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The ethyl radical formation from hydrogen and ethylene was studied with ab initio open shell SCF and CI

methods.

At first, the minimal basis set (STO-6G) was used to determine a minimal energy path. The calculated

exothermicity and the height of the barrier were 72.3 kcal/molf and 16.9 kcal/mol, respectively. After the full
geometry optimization with the double zeta basis set the calculated exothermicity became 38.3 kcal/mol, which
is in agreement with the experimental value (40.1 kcal/mol), but the barrier height (16.5 kcal/mol) was no better

than that obtained by the minimal basis set.

with the minimal basis set, the calculated height of the barrier became only 5.1 kcal/mol.
The successive hydrogenation to form ethane was also studied and

barrier height is important in this reaction.
no barrier was found in the reaction.

The addition of hydrogen to ethylene (1),
H. 4+ GH, == GH;.* —> G,H;- 1)

has long been a concern to chemists as a fundamental
model of addition reaction of alkyl to olefins. In
recent years several powerful experimental techniques
have been developed for studying free radical forma-
tion. The analysis of kinetic data clarifies the reaction
mechanism and has made activation energy reliable
in some important radical reactions within the error
of a few kilocalories.1=% The experimental activation
energy falls between 0.5 and 7 kcal/mol.1:Y)  Sato and
his collaborators® observed the isotopic effect and they
suggested that there is a barrier, however small it
mightbe. The exothermicity of the reaction is obtained
experimentally as 40.1 kcal/mol,® which is equal
to the theoretical value obtained by Lathan et al.”
This agreement may be fortuitous, though the heat
of formation is not difficult to estimate in the SCF
(self-consistent field) calculation as demonstrated by
Pople.® It is, however, difficult to evaluate the bar-
rier height of radical reactions in which a bonded
pair and an unshared electron are exchanged between
reactants and products,” such as

A-B+ Q- —> A. + B-C. @)

The hydrogen exchange reaction H,+H!) and the
reactions of hydrogen and fluorine, such as H-F,,
H-+HF, and F-+H," are among examples for which
the barrier height is successfully evaluated by very
extensive ab initio CI calculations. Another reaction
studied theoretically is H+N,,? in which three atoms
are found not to lie on a line. In this case change
of hybridization in the course of reaction plays a sig-
nificant role.

A more complicated reaction may be an addition
of hydrogen (H*) to ethylene. This can be regarded
as a model of radical reaction of conjugated hydro-
carbons. The reaction has characteristics in change
of geometry as well as of hybridization along the reac-
tion path. Bending the CH, moiety off the molecular
plane is expected to be one of the most important
changes in geometry to form a methyl moiety. The
transfer of an unpaired electron occurs from the at-
tacking hydrogen to the other side of carbon to which
the hydrogen is not attached. Shih et al.'® studied

t lcal=4.184].

After the extensive CI calculations along Sloane and Hase’s path

The small but finite

the reaction of NH,+C,H, from a similar point of
view. The UHF method might be a convenient tool
in discussing the reaction mechanism because it, in
many cases, predicts proper dissociation products of
a ground state in a single determinant approach at
the cost of vitiating the spin symmetry. Sloane and
Hasel?®) calculated the potential surfaces of the Reac-
tion 1 using the UHF method with STO-3G and 4-
31G. Though geometry optimization was made at
each point, they could not find a barrier. Since
experimentally the barrier is known to exist in the
reaction, in the recent paper,!#?) they had to use the
“experimental barrier height’” (3.5 kcal/mol at rggr=
2.0 A) to derive the analytic potential energy surface.
On the other hand, Nagase and Kern,®® and Kato
and Morokumal®® found a very small barrier after
careful geometry optimization with the 4-31 G UHF
calculations. In the present paper the restricted open
shell SCF and CI methods are used for the study
of the Reaction 1. At first, several model reaction
paths are examined to clarify the change of the elec-
tronic structure along the path, and then geometrical
parameters are optimized. Finally careful CI cal-
culations along the reaction path determined by Sloane
and Hase are performed to compare with the UHF
results. The barrier is found both in the restricted
SCF and in the CI calculations.

