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Theoretical Study of the Reaction O(’P) + C;Hs and Comparison with the *CH; + C;H,

The minimum energy path for the reaction O(*Py) + C,Ha(*Ay) has been calculated by optimizing all relevant
geometrical parameters along the approach of oxygen to ethene. A barrier of 4.7 kcal/mol in the 3A”(...9a"%-
10a"3a”) potential energy surface and an energy difference of 14.4 kcal/mol between the product and the
fragments is found at the multireference-configuration interaction level. The corresponding values at the
lower-level treatment CASSCF are 9 kcal/mol for the barrier and 9 kcal/mol for the depth of the potential;
this shows the importance of inclusion of electron correlation. The barrier for CH, rotation for the lowest-
energy structure (asymmetric OC,H,) is around 5 kcal/mol. The energy gap to the first excited state *A’-
(...9a’10a"3a"?) is found to be 3.6 kcal/mol in MRD-CI calculations at the ground-state minimum. Comparison
with 3CH, + C,H, shows that in this system the lowest-energy surface is 3A’, i.e., the state which is the
excited state in O + C;H,. This difference in energy ordering of 3A” and *A” states results from the fact that
the p., p,, P, degeneracy of oxygen orbitals is lifted in 3CH, leading to by, by, and a; MOs whereby the lowest
b, (a”) remains doubly occupied; as a consequence, the reaction pattern between the oxygen and 3CH, approach
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is different, which is also quite apparent in the calculated charge transfer.
Introduction

The reaction of ethene C;Hs + X — C,HyX with radicals X
containing unpaired electrons have been of wide theoretical and
experimental interest (see ref 1 and references therein). In
particular many ab initio calculations have been undertaken in
the past with X = halogen,!? CH,(*B1,!A;),> NH(?A"),* and
O(P).5"% The reaction of O(*P) with ethene plays an important
role not only in the combustion of ethene itself,’ but also as a
prototype system for the addition of an oxygen atom across a
C=C bond, which is important in a wide variety of areas ranging
from atmospheric chemistry to metabolic activation of hydro-
carbon carcinogens.’

In general, reactions of O(*P) atoms are very similar to those
with the isoelectronic *CH2(*B;) radical. An exception is the
reaction of these radicals with monoalkenes. For O atom
reactions the activation energies with monoalkenes depend
markedly on the reactants, and there exists a correlation between
the activation energies and the ionization potentials of the
alkenes, In contrast, the activation energies for the 3CH,
reactions with various monoalkenes seem to lie in a narrow
energy band.!'° Because of the different behavior for the
reactions of O(°P) and CH,(®B,) with monoalkenes, the question
arises, whether the two reaction mechanisms are the same. To
clarify this question, accurate potential energy surfaces for both
reactions O(*P) and CH,(*B,) with alkenes will be very helpful.
The reaction involving triplet methylene has already been
studied by Reuter et al.?

According to Cvetanovic,!!"12 the O(*P) atom, when allowed
to react with olefins, first adds to one of the olefinic carbons to
give a triplet diradical *CR;CR;0°. Several studies of the
reaction C;Hy + O, all using the spin unrestricted Hartree—
Fock (UHF) formalism, have been reported previously. Bader
et al® showed that the reaction path corresponds to an
asymmetric approach of the reactants to form the diradical
product *CH,CH,0*. Using a basis set of double- quality
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plus polarization functions (DZP) and partially optimized
structures, they failed to find the diradical product to be stable
toward dissociation, however, Yamaguchi et al.” also used a
DZP quality basis set but fully optimized the structure of the
diradical. Their calculations predict that in the most stable form
the unpaired spins are localized at the terminal carbon and
oxygen atoms. But again, they found it unstable with respect
to dissociation into O(P) and C,H,. Dupuis et al. calculated
the structure of the diradical in its equilibrium geometry using
a DZP basis set in combination with the spin-restricted HF-
(RHF) method. For the structure of the transition state in
addition correlation effects were included by the use of a
multiconfiguration Hartree—Fock (MCHF) approach. In their
work the diradical product CH;CH,O is found to be stable with
respect to the reactants. The calculations also support that the
transition state for the electrophilic addition of O(P) to ethylene
is asymmetric.

The present paper contains an ab initio multireference
configuration interaction (MRD-CI) study of the O(P) + C,H,4
addition. For the minimum of the potential hypersurface the
rotation of the terminal CH; group around the CC bond will
also be considered. In addition, the energetic separation to low-
lying electronic states is investigated. An interpretation will
be undertaken in terms of MO diagrams. Finally the results
for the OC;H, system will be compared to those for *CH,C,Hs
in order to explain the differences between the two reactions.

