59 (-41.38) —43.70 (-41.49) 2.21
TSiot —51.29 —51.62 —41.54 —43.51 (-41.68) —43.63 (-41.80) 1.83
CH,FCH,' —51.44 —51.78 —41.82 —43.40 (-41.55) —43.55 (-41.70) 1.85
TSdep1 —5.52 —-11.97 3.05 —0.74 3.12) —1.82 (-4.20) —2.38
CHsCHF ~55.45 ~55.62 —46.31 ~46.50 (-44.05)  —46.77 (-44.32) 2.45
TShshitt —6.43 —8.60 7.79 2.67 (2.17) 2.20 (1.70) —0.50
TSdep2 —7.87 —14.03 0.61 —2.59 (—4.97) —3.63 (+6.01) —2.38
TSkshitt 54.98 48.06 58.15 26.05 (26.62) 9.03 (9.60) 0.57
H
CH,CHF 17.47 16.47 4.07 5.90 (-10.08) 6.15 (-10.33) 4.18

2 Single-point calculation on the MP2/6-313G(3df,3pd) geometrie$.Single-point calculation on the CCSD/6-31G(d,p) geometfi&ero-
point energy (ZPE) calculated at the MP2/6-311G(d,p) level.

discrepancies are considerably large. For example, the bond

3

length Rei—r in 1a4q changes from 2.088 A computed at the e
CCSD/6-31G(d,p) level to 1.935 A computed at the MP2/6- _ 0¥+ cnycn, TSpsnite
31G(d,p) level. Likewise, the bond leng®ci-r2 in TSgep2 =) <+ o
obtained at the CCSD/6-31G(d,p) level is 0.085 A longer than E 0} & _&
that at the MP2/6-31G(d,p) level. = _& =

It is worth noting that in the transition structuféSaqq for T10: _\“—7"?3“\
the fluorine addition to ethylene, the angle between the-C1 I Taga TSaaa i
C2 bond and the C1F bond (i.e. A=—c1-c2 in TSaqd) is about B o0
73° obtained by us at the MP2/6-31G(d,p) level, consistent with S E
the results obtained at higher levels of theory such as the MP2/ E 30H
6-311++G(3df,3pd) and CCSD/6-31G(d, p) levels (see Table = 3
1). However, in the transition structure obtained by Schlégel 9_40_ 3 1 }_«_
at relatively lower levels of theory, including HF/3-21G, HF/ il
6-31G*, and MP2/3-21G, the angle was predicted to-h€5, CH,CH,F  CH,FCH,
substantially distinct from that obtained by us. Thus, it seems =

that MP2/6-31(d,p) is the lowest level of theory to obtain reliable rigyre 1. Energy variations along the reaction pathways for the fluorine
geometrical parameters for the structures involved in the title addition to ethylene.

reaction. Note that such differences in geometry will lead to

different reaction mechanisms, as discussed below. Stanton has shown that all spin contamination is essentially

In conclusion, for systems similar to the title reaction, the removed from a coupled cluster wave functi§iChuang et al.
geometrical parameters for weakly bound structures and transi-have also shown that coupled cluster methods, even with
tion structures are more sensitive to theoretical level than otherunrestricted reference states, provide good approximations to
equilibrium structures.To obtain reliable geometrical parameters, transition state geometries and energies for radical reactions.
the MP2/6-31(d,p) level of theory or higher is needed. Thus, in this work, we calculated the relative energies at the

1.2. Energetics and Reaction Mechanidhmevious studies =~ CCSD(T)/aug-cc-pVDZ level based on the geometries of MP2/
on the addition of a radical to alkenes have shown that the 6-3114++G(3df,3pd) and CCSD/6-31G(d,p), respectively. In
energetics of such reactions are very sensitive to theoreticalgeneral, the relative single-point energies without ZPE correction
levels11~13 Thus, we calculated the energies at several levels obtained at the two levels agree well with each other, with the
for the purpose of comparison. The calculated results are typical deviations within 1.0 kcal/mol, as shown in Table 2.
summarized in Table 2. However, the transition structuléSgshir; IS an evident exception,