Methods

Restricted SCF Method (RHF): The restricted SCF
method for open shell (hereafter it is called RHF as
traditionally is) used is essentially equivalent to the
two-Hamiltonian ‘method by Davidson.'® The pro-
gram written by one of the present authors (S. I.)
was linked with GAUSSIAN 70 at the University
of Rochester. Since it is also capable of solving the
three-Hamiltonian method, the program can be ap-
plied to an excited singlet state belonging to an ir-
reducible representation different from that of the
closed shell ground state configuration. The closed
shell SCF of a cation ([CoH,JH*) is first solved to
obtain an initial set of orbitals for determining the
RHF MO of the radical ([C,H,JH-). The set of
doubly occupied orbitals ($:, i=1,---,7) are first
determined and then an electron is added to the vacant
orbitals (¢5 or ¢,) depending on the state of the radical.
The matrix equations to be solved at the (v4-1)th
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cycle are forming integrals from AO to MO basis.
263+ = {F%— (nofng) (PLFS+ FAPY) b5+ = eb*i,  (3) Link 2. Generation of electronic configurations. A
(1—PYHYFY(1—PEH)b+t = eby ™, 4) set of MO’s are partitioned into four groups:

where the occupation numbers, n; and ng, in this
case, are equal to 2 and 1, respectively. Fock matrices
¢ of a closed shell and F'§ of an open shell are defined
in terms of the »-th cycle MO’s {#%} as
(F8)ji = <B7|h+2]c—Ko+2Jo—Ko| 1), ©)
(FS)jx = {97 1h+2Jc—Kc|$2)s (6)
respectively, where J; and K, and J, and K, are the
coulomb and exchange operators of the closed shell
and of the open shell orbitals, respectively. The pro-
jection operators P3 and P¢*' are defined in the
present case as

7
P = |g3X<g3l, P = 2| 9rr<oE - ™)

The transformation of the operator F, in Eq. 4 by
the projection operator (1—P;) implies that the open
shell orbital and the virtual orbitals are determined
outside the space spanned by the closed shell orbitals.
The orbital energies of both the closed shell and the
open shell orbitals satisfy Koopmans’ theorem. - Gener-
ally speaking, convergence is slower than in the closed
shell SCF procedure. The orbital set after about
fifteen cycles is used as a basis for the MRBW and
CI calculations; the energy convergence is about 104
hartree.

MRBW Method: Even for a system which can be
satisfactorily described by a single Slater determinant
around its stable geometry, several electronic configu-
rations are required for correct description when the
geometry changes to a transition state in a reaction
path. The CI calculation may be the best way but
it is time-consuming. To estimate the characteristics
of the potential energy surface, the second order
Brillouin-Wigner perturbation with several reference
states is used. The essential idea has been proposed
by Loéwdin!? by partitioning a full Hamiltonian
matrix into reference (R) and its quotient (Q).

Hoet(E) = Hgr + Hro(E—Hqq) *Hgr (8)

A careful choice of a reference space, R, allows us
to regard Eq. 8 as the effective Hamiltonian projected
onto the space R. By neglecting the off-diagonal
elements of H,q, the effective Hamiltonian reduces
to a simple form,

HY5™(E) = Hug + Hug(E—E4") " Her, (9)
where Hgp and Hyg are the Hamiltonian matrix among
reference states and between the reference and the
quotient states, respectively. E§** is the diagonal
element of Hy,. This perturbation expansion may be
called the multi-reference Brillouin-Wigner (MRBW),
which is equivalent to the B, method of Gershgorn
and Shavitt!® and to the method proposed by Segal
et al.® Obviously, in MRBW, the choice of the
reference CSF’s (configuration state function) is im-
portant to obtain the approximate results to the large
CI calculation.:

CI (Configuration Interaction): A CI program named
EFCI?) consists of six modules as follows.
Link 1. Reading a symmetry table of MO.and trans-

i) the fixed core orbitals (which are always doubly
occupied),
ii) the core orbitals (hereafter abbreviated as {c})
iii) the valence orbitals {2}, and
iv) the excited orbitals {e}.
The electronic configurations generated are grouped
into nine types. (1) The ‘“valence” CSF: First, all
of {c} are doubly occupied, and then, the rest of elec-
trons are filled in {o}. All the possible CSF’s are
generated without filling electrons in {e}. The
“valence” CSF’s are usually the reference states for
MRBW and for the configuration selection procedure.
The dominant CSF’s in the states which are being
studied should be included in this type. The other
eight types of CSF’s are single and double excitations
from the ‘“‘valence” CSF’s. (2) v2—¢® (3) v—e (4)
cv—e2 (5) c—e (6) c?—e? (7) ¢c—v (8) c2—>ve (9) c2—vt.
Link 3. Evaluation of matrix elements in Hyp, Hpgq
and the diagonal of Hggy, and selection of CSF’s in
Q wusing the second-order multi-reference Rayleigh-
Schrodinger perturbation expansion (A, method).1®
Link 4. Performing MRBW and analysis of the result.
Link 5. Evaluation of off-diagonal matrix elements
in Hyq.
Link 6. Solving the eigenvalue problem and analysis
of the electron correlation.?) Davidson’s method modi-
fied by S. I. is used.?®

In some cases the type of excitations c?—¢?, though
inclusion of this type lowers the total energy consider-
ably, can be neglected because this type of excitations
contributes only to the pair correlation energy of
the core electrons by shifting all the ‘“valence” states
almost uniformly.??) Care should be taken of the
choice of valence orbitals and the threshold value
of configuration selection. On a similar account the
size of CI is also paid attention to. Hereafter the
size of CI calculation is denoted as [M,,.,/Np, Ngso/
Nggenl, Where Ny stands for the number of reference
CSF’s (which consist, in most cases, of the ‘“‘valence”
states) and A, denotes the number of the eigenstates
of Hyy, which are used for the GSF selection procedure.
Nggen and Ny, are the numbers of CSF’s generated
for the Q space and of selected CSF’s for the CI cal-
culation, respectively. If the CSF selection procedure
is not applied, the CI size is given by [Ny, Ngg.l-

A deliberate choice of valence orbitals is necessary
to take into account a well-balanced correlation along
the reaction path. Those orbitals (frontier orbitals)
which play an important role in a bond formation
or bond exchange should be taken into account in
the valence orbitals {o}. It is necessary to include
the antibonding orbitals which suffer considerable
changes in the new bond formation, even if they lie
much higher than the lowest vacant orbitals.

'Results and Discussion

First the SCF calculations are performed along several
model paths with a planar ethylene of fixed geometry
as shown in Fig. 1. A hydrogen atom attacks an
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Fig. 1. Attacking points of a hydrogen on the planar

ethylene (D, symmetry) in model calculations. (Only
the attack on A has G,y symmetry. Others have
Cs symmetry.)

Fig. 2. Parameters of the ethyl for geometry optimiza-
tion. (Cg symmetry is kept.)

ethylene vertically in the model paths. The vertical
approach to the middle point of the C-C bond (path
A in Fig. 1) has C,, symmetry. In the paths, B to
E, the hydrogen approaches the planar ethylene above
the positions shown in Fig. 1. The partial geometry
optimization is also performed for these models. These
paths are useful for elucidating the origin of the barrier
and change of the electron distribution in the course
of reaction. Subsequently to the model calculations,
the geometrical parameters which are critical to the
reaction are optimized. In methyl formation, opti-
mization of the angles ¢ and x as well as 6§ defined
in Fig. 2 is found to be important. This accounts
for the change of hybridization of the carbon atom
from sp? to sp3. Sloane and Hase’s path!® is also
examined to compare our RHF and CI results with
their UHF’s. In addition, careful optimization of
geometries is made using the RHF method with the
double zeta basis set for several important HC, distance.