Technical Details

The geometrical parameters used to describe the reaction of
O with C;H, are shown in Figure 1. For the reaction O + C;Hy
the distance between the attacked carbon and the oxygen, Rco,
can be looked upon as leading parameter of the reaction
coordinate. Therefore for fixed Rco all other parameters, (6,
Rec, a4, 0, B1, B2, Rcu) were optimized on UMP2 (Moeller-
Plesset second-order correction based on unrestricted Hartree—
Fock) level using the gradient optimization algorithms of the
GAUSSIAN program package.!?> For a better description of

© 1994 American Chemical Society



9842 J. Phys. Chem., Vol. 98, No. 38, 1994
0

Figure 1. Definition of parameters and coordinate system employed
in the present work.

possible reaction barriers the reaction path (or more exactly the
minimum energy pathway) was calculated using the multiref-
erence configuration interaction approach. Along this path the
angle ®, which describes the rotation of the CH; group around
the CC bond, was kept zero; the rotation of the CH; group was
only studied at the absolute minimum of the entire potential
surface. The basis set employed in the calculations was a
standard Huzinaga (9s5p)!4 set of Gaussian type orbitals for
the heavy atoms in a Dunning [4a2p] contraction.! Two
additional d functions with exponents 1.4 and 0.35 for carbon
and 1.7 and 0.425 for oxygen were introduced; a p function
with exponent 0.059 was furthermore added at the oxygen. For
hydrogen the (5s) basis by Whitten et al.!1® was used in a [2s]
contraction with a scaling factor #2 = 2.0. Polarization p
functions with exponents 0.735 were added to the hydrogen.
For the multireference configuration interaction (MRD-CI)
treatment complete active space SCF (CASSCF) molecular
orbitals were taken as the one particle basis. In the CASSCF
calculations eight active electrons (the four p electrons on
oxygen and the = and o (CC) electrons on ethene) were
distributed among eight active orbitals. For the calculation of
the reaction path the multireference MRD-CI was used.’” The
calculations were performed with six reference configurations.
The total MRD-CI configuration spaces which arise from single
and double excitations with respect to the reference configura-
tions were in the order of 30 x 105, The MRD-CI and estimated
full CI (multireference-analogue of the Davidson correction)
energies were evaluated in the standard manner!” whereby the
secular equations actually solved were in the order of 20 000
corresponding to a configuration selection threshold of 3.5
phartrees. The lowest occupied molecular orbitals (MOs)
corresponding to the 1s orbitals of carbon and oxygen were
always kept doubly occupied. In addition the same number of
the highest virtual orbitals were discarded in the MRD-CI.

Results and Discussion

The calculated minimum energy path for the reaction O(*P;)
+ CyH4('Ag) is shown in Figure 2. The optimized geometrical
parameters as a function of Rco are listed in Table 1. The
optimal structure is found for the following geometry: Rco =
140 A, 0 = 114°, Rec = 149 A, 0p = 128°, o; = 194°, B, =
106°, B = 118°, Rey = 1.10 A, and Rcy = 1.08 A, The
angle @ which describes the rotation around the CC bond is
thereby kept fixed at @ = 0°, its influence will be discussed
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Figure 2. Calculated minimum energy path for the O—C;H, approach
as obtained from the CASSCF and MRD-CI calculations.

separately. The optimized structure is in good agreement with
the geometries determined by Yamaguchi et al.” The 3A”(0,7)
was found to be the ground state. In analogy to the work of
Yamaguchi the labels (o,7) describe the orientation of the
unpaired electrons on the terminal carbon and on the oxygen:
the first character in the parenthesis refers always to the unpaired
electron on carbon, the second character to the unpaired electron
located at the oxygen: furthermore o means the unpaired
electron orbital is in the CCO symmetry plane while 7 indicates
that it is out-of-plane. The 3A”(0,x) has the electronic
configuration 1a"...9a210a’1a"22a"23”. The total CASSCF
energy for the ground state minimum is —152.9308 hartrees;
the MRD-CI energy is —153.2905 hartrees while the cor-
responding value for the estimated full CI is —153.3250 hartrees.

In considering the addition of oxygen to ethene the decrease
in the CO separation leading to the optimal OC;Hj structure
influences the other geometrical parameters describing the
change from sp? to sp® hybridization of the attacked carbon
center (Figure 1). The angle oy changes from 180° in the
separated systems to 128° in the OC2H minimum. Furthermore
a distinct elongation of the CC bond from the double bond value
to almost that of a single bond is found and finally the angle 53,
decreases from 118° to 106°.