To test the effect of spin contamination on the energetics, where the energy difference between two geometries is up to
we present in Table 2 the relative energies calculated at theabout 17.0 kcal/mol. Over all, it seems that the MP2 method
MP2/6-311+G(3df,3pd) level and the corresponding spin- with a large basis set may yield geometries with a quality close
projected energy (PMP2), respectively. It can be seen that, forto that obtained by a highly correlated calculation with a modest
the equilibrium structures, the MP2 and PMP2 methods provide basis set, from the viewpoint of energetics.
similar relative single-point energies with typical discrepancies  On the basis of the geometries and energies obtained, the
within 1.0 kcal/mol. However, for the transition structures reaction mechanism for the substitution reaction of a fluorine
including TSadd, TSdeps, TSdep2, @andT Sgshitt, Projecting out the atom with ethylene can be determined. In the following, we
spin contamination reduces the relative energy of MP2 consider-will discuss the reaction mechanism based on the results of
ably, with the largest amount up to 7.0 kcal/mol. This indicates CCSD(T)/aug-cc-pVDZ//CCSD/6-31G(d,p) including ZPE cor-
that these transition structures suffer a more serious spinrection obtained at the MP2/6-31#G(d,p) level, unless
contamination than the equilibrium structures. Consequently, otherwise stated.
the MP2 method tends to overestimate barrier height. Thus, the A. Formation of the Fluoroethyl RadicallVe present the
annihilation of the spin contamination from unrestricted wave possible reaction pathways for the fluorine addition to ethylene
functions is mandatory for calculations on barrier heights in in Figure 1. As the fluorine atom and ethylene approach each
the present work. other, the fluorine atom associates with ethylene to form a
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Figure 2. Changes of bond lengths and bond angles along the IRC
calculated at the MP2/6-33H-G(d,p) level.

prereaction compleXaqd (?A1), which then evolves into CH
FCH, via a transition structurd,S,q¢. The prereaction complex
(I'agg) €xhibitsCy, symmetry, where the fluorine atom lies along
the C, axis, with the bond lengthBc1—r and Reo—F equal to
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Figure 3. Energy variations along the possible reaction pathways for
the reaction CbFCH, — CH,CHF + H.

beam study, Parson and Lee observed that if the fluorine atom
approaches ethylene in a direction perpendicular to the molecular
plane of ethylene, it is favorable for the formation of a collision

2.088 A. The association of a fluorine atom to ethylene elongates complext The involvement of 4qg with C, sSymmetry may be

the C1-C2 bond of ethylene by 0.022 A, as shown in Table 1.

responsible for such regioselectivity observed. To our knowl-

This indicates that the presence of a fluorine atom weakens theedge, it is the first time that the existence of a prereaction

C—C x bond to a certain degree, which may be attributed to
the electron donation from the filled orbital of ethylene to
the empty p orbital of fluorine. In the transition structure for
the addition of a fluorine atom to ethylen€&3,qq), the fluorine

complex in the title reaction has been reported.

The energy ofTSaiq computed at the CCSD(T)/aug-cc-
pVDZ//CCSD/6-31G(d,p) level is 0.03 kcal/mol higher than that
of 1,44 (Without ZPE correction). However, inclusion of ZPE

atom gets closer to one of the carbons (C1, in the present case)¢orrection lays the energy df4q above that off Sagq by about

simultaneously getting farther from the other carbon (C2). By

comparing the geometry dfSaqq With those ofl .4 and CH-

FCH,, it can be clearly seen that the geometrff &4 is close

to that of the reactantqq, thus an early transition structure.
According to Schlegel’s calculations, the bond arfgleci—c2