Model A: The potential energy curves for Model
A are shown in Fig. 3. In this model the repulsive
?A, state is dissociated to the ground state ethylene
(*A;z) and hydrogen atom (2S). The other state
2B, is correlated with the ionic products, C,H,*(*B,,)+
H- in the RHF picture. If the UHF methode is used
to describe the dissociation process, this state should
be correlated with C,H,(®B,,)+H. If the C-C bond
length, Ry, is optimized along with the distance Ry,
between H and the ethylene plane, the energy is lowered
by 18.7 kcal/mol at Ry,=1.1 A (see the curve b in
Fig. 3). Even after the optimization of Ry the energy
minimum of the potential energy curve of 2B, in model
A is found to be higher than the dissociation limit
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Fig. 3. Potential energy curves of the planar ethyl
formation (model A).
a) In ®B, Rgc is fixed at 1.34 A,
b) In 2B,, Rgc is optimized with respect to Rgp.
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Fig. 4. Potential energy curves of CH;+ C,H,—C;H,.
Methyl radical approaches the planar ethylene per-
pendicularly to the middle of the C-C bond. 2A’
and 2A” corresponds to the 2A; and 2B, in the C,y
H+ C,H,; model system.

of C,H,+H. The optimization of the out-of-plane
angles of CH, moieties does not change this conclusion.
Although an experimental analysis suggests that CF,
and CH,; radicals might give rise to bridged adducts
with substituted ethylenes,?®) no stable structures are
found in bridged form (model A path) in our SCF
calculation for C,H,+CH;, as is shown in Fig. 4.
This type of symmetric insertion is orbital-symmetry
forbidden.24-26)

Model B—E: = In these models, because of the lower
symmetry, the states 2A; and 2B, in model A can in-
teract with each other. Consequently, at longer Ry,
the 2A, character is dominant in the lowest state while
the bonding 2B, becomes a main component at shorter
Ryp. At an intermediate Ry, the character of the
lowest state suddenly changes. Around that distance
a hump is expected to be found. The calculated
potential energy curves are shown in Fig. 5. In models
C, D, and E, G,H; is more stable than the dissociation
limit, C,H,+H. Among them, the most plausible
path of the hydrogen to the planar ethylene is the
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Fig. 5. Potential energy curves of H+4C,H,—C,H,
model system (¢f. Fig. 1). The energy is relative to
the dissociation limit.

attack from above a carbon atom (path C). When
a hydrogen atom attacks one of the carbon atom
C,, while a new H-C bond is formed, the C-C z bond
breaks and an unpaired electron is localized at the
other side of carbon C,. The most stable Rgc, is
1.L154; it is a little longer than a usual C—H bond
length. As is expected, the hump is found at Rpc,
~1.8 A and its height is 20 kcal/mol, which is about
several times larger than the experimentally estimated
activation energy (see below).

Geometry Optimization: First, three geometry param-
eters (Rgg, 0, and ) are optimized for each Ryc, along
the path C, using STO-6G and open shell RHF; the
results are given in Table 1. It is notable that the
C-C double bond is suddenly lengthened to become
a single bond at the vicinity of the hump of the po-
tential curve. As is mentioned above, at these Rpuc,,
the main character of the ground state has changed.
A similar feature is reported for Rgy in the reaction
C,H,+NH,.'®» Full geometry optimization is carried
out using the double zeta basis set and the open shell
RHF method at the bottom (Ruc,=1.1A) and the
hump (1.8 A) determined above by the minimum
basis set RHF calculations. The results are given in

TABLE 1. OPTIMIZED GEOMETRIES
CH, + H —» GH; Case C

RIA  R(C-CQJA 6 2/° Er/a.u.