On all levels of our calculations the OC;H, biradical is found
to be stable relative to dissociation into the O(P) + C;H,
fragments. The energy difference between fragments and
product is 14.4 kcal/mol on estimated full CI level; it is 9.0
kcal/mol on CASSCF and 12.6 kcal/mol on the MRD-CI level
of treatment. The results show furthermore a definite barrier
between fragments and product (1). The CASSCF calculations
predict a transition state of 8.9 kcal/mol above the reactants
while the estimated full CI gives an activation energy of only
4.7 kcal/mol. The top of the barrier is found at Rgp = 2.1 A.
In the earlier work of Dupuis et al.¢ the multiconfiguration self-
consistent field (MCSCF) calculations predicted a transition state
16 kcal/mol above the reactants. From these results it is obvious
that proper inclusion of electron correlation is very important
for the description of the barrier height. The present value of
4.7 kcal/mol is still about 2 kcal/mol above the experimental
value of 2 kcal/mol.!8 It is conceivable that this difference can
be reduced if geometry optimization is carried out at the MRD-
CI level (instead of UMP2) and if further extension in the AO
basis and the CI treatment is made. At the same time one should
keep in mind that the experimental value cannot be directly
compared to the barrier height in the potential energy hyper-
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Figure 3. Orbital energy diagram for the &’ orbitals in the O—CyHy
approach.

surface. This can already be seen by including vibrational
effects which reduce the calculated value of the barrier by 0.5
kcal/mol.

The molecular orbitals of the O—C;H; system can be
distinguished on the basis of symmetry considerations in those,
lying perpendicular to the CCO plane (a” symmetry) and
orbitals, lying within the CCO plane (a’ symmetry). It is found
that the orbitals of a” symmetry (1bz, and 1by; of ethene and
one singly occupied p function on oxygen) are not directly
involved in bond formation; i.e., very little mixing between these
orbitals is found along the minimum energy path. The MOs
affected most in the reaction are the in-plane p functions on O
and the ethylene 30;-type (3a;) and = (in-plane ) MOs. The
MO correlation diagram of these orbitals is given in Figure 3.
Note that the orbital energy of the open-shell orbital (10a’) is
obtained in a different field in the SCF procedure so that its
energy cannot be directly compared with those of the doubly
occupied species. At large separation of oxygen and C;H, the
7a’ represents the o(CC) bond in ethene while the 9a’ is the
orbital. The oxygen lone pair is the doubly occupied 8a’; the
102’ is one of the singly occupied oxygen p functions while the
other singly occupied p possesses a” character. In the reaction
process the doubly occupied oxygen p function is aligned
perpendicular to the CO bond while the other p function points
along the CO bond.

During bond formation the o(CC)MO mixes with the (doubly
occupied) p on oxygen. The bonding linear combination (7a")
represents an in-plane 7-type CO bond (Figure 3) while in the
corresponding negative linear combination (9a") the oxygen
lone-pair character is dominant. The 7 and 7* orbitals of ethene
mix formally in the O + C;H; approach and lead to two carbon
p functions localized on the inner and terminal carbon centers
respectively. The carbon p function on the attacked carbon
interacts with the (singly occupied) p function on oxygen
resulting in a o-type CO bond (8a’). The terminal carbon p
function mixes only slightly with the oxygen function so that
in the product OC;H;, the singly occupied 102’ is essentially a
p function located at the terminal carbon. The remaining
antibonding linear combination of a,n* and oxygen p is
considerably higher in energy.

Using Koopmann's theorem,!? the 1s orbital energies can be
compared with the measured peaks of X-ray photoelectron
spectroscopy (XPS).% It can be shown that the higher the inner-
shell orbital energy, the more negative are the surroundings of
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O~CyHy approach,
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Figure 8, Calculated total energy for the optimal OC,H, structure as
a function of the rotational angle .

the atom under consideration.?! As can be seen from the 1s
orbital energies on oxygen and the 1o; and 10, on ethene (Figure
4) a charge transfer from ethene to the attacking oxygen takes
place during the reaction. From the orbital energies the reaction
can be separated into two phases: the electrophilic phase with
the transfer of charge density to the attacking oxygen with the
maximum charge transfer at Rep = 1.8 A is followed by a
nucleophilic phase with a minor charge transfer back to the
ethene fragment. The top of the barrier in the SCF potential
surface thus coincides with the change from the electrophilic
to the nucleophilic phase. As expected, considerably more
charge depletion is seen at the attacked carbon than at the
terminal carbon. The change in the inner-shell orbital energies
thus indicates a partial ionic structure O~C;H,™ at the absolute
minimum while the lowest dissociation limit refers to neutral
species. Hence the reaction barrier can be viewed as a result
of the interaction between the ionic and the covalent states.
Because of the low symmetry such mixing (avoided crossing)
already occurs at the MO level rather than at the configuration
level.