(~105) in the transition structur&Saqq is close to that{¢110°)

in CH,FCH,.112 As a result, on the PES obtained by Schlegel,

2.0 kcal/mol, suggesting thdtgyy can evolve into CHFCH,
without a barrier. No experimental value for the energy barrier
of fluorine addition to ethylene is available, but the result can
be checked indirectly by comparison with the results for the
reactions of other halogens with ethylene. Experimental study
suggested that, in the case of chlorine and bromine, the addition
to ethylene appears to have no barffegince fluorine is more

the fluorine atom and ethylene reach the transition structure electronegative than chlorine and bromine, consequently, for

directly from a separate fluorine atom and ethylene without the
presence of the prereaction compléxd), which is in disagree-
ment with our conclusion. To confirm involvement of the
complexl 544 in the title reaction, an intrinsic reaction coordinate
(IRC)%8:39calculation was performed starting from the transition
state TSaqq at the MP2/6-311++G(d,p) level. The variations

the addition to electron-rich ethylene, the fluorine should
proceed more readily than chlorine and bromine. Thus, it is
reasonable to conclude that the addition of a fluorine atom to
ethylene is almost free of a barrier.

The formation of CHFCH, is exothermic, with an energy
release of 41.49 kcal/mol calculated at the CCSD(T)/aug-cc-

of geometrical parameters closely relevant to the reaction pVDZ//CCSD/6-31 g(d,p) level with the ZPE correction, lower
coordinate along the IRC are shown in Figure 2. It can be seenthan the theoretical evaluation (4% 2 kcal/mol) of Schlegel

that, at—1 (amu}2oohr, the bond lengtRc;—r and the bond
angle Ar—ci1—c2 are nearly identical tdRco—F and Ar—co—c1,
respectively. Going along the IRC, the bond lendrb;—r

et all1b
Of course, for the fluorine addition to ethylene, it is also
possible that the fluorine atom is bonded to the other carbon

decreases, accompanied by an increase in the bond angl€C2) through the transition structufieéS',qq, Which is a mirror

Ar—c1-c2; correspondingly, the bond lengtRc,—r becomes
longer and the bond anghg-—c>-c;1 gets smaller, indicating the
formation of the C*+-F bond. At the same tim&c1-c2 initially

image ofTSaqq, Yielding CHCH,F, an equivalent conformation
of CH,FCH,. Energetically, this pathway is entirely parallel with
the case of fluorine bonding to the carbon C1. The two

decreases slightly and then begins to increase, reflecting theconformations of the fluoroethyl radical are connected through

conversion of the carbon double bond to a single bond. Thus,

in terms of the IRC calculation, it can be concluded that the
transition structurel Syqq indeed starts from the prereaction

aCy, transition structureT Sgehitt (2B2), for the shift of a fluorine
atom from one carbon to the other, where the bond lerigths:
and Rez-¢ both are 1.795 A. The energy afSeshirt is 51.09

structure [540) rather than a separate fluorine atom and ethylene kcal/mol higher than that of Cif#CH,. Such a high energy of

and proceeds toward the formation of HCH,.

TSkshit means that the direct interconversion between the two

As has been indicated earlier, most radical additions to the conformations is less likely to occur.

unsaturated carbercarbon double bond have negative activa-
tion barrierst240-43 Qur calculations predict that the transition
structure for the fluorine addition to ethylen€Saqg) is lower

Note that, due to the chemical indistinguishability between
CHoFCH, and CHCH,F, mirror-symmetric are the PESs for
their decomposition reactions. Thus, we consider only the PES

in energy than that of the separate fluorine atom and ethylene,for the decomposition of CH#CH, below.