0.8 1.512 108.5  110.5  —78.29816
1.0 1.516 109.5  109.3  —78.40805
1.1 1.515 108.8  110.2  —78.41495
1.3 1.505 108.2  110.6  —78.38732
1.5 1.495 105.2  108.8  —78.33173
1.65 1.487 106.0  111.8  —78.29389
1.8 1.365 93.1 118.4  —78.27281
3.0 1.308 89.5  120.2  —78.29760
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TaBLE 2. GEOMETRY OF THE ETHYL RADICAL
Parameter® Ours NKD PDo LHPY
RHC./A 1.1 1.089 1.090 1.09
Rg,c,/A 1.511 1.496 1.498 1.516
Reima/A 1.094 1.084 1.086 1.087
Re,u, /A 1.085 1.073 1.076 1.083
0/° 111.0 111.7 112.01 111.2
x/° 110.5 111.4 111.42 110.4
n/° 4.8 8.4 6.19 22.9
o/° 108.0 107.1 —_ 107.8
&'/° 121.1 120.7 120.6 118.9
a) See Fig. 2 as to the parameter. b) Ref. 29. ¢)
Ref. 27. d) Ref. 7.

TABLE 3. GEOMETRY OF THE ETHYL
AT TRANSITION STATE

Parameter® Ours NKP
Rou/A 1.80 2.015
Roo/A 1.480 1.357
Ro,n,/A 1.109 1.072
Ro,u./A 1.088 1.072
0/° 111.2 106.2
é/° 104.8 93.0
x/° 108.6 121.4
o’[° 120.0 121.6
/° 10.8 1.9
a) See Fig. 2 as to the parameter. b) Ref. 29.

Tables 2 and 3, and are compared with parameters
determined by other workers. The angle # in
Fig. 2 is the bending angle of nonreacting CH, moiety
off the ethylene plane. The geometry of free ethylene
with the same basis set is determined as Ry;=1.342
A, R,;=1.084A and /CCH=121.7° Previously,
Pacansky and Dupuis (PD),?” Lathan et al. (LHP),?
and Nagase and Kern (NK)15*) optimized the structure
parameters of the ethyl radical C,H,. PD used the
triple zeta basis set for the RHF calculation and a
larger set with polarization functions for the UHF
calculation. They found no appreciable difference
in the RHF and UHF structures. NK and LHP
employed the 4-31G and STO-3G set, respectively
and both used UHF method. Agreement between
our parameter set and theirs is rather good except
for the out-of-plane angle, =, for the C,H H,, which
is much smaller (4.8°) in ours, then increases in PD’s
and NK’s, and is the largest in LHP’s (22.9 °).

The exothermicity calculated by RHF with STO-
6G is 72.3 kcal/mol; too large in comparison with
the experimental value, 401 kcal/mol. The UHF
method also overestimates the exothermicity (59.1
kcal/mol by Lathan et al” and 76.1 kcal/mol by
Sloane and Hase,14®) if the minimal basis set is used.
The use of the double zeta basis set improves this
value substantially, which is 38.3 kcal/mol in our
calculation and 40.1 kcal/mol in 4-31G UHF cal-
culation by LHP and NK.

The calculated hump height is 12.76 kcal/mol at
Rox,=1.8 A for the STO-6G set and 16.5 kcal/mol at
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the same bond length for the double zeta basis set,
when the RHF method is applied. On the other hand,
Sloane and Hase reported that they found no hump
in their UHF potential energy curve.l*® Very recently
Kato and Morokuma,® also using the UHF method
and the 4-31G set, optimized the structure of C,Hjy
along the reaction path and found the hump with
2 kcal/mol at Ruc,=2.1 A, while NK obtained the
same barrier at 2.015 A.152) Experimentally, it has
been known that the barrier exists in the reaction.
Although the experimental activation energies re-
viewed by Teng et alV) are scattered from 7.2 to 0.5
kcal/mol, the most probable value may be ca. 3 kcal/
mol. Our calculated heights are considerably higher
than the experimental activation energy. Difficulty
in calculating the hump height by RHF is not surprising,
because the single electron configuration description
such as RHF should fail at the hump region as model
calculations (A—E) indicate. To obtain more reliable
calculated hump height, the CI calculation is required.