The calculated energy for CH; rotation around the CC bond
is given in Figure 5. The variation in the parameter ¢ was
undertaken for the equilibrium structure, keeping all other
geometrical parameters fixed. The potential curve was calcu-
lated at the single—double CI (SD-CI) level because multiref-
erence effects are not expected to be important for this distortion,
using the COLUMBUS program package.??2 The present
calculations predict the lowest energy at @ = 0° the energy
maximum is found for an angle around 60°. The predicted
barrier height is around 5—6 kcal/mol. Such a small rotational
barrier is only possible for CC single bonds; the barrier to
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TABLE 1: Optimized Geometrical Parameters for the Reaction O(P,) + C,;H,(Ay;) as a Function of Rco (for Notation See

Figure 1) As Obtained from UMP2 Calculations

Reo [A] 6 [deg] Rec [A] 03 [deg] 0, [deg] CH[A] CH [A] B [deg) B [deg]
1.15 115 1.53 120 201 1.08 114 117 94
1.25 115 1.51 123 196 1.08 112 117 101
1.35 115 1.49 126 194 1.08 1.10 117 104
1.404 114 1.49 128 194 1.08 1.10 118 106
145 113 1.48 130 194 1.08 1.10 118 107
1.51 112 1.47 133 194 1.08 1.09 118 108
1.60 110 1.46 134 193 1.08 1.09 118 110
1.80 105 141 150 190 1.08 1.09 118 114
2.00 99 1.34 166 184 1.08 1.08 118 117
2.10 99 1.32 167 184 1.08 1.08 118 117
220 98 1.31 174 181 1.08 1.08 118 118

TABLE 2: Relative Energies (kcal/mol) of Low-Lying TABLE 3: Extreme Points on the Hypersurface for the

30CH,CH; Diradical Electronic States

states Escr Eeurar
X3A"(0,n), ...8029a"210a’3a” 0.0 0.0
(r,7), 90° rotation 0.5 39
A’A'(0,0), ...82%9a"10a"3a"2 2.1 36
(m,0), 90° rotation 12 438

rotation around the double bond in the ethene fragment is 65
kcal/mol. It is seen from Table 1 that the change from the
double-bond to the single-bond character occurs in the region
of the O + C,H, reaction barrier (Rco = 1.8 A). For example,
the CC bond changes from 1.34 A at Rco = 2.0 A to 1.46 A at
Rco = 1.6 A. A similar trend indicating the rapid change from
sp? to sp hybridization during the reaction is seen in the value
of the angle o (166° at Rco = 2.0 A and 134° at Rco = 1.6 A).
On the basis of these facts it can be assumed that the rotation
around the CC bond is not an important factor in determining
the minimum energy path for the O + C,H4 approach. The
two extreme points, i.e., 0° rotation and 90° rotation have also
been computed employing the MRD-CI treatment using C;
symmetry. The results are given in Table 2 and show that
= 0° is indeed the preferred structure. QOur SCF values are
similar to those obtained earlier.5” To compare the reaction O
+ C;H4 with that of CHy + C;H,, it is necessary to consider
also the first electronically excited state 9a" — 3a”. This state
corresponds to the electronic ground state of the 3CHz + C;Hy
surface. The excitation energy at the ground state minimum is
only 3.6 kcal/mol at the estimated full CI level (Table 2). This
very small difference can easily be understood from the fact
that the excitation takes place between two, primarily at the
oxygen-localized p orbitals. In the dissociation limit both states
are degenerate.

Comparison between *0C,Hy and 3CH;C,H,

One major difference between the two isoelectronic systems
is the fact that the ground-state OC;Hy is a 3A” state while in
3CH,C,H, both singly occupied orbitals lie within the same
symmetry plane to give a 3A’ state (3). The reason for this
difference can be traced to the symmetry of the attacking agents.
In the oxygen atom with spherical symmetry the three p orbitals
are degenerate; assuming the CCO plane to be the yz plane, the
p: and p, orbitals belong to A’ and the p, orbital to A” symmetry.
During the reaction the degeneracy is lifted and the state
corresponding to an oxygen p,'(p,p;)* occupation in the
fragmentation channel becomes the ground state of the combined
system.