at all levels of theory employed. Thus, the presenck@fon

B. Rotation around the Carbon Bondhe possible reaction

the PES is mandatory, for the topological consistency of the pathways for the decomposition of GFCH, are shown in
PES of the title reaction. Furthermore, in the crossed molecular Figure 3. There are two conformers for the fluoroethyl radical,
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CH,FCH, and CHFCH,', with Cs and C; symmetry, respec-
tively, as shown in Table 1. The conformer &HCH,' is slightly
more stable than CIFCH, by 0.21 kcal/mol. The two conform-
ers are connected via a transition structilii:, for the rotation

of the CH, group around the €C bond, where H1 and H3 are
nearly coplanar with the two carbon atoms, with a distortion
angle of several degrees. For the calculations of the rotation
potential energy, only the MP2/6-31#G(3df,3pd) and CCSD/
6-31G(d,p) levels show that an energy barrier exists for the
rotation around the €C bond, 0.02 and 0.05 kcal/mol,
respectively (see Table 2). A calculation performed at the
CCSD(T)/aug-cc-pVDZ//CCSD/6-31G(d,p) level including the
ZPE correction renders the energy T%: lower than both
conformers. This indicates that the rotation around theCC
bond is nearly barrierless, which is consistent with the result
obtained at the MP2/6-311**//6-31G* level by Chen etal.

C. Departure of a Hydrogen Atorithe exothermicity of the
formation of the fluoroethyl radical makes it an energized
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TABLE 3: Vertical lonization Potentials (IPs) for the
Structures of Interest (in hartrees)

structure CHCH, Ry=8.0 Ry=5.9 laq TSaga CHFCH,
IPs 0.3887 0.3625 0.3806 0.3215 0.3198 0.3576

the potential acting on it can be expressed as

Zp

1 paArery)

V(r) =—
! p(ry)” Iy = 1ol

()

I
E7Y

in which the first term is the attractive potential due to all nuclei
and the second term is the repulsive potential created by other
electrons in the systerda is the nuclear charge of atom A

is the distance between the electron considered and the nucleus
A, the summation involving index A is over all atomic nuclei,
o(r1) represents the one-electron density of an electron appearing
at positionr, andp(ri,r») is the two-electron density function,

the probability of finding one electron af and at the same

species which can further decompose into a hydrogen atom andime another electron ab. In the configuration interaction (CI)

fluoroethylene. The bond leng:1-12 in CHFCH,' is longer
thanRc1-11 by 0.004 A, which has been rationalized by a weak
three-electron hyperconjugative interaction in the works of
Schlegel*2and Cherf® Such elongation makes it more readily
break than other €H bonds. In the transition structuiéSgepa

for the departure of a hydrogen atom, the bond lerRgh 2

is lengthened by 0.758 A relative to that in ¢FCH,. The
energy of TSgeps1 is 37.50 kcal/mol higher than that of GH
FCH,' but lower than the energy of a separate fluorine atom
and ethylene by 4.20 kcal/mol. Thus, it can be well understood
why the resulting fluoroethyl radical is ready to decompose even
at low collision energy in the crossed molecular beam experi-
ment* Comparison of the energy @Sgep1 to that of CHCHF

and H allows us to estimate the reverse addition barrier to be
6.13 kcal/mol, in good agreement with the estimation (.6
0.5 kcal/mol) of Schlegel et al°

The departure of a hydrogen atom from £8€H," may also
proceed in an indirect way, where initially the hydrogen atom
H2 in CH,FCH,' shifts from one carbon (C1) to another carbon
(C2) via the transition structurESyshirt. The energy of Syshitt
is 43.40 kcal/mol higher than that of GFCH,'. The resulting
isomer CHCHF is more stable than GHCH,' by 2.62 kcal/
mol. CH;CHF may further undergo dissociation into H and £H
CHF via the transition structurBSqepz, Overcoming an energy
barrier of 38.31 kcal/mol. In this indirect pathway, egf#CH,’

— TSpshit — CH3CHF — TSgepz — H + CHCHF, the
migration of a hydrogen atom has a higher energy barrier and
thus is a controlling step. Since the energyT&yshirt is 5.90
kcal/mol higher than that of Sgeps, the indirect pathway may
only play a minor role in the decomposition of GFCH,'.
However, it is worthwhile to note that the energy TBushii
(.70 kcal/mol, relative to a separate fluorine atom and ethylene)
is less than the collision energy ranging from 2.2 to 12.1 kcal/
mol in the crossed molecular beam experinfebnder this
condition, the indirect decomposition pathway is also energeti-
cally accessible.