CI Calculations: To compare Sloan and Hase (SH)’s
UHF results, the CI calculations are performed along
the reaction path determined by SH. The various
schemes of the generation of the CSF list are examined.
In this series of CI calculations, the STO-6G set is
used. The molecular orbitals used are the open
shell RHF MO’s for the lowest state of ethyl radical.
To test the MO set dependence, the closed shell SCF
MO’s for C,H + are also used. The convergence is
faster in the open shell MO-CI than in the closed
shell MO-CI. Below, only the former results are
discussed.

e/Hartree

2 3 4 00
R(C,H,-H)/A

Fig. 6. Orbital correlation diagram for H4C,H,—
C,H; (STO-6G RHF ground state), along the Sloane
and Hase’s path. Broken lines are for a” and solid
lines for a’,
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To obtain even qualitatively correct potential
energy surfaces in the CI calculations, it is very impor-
tant how to generate the SCF list. In our terminology
defined in the previous section, the CI results are
dependent on the division of the set of MO’s into {¢},
{v}, and {¢}. In Fig. 6 the change of the orbital
energies is shown along the path. Note that the
number given to each orbital is not the order of the
orbital energy. For R>1.9 A, the half filled orbital
is the orbital 8, while at R<1.9 A it switches to the
orbital 9. Furthermore the character of the orbital
9 changes around the hump; at the shorter distance,
the half filled orbital 9 becomes a localized = orbital
on C, It is worth emphasizing the necessity of
drawing the orbital correlation diagram before CI
calculations for the potential energy surface. The
MO coefficients in Table 4 show change of charracter
of the frontier orbitals (¢g, @4, and ¢,,) as the hydrogen
approaches. At Ruc,=4.079 A, the orbitals ¢4 and
$10 are the bonding and antibonding = of C,H,, and
¢, is hydrogen Is. Just after the hump (Ruc,=1.7 A),
where the bond formation between the hydrogen
and the C, is almost completed, the half filled orbital
&4 becomes localized on the 2pz lobe of the carbon C,.
The bonding = character of ¢4 disappears and the
orbital becomes the H-C, bonding character. This
is also reflected in the H-C; antibonding character
in ¢

In PCI-1, ECI, and LCI shown in Table 5, the
orbitals, 8, 9, and 10 are chosen as the ‘valence”
orbitals, {v}, and the other occupied and vacant

TABLE 4. FRONTIER ORBITALS OF ETHYL RADICAL
(Open shell SCF STO-6G)

R(H-C)) 1.079 A

MO 7 9(half) 10
C pn 0.5709 —0.0520 1.1178

1 | 2pe 0.0121 0.0001 0.0247
C { 2pn 0.0723 0.9987 —0.1704

2 | 2po —0.0112 —0.0004  —0.0288
H* —0.4845 0.1703 1.0118
H(C,) 0.2390 —0.0847 —0.4821
R(H-G,) 1.700 A

MO 8 9(half) 10
a 2pn 0.5739 0.0293 0.8244

1 {Zpa 0.1041 —0.0034 0.1327
C 2pn 0.1936 —0.9439 —0.3281

2 | 2p6  —0.0775 —0.0118 —0.3429
H* —0.6004 —0.3815 0.7754
H(C,) 0.0954 0.0793 —0.0040
R(H-C,) 4.079 A

MO 8 9(half) 10
C 2pn 0.6314  —0.0043 0.8179

1 | 2po —0.0000 —0.0006 —0.0036
C 2pn 0.6324  —0.0052 —0.8171

2 {2pa 0.0000 0.0000 —0.0052
H* —0.0042 —1.0000 0.0015
H(C)) 0.0000 0.0006 0.0115
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TaBLE 5. THE POTENTIAL ENERGIES OF H+ C,H,—C,H; ALoNG THE SLOANE AND HaSsg’s pATH