In the 3CH; + C;H, reaction the degeneracy is already lifted
in the fragmentation channel due to the interaction of the carbon
p function with the two hydrogen atoms. In C,, symmetry the
corresponding orbitals are 1b,, 3a;, and 1b;. The b, is a linear
combination of p, and (1s(H;)—1s(H;)), possessing A” sym-

Systems OC,H, and CH,C,H,, Taken Relative to the
gi*slsociaﬁon Limit (Estimated Full CI Energies); X = O,
2

OC;H,4 CH,C,H?

Rex, A 1.40 1.51
9, de; 114 106
Rec, i 1.48 1.51
oz, deg 128.5 1224
oy, deg 194.5 170.0
B, deg 106.0 106.0
B, deg 117.0 118.0
B, deg 107.0
a,, deg 170.0
barrier to direct dissociation, 4,7 7.5

kcal/mol (neglecting

vibrational effects)
absolute minimum energy, kcal/mol 144 33.0

2 Experimental activation energy = 2.0 kcal/mol.!® ® Experimental
activation energy = 5.3 kcal/mol.i0

metry in the combined system. In CH; it is the lowest of the
three orbitals because of its strong CH bonding character. The
singly occupied 3a; and 1b, lie within the symmetry plane of
the combined CH,C,H, system. While the 1b; is a pure p
function on carbon, perpendicular to the line of CH,—C;Hy
approach, the 3a is the in-plane p function with some hydrogen
admixture; it points along the newly formed CC bond.

From this description it is clear that the OC;H, ground-state
occupation, i.e., 9a210a'3a", is not energetically favored in
CH,C;H, because this would request single occupation of the
low-lying 1bs-type orbital of CH; with its strong CH bonding
character. Therefore, the 9a’10a’3a"? occupation is the ground
state for CH,C,Hs. This occupation corresponds to the first
electronically excited OC,Hy state. The fact, that the geometry
of CH,C;H,4 and OC;H, are quite similar as seen from Table 3
is nevertheless not very surprising. The geometry-determining
factor in both reactions is the change in the hybridization of
the attacked carbon from sp? to sp> which is accompanied by
the change from a double to a single CC bond.

In comparing the minimal energy path of the two systems
one observes a much larger charge transfer in the oxygen
reaction. The shift in the 1s orbital energy of the attacked
carbon is about 2.7 eV in the O + C;H,4 reaction while it is
only 0.7 eV in the CH,C;Hy formation. It is therefore
conceivable that the ionization energy of the alkene reacting
with oxygen influences the ease of the charge transfer and with
this the height of the activation barrier. Because most of the
charge transfer seems to occur in the ethene 77-system, smaller
effects are expected for alkane systems.

Summary

In the present work the reaction of 30O with C,H, has been
studied, and the results have been compared to those for the
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3CH,C,H, system. The minimum-energy path (MEP) was
calculated and the optimization of all geometrical parameters
has been performed on UMP?2 level. The 3A”(0,n) with the
electronic configuration 1a'...92210a’1a"22a"23a"” was found
to be the ground state. The energy difference between the
fragments and product is calculated to be 14.4 kcal/mol and
the barrier towards 30 + C,H, dissociation is found to be 4.2
kcal/mol. An analysis based on MO correlation diagrams
explained the qualitative feature of the MEP.

For the analogous approach of ?F + C,H, the MO analysis
with respect to composition along the reaction coordinate is
qualitatively the same.! ’

The change in the inner-shell orbital energies indicates a
partial ionic structure O~C,H,4* at the absolute minimum. This
ionic behavior is even more present in the corresponding fluorine
compound, as expected.!

If rotation around the CC axis is considered by varying the
angle @, whereby all other geometrical parameters are held fixed
at their values corresponding to the optimal structure, it is found
that the structure with @ = 0° is the preferred one. The
predicted barrier height towards rotation was between 5 and 6
kcal/mol with a maximum at about ¢ = 60°. The first
electronically excited state 3A’(0,0) was also computed, the
excitation energy is 3.6 kcal/mol at the ground-state minimum.
In the 3A’ state the oxygen has the same orbital occupation as
triplet methylene during the addition to ethene and the MO
diagram is identical to that found for the reaction of 3CH; with
C,H,, if we take into account, that because of the symmetry
lowering, the orbitals 9a’ and 10a’ are split and located at the
atoms O and C (terminal).

As we have seen, the two isoelectronic systems OC,H4 and
CH,C;H,; have different electronic states in their absolute
minima. From this it is clear that the active spaces and orbitals
mixing for the reactions of 30 or *CH; with ethene are different.
For the 30C;H, system the interaction of MOs results in a
definite charge transfer from ethene to the attacking oxygen,
while for 3CH,C;H, the carbon atoms possess almost equivalent
charges at the minimum geometry.?
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