2. Changing Pictures of the MICC and the Electron
Density Mapped on It during the Formation of the Fluoro-
ethyl Radical. 2.1. Potential Acting on an Electron in a
Molecule.We first introduce the potential acting on an electron
in a molecule (PAEM) on which the definition of the molecular
intrinsic characteristic contours (MICCs) is based. Supposing
that an electron in a molecule is in the electronic ground state,

method,p(r1) and p(r1,rz) can be specifically expressed as a
combination of molecular integrations obtainable by the ab initio
method. The detailed expression can be found elsevfere.

2.2. Definition of the Molecular Intrinsic Characteristic
Contour (MICC).The model can be formulated as follows. As
an electron moves within a molecule, its kinetic energy varies
with its position relative to other particles contained in the
molecule. If at a certain point,, its energy is equal to the
potential it experiences, its average kinetic energy becomes zero
and thenr is called a classical turning point for the electron
motion. It has been well justified that, at a turning point, the
potential acting on an electrov(f)) is equal to the minus of
the first vertical ionization potentiall), namely, V(r) =
—1.2272446The molecular intrinsic characteristic contour (MICC)
can be defined as the collection of all classical turning points.
Note that the MICC is of clear physical meaning, as it
corresponds to the classical turning point of electron motion
within a molecule.

2.3. Variation of the MICC and the Electron Density Mapped
on It during the Formation of the Fluoroethyl Radic#h this
section, we describe the changes of the molecular intrinsic
characteristic contour (MICC) and the electron density mapped
on it during the formation of CHFCH, from a separate fluorine
atom and ethylene.

In addition to the four structures explicitly present on the
potential energy surface for the formation of §¥CH,, that is,
CoHa4, ladd, TSaqd, and CHFCH, [herein, the geometries
optimized at the MP2/6-31+G(3df,3pd) level are used],
another two structures are also considered, where F locates
above the center of the €C bond with the perpendicular
distances to the molecular plane of ethylene being 8.0 and 5.9
au, respectively, which were obtained by keepifadixed and
optimizing the remaining degrees of freedom at the MP2/6-
311++G(3df,3pd) level. To obtain the MICCs of the six
structures requires knowledge of the vertical ionization potentials
for them, which were calculated at the CCSD(T)/aug-cc-pvVDZ
level. The results are listed in Table 3. The visualized MICCs
as well as the electron density mapped on the contours for the
six structures are presented in Figure 4.

To describe the interaction between a fluorine atom and
ethylene in more detail, it is necessary to define several
parameters. When the contours of the fluorine atom and ethylene
remain separated, the straight line passing through the fluorine
nucleus and the center of the-C bond of ethylene has four
crossing points with the contours of the fluorine atom and
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a = b i ethylene remain separated, as shown in Figure 4b. The interac-
g tion between the fluorine atom and ethylene can be described
L in two aspects. On one hand, the interaction causes the contours

for both of them to expand toward each other. For the fluorine
atom,RgF is longer tharRaF by 0.51 au; as to ethylenBcE is
E 0.06 au longer thaRpFE. On the other hand, the electron density
‘ 2 on the contour of ethylene tends to converge on the side close
to the fluorine atom as a response to the presence of the
electronegative fluorine atom. As shown in TableD&F is
considerable larger thadpF by 0.004 00 au. A similar trend is
= s also observed in the fluorine atom, though not so evident as
ethylene, withDg" being 0.000 02 au larger thadsF. Both
phenomena can be attributed to the interpolarization effect
between fluorine and ethylene. Another interesting phenomenon
F is that the electron density on the contour of ethylene is larger
25 than that on the contour of fluorine.
N As the fluorine atom approaches ethylene, at a distance of
i aboutRy = 5.9 au, the contour of the fluorine atom contacts

that of ethylene, as shown in Figure 4c. It can be seen that, at

L
‘-‘—' —— ' the touching point, the contour of ethylene swells sharply toward
-

—

e

w

the fluorine atom RcE is longer RoF by 0.13 au). This
demonstrates that the fluorine atom strongly attracts the electrons