8,0] [1/8, 1225/4077] [8, 4077 400,0] [8, 4099
RHF  UHF® pcro {01 (812080771 18, AT Gt Nmew
1.079 273.97  —76.1  —74.08  —51.22 Z52.6 —52.14  —40.27  —51.28
1.400 —41.58 —45.0  —41.76  —17.89 —38.13  —928.98  —7.22  —36.14
1.700 12.76  —10.5 1.24 1.36 0.84 2.66 93.21 0.71
2.079 8.19  —2.1 6.16 6.08 4.48 5.15 20.20 3.92
4.079 —~1.22 0.0 —1.21 1.04 1.45 1.84 94.98  —0.20
E(c0) —78.2979 —77.54  —78.2979 —78.3431  —78.3778 —78.4562 —78.3778 —78.3772

a) see Ref. 16.

orbitals in the RHF electron configuration are the
“core” {c} and “excited” {e¢} orbitals along the re-
action path. Eight CSF’s are constructed by filling
three electrons in three ‘valence states”. In LCI,
all possible single- and double electron excitations
(Nggon=4077) from the ‘“‘valence states are taken
into account. In ECI the CSF selection procedure
are performed with a threshold value (10-*h). These
three CI potential curves agree qualitatively with
each other as shown in Table 2, although the total
electron energies in three calculations differ sub-
stantially. The MRBW calculations reproduce the
ECI results except at Ruc,=4.079 A. There are
several differences in the CI and RHF curves. The
exothermicity and hump height are improved, -and
in addition; the hump position moves to a longer
Ryuc,. Since our basis set used in CI is minimal, the
calculated exothermicity (52 kcal/mol) and hump
height (5 kcal/mol) may be satisfactorily in good agree-
ment with the experiments. Surprisingly, the very
small CI (PCI-1) among 8 CSF’s can produce the
qualitatively correct potential curve. This is because
our choice of the “valence orbitals” are suitable for
the potential curve calculations; in this sense, the
orbitals, 8, 9, and 10, given in Table 2 can be
called the ‘“‘reaction orbitals”.25)

Our CI potential curves are differnt even quali-
tatively from the UHF curve obtained by Sloan and
Hase, even though the reaction path is the same.
As Yamaguchi?® pointed out, the UHF (different
orbitals for different spins, DODS) wavefunction for

three electron-three orbital model, |¢;, ¢,, ¢,,] can
be expanded in terms of four electron configurations,

[XaXaP2els 1 XpXuPouls | XaXpPo.ls and | 2,2.P2.1,
where 2, and 2, are linear combinations of ¢,, and
$15> but the coefficients of these four Slater determinants
are severely restricted in the UHF wavefunction.
To compare the UHF results, the 3 x3 CI calculations

among |¢'s$s¢sl’ |¢’1057’—10‘/’9| and 1/V7[l¢'s¢710¢9|+

[#10%sP5|] are carried out and the energies are shown
as PCI-0 in Table 5. Again, the potential curve
behaves correctly. These results clearly show that
the CI or MCSCF calculations combined with an
appropriate choice of the ‘‘reaction orbitals” are
suitable for the study of the reaction potential curves.
As another example of the importance of a careful
selection of the ‘‘reaction orbitals”, is given the PCI-2
calculations in Table 5, where 490 CSF’s are created
by filling nine electrons in seven orbitals (3a’—9a’).

The potential curve thus obtained is absurd.