35 of ethylene toward it. In contrast, the fluorine atom shrinks on
L the touching side witlRsF being 0.21 au shorter tha®". In
addition, around the touching point, the electron density is larger
i than other places on the MICCs, which is especially evident
5 for the domain of the fluorine atom. As shown in TableDgF
1 is larger thanDA™ by 0.005 82 au. This indicates that the
- e = electrons of ethylene transfer to the fluorine atom to a certain
degree.

Figure 4. MICCs for the structures of interest for the fluorine addition :
to ethylene with the electron density mapped on them. The magnitude Figure 4d shows the MICC dfqa, where the two contours

of electron density on the MICC is directly proportional to the gray Of the fluorine atom and ethylene fuse into an independent entity.
scale, as shown by the color bar: (a) £t (b) Ry = 8.0 au; (C)Ry Another evident change of the contour is that the contour shrinks
= 5.9 au; (d)TSaqq; (€) lagg; (f) CH2FCH,. on the backside of the fluorine atom, while on the backside of
the ethylene moiety it expands greafRsF is shortened by 0.22
au, while RoF is lengthened by 0.64 au relative to that of the
previous caseRy = 5.9 au). Furthermore, the electron distribu-

TABLE 4: Parameters Describing the Interaction between F
and C;H,4 (in au)

Ri=80 Ry=59 laqd Ri=80 Ri=59 lauw tion on the MICC separates the contour into two distinct
R.F 3.27 3.06 2.84D,F 0.00025 0.00128 0.00252 domains with the electron density on the fluorine domain being
ReF  3.78 2.85 De"” 0.00027 0.007 10 evidently larger than that on the ethylene domain, contrary to
RE 297 3.05 DcE 0.006 21 0.007 10

the previous case. This indicates that electron transfer from the
ethylene to the fluorine occurs, which makes the fluorine
encompass extra electrons and ethylene deficient in electrons
relative to their separate states.

The contour ofT Saqq is shown in Figure 4e. Comparison of
the contour ofTSyqq to that of | 5qg Shows thafTSaqq is very
similar tol 544 in both the shape of the MICC and the electron
density on it. This is consistent with the conclusion we obtained
above that the transition structuf&,qq is reactant-like.

At the product stage, the contour of gFCH,, as shown in
Figure 4f, is quite distinct from that of the transition structure
TSadd- The convexity of the fluorine domain is more prominent
than that ofT Saqq, COrresponding to the complete formation of
the C-F bond. The contour of C#CH, shrinks inward on
the backside of the ethylene moiety in response to the weakening
of the C-C bond, due to the conversion of the double bond to
a single bond.

RoE 291 292 3.56Dpf 0.00211 0.006 82 0.00218

ethylene, which is in turn marked by A, B, C, and D. The
distances from points A and B to the fluorine nucleus are
denotedRa" andRgF, respectively. Likewise, the distances from

C and D to the center of the double bond of ethylene are refereed
to asRcF andRoF. The electron densities at the four points are
represented byDA", DgF, DcF, and DpF individually. The
calculated values of these quantities for the three struct®es (
= 8.0 au,Ry = 5.9 au, and ,qq) are listed in Table 4.