Ethane Formation: Addition of hydrogen to ethyl
radical is studied to see the feature of the successive
hydrogenation of ethylene,

GH; + H — GHg* — CH, €

Two curves are obtained in the SCF calculations.
One (b in Fig. 7) is the result by the closed shell RHF
which is correlated with the ethane formation. The
other (a) is the curve obtained by the open shell RHF
which leads to the dissociation product. The latter
curve is already flat at the intersection of two curves.
This implies that the dissociation is an almost complete
at the bond length as short as 2A (Fig. 7) and that
there may be no activation barrier in the ethane
formation. In fact, the potential energy curve (c) ob-
tained by CI shows no barrier. It is in conformity
with the experimental facts that the rate of the ethane
formation is hundred times as fast as that of the ethyl
radical formation and that the abstraction of hydrogen
by the ethyl easily occurs.

The MO basis set for CI at shorter C-H distance
was obtained by the closed shell SCF. The ground
electron configuration is (la’)%--(5a’)%(la’)?(6a’)?
(7a’)2(2a')2. The next important configurations are
a. pair excitation to an antibonding orbital 8a’ from
the 7a’ orbital with mixed character of C-H and
C-C bonding, and the double excitation from la”

T L) T
a)
-785| o I
H+CoHg
8
g He CzH
as
~ “79.0} ~
[q b
c)
| 1 1
1.0 1.8 2.0 28 3.0

R(C,H,-H)/A

Fig. 7. Potential energy curves of ethane formation.
a) Open shell SCF, b) closed shell SCF, ¢) CI,
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and 2a” to 3a” and 4a’".These configurations are
used as the reference states in the large CI calculation.
At Ruc,=2 A the open shell SCF energy is slightly
lower than that of the closed shell SCF. The highest
occupied MO 7a’ and the lowest vacant MO 8a’ in
the closed SCF MO are of the character of C-H bond-
ing and C-H antibonding, respectively. Because of
restriction of the double occupancy, the wavefuction
is of too strong an ionic character. The open shell
SCF makes it possible to localize electronic charge
on each atom by a linear transformation of the
orbitals. The frontier orbitals obtained by the open
shell SCF take the form of hydrogen ls orbital and
unpaired pz orbital on the carbon. The small energy
difference between the two configurations suggests
considerable configuration mixing. The CI based
on the open shell SCF MO shows that the open shell
electronic structure (i) A,(5a')2(6a’)2(2a’")2(7a’)1(8a’)?
is dominant. The complementary ones are composed
of closed shell structures (i) A,(5a")2(6a)2(2a’")2(7a’)2
and (i) A,(5a’)2(6a’)2(2a"")2(8a’)2, where A,=(la’)?
(2a")%(3a")2(4a")2(1a”)2. 'The wavefunction can be ap-
proximated as: ¥=0.90 (i) —0.29 (ii) —0.24 (iii).
A linear transformation of the relevant orbitals among
the major three configurations reduces to a single
configuration wavefunction ¥=1(¢,¢), with orbitals
$=0.97(pn)—0.07h and ¢=1.02 h—0.05(p=), where
h and pm denote the hydrogen Is orbital and the
unpaired pz on a carbon, respectively. On the other
hand, the "half filled orbitals determined by the
open shell SCF are of the pure pz and h character.
Further decrease of the interaction between the hy-
drogen and the carbon changes the orbital character.
At Ruc,=3 A the molecule can be regarded as a mixed
system composed of a hydrogen atom and an ethyl
radical, since 7a’ and 8a’ have characters of pure
hydrogen 1s orbital and of an unpaired pz orbital,
respectively. The orbital energy of the 7a’ differs
no more than 2 kcal/mol from the free hydrogen atom.
The predominant configuration is A,(5a’)%(6a’)2(2a")?
(7a’)1(8a’). The complementary configurations are
used to improve the other methyl moiety by promot-
ing one or two electrons in the 6a’ orbital (¢ C—H) to
the 1la’ (¢* C-C).
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