Figure 4a presents the molecular intrinsic characteristic
contour (MICC) of ethylene and the electron density mapped
on it. It can be clearly seen that there is a maximum of electron
density on the MICC of ethylene located just above the center
of the C-C bond. Surprisingly, according to the results of our
ab initio calculations, the fluorine atom locates also above the
center of the €C bond in the prereaction compldxdg) arising
from the association of the fluorine atom to ethylene. Thus, it
seems that the fluorine atom tends to attack the electron-rich
point on the MICC of ethylene, due to its strong electronega- A thorough study has been conducted on the substitution
tivity. reaction between a fluorine atom and ethylene. The geometrical

As the fluorine atom begins to approach ethylene, saRgat  parameters for all structures involved in the title reaction were
= 8.0 au, the fluorine atom and ethylene do not affect each optimized at different high theoretical levels. The obtained
other very much, so that the contours of the fluorine atom and results show that the MP2 method with Pople’s series of basis

Conclusions
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sets [6-31G(d,p), 6-31+G(d,p), and 6-311+G(3df,3pd)] (12) Sekiigk, S; Liedl, K. R.; SabljicA. J. Phys. Chem. A998 102,

yields similar geometrical structures, while the MP2/aug-cc- 1583 and ref 7 therein. o _

pVDZ model tends to overestimate bond lengths. In addition, , 2%(3% ?Bifaigé""\fnedez’ B.; Feradez, T.; Sordo, J. Al. Phys. Chem.
the geometrical parameters of the transition structures involving  (14) Bader, R. F. W.Atoms in Molecules A Quantum Theory
bond making or breaking and the weakly bound structures Clarendon: Oxford, U.K., 1990.

appear to be more sensitive to the theoretical levels than most_ (15) (&) Chesnut, D. BJ. Phys. Chem. 2003 107, 4307. (b) Cubero,

ilibrium structures E.; Orozco, M.; Hobza, P.; Luque, F.J.Phys. Chem. A999 103 6394.
equi S - , , ) (c) Exner, K.; Schleyer, P. v. Rl. Phys. Chem. R001, 105 3407. (d)
The reaction mechanism for the title reaction was discussed zeng, X.; Davico, G. EJ. Phys. Chem. 2003 107, 11565. (e) Vila, A.;

primarily on the basis of the calculation performed at the CCSD- Mosquera, RJ. Phys. Chem. 200Q 104, 12006. (f) Zhurova, E. A.;

(T)/aug-cc-pVDZ//CCSD/6-31G(d,p) level including the ZPE
correction calculated at the MP2/6-3t+G(d,p) level. Ac-
cording to our calculations, the fluorine atom and ethylene form
the prereaction complexiq) in the entrance channel for the

title reaction, rather than reach directly the transition structure

TSaqd for fluorine addition to ethylene. The involvementlgfiy
with Cp, symmetry may be responsible for the experimentally
observed regioselectivity for the formation of a collision
complex between a fluorine atom and ethyléigubsequently,
the prereaction complex4q) evolves into a fluoroethyl radical
nearly without an energy barrier with an exothermicity of 41.49
kcal/mol. The high exothermicity makes the fluoroethyl radical
chemically active, which can further decompose into H and-CH
CHF, with an energy of 10.33 kcal/mol released. In addition to
the direct hydrogen departing from the carbon atom of the
fluoroethyl radical, an indirect pathway, GHCH,' — T Sushiit
— CH3CHF — TSgep2 — H + CHCHF, is also found to be
energetically feasible, which has not been reported before.
In terms of the model of the MICC and the electron density
mapped on it, the formation of GHCH, from a separate
fluorine atom and ethylene is described pictorially. As the

fluorine atom approaches ethylene, the contours tend to swel

toward each other, until they fuse into an entity. At the same

time, the electron density on both contours gathers on their close
sides, as a result of the interpolarization effect between them.

Additionally, the MICC and the electron density mapped on
the contour forTSaqq resemble that of,qq but are evidently
distinct from that of CHFCH,, which is consistent with the
result of our ab initio study that the transition structdi®qq

is reactant-like. This provides an intuitional picture for describ-
ing this chemical reaction.
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