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I. Proposal Summary

The main component of the proposal dealt with gg_igitig studies of
reaction pathways for se]ected reactions of combustion chemistfy, withA
emphasis on formyl (HCO) radical formation. Mechanishs leading to HCO in
the electronically excited (A 2H) state in the reactions HZCO + OH,

CH2 + 0, and CH, + OH were of special interest because of the

2
_pdssib]e role of that species in flame spectra.

A second component of“the proposal dealt with program development of
ab initio quantum mechanical methods. | |

The last component involved exchange of knowledge in the above and

related areas with members of the quantum chemistry group of NASA Ames

Research Center.

II. Accomplishments —

i. Reaction Pathways Studies

Correlation diagrams for the three reactions mentioned in Sec. I were
developed and presented in the original proposal. Of the three, the
H2CO + OH reaction was given the most attention because of relevance to
the NASA mission. The essential features of the potential energy surface
leading to ground.state HCOlradical were fully characterized using
multiconfiguration Hartree-Fock (MCHF) and configuration interaction (CI)
techniques. The relative energies of the reactants, transition state,
and products were found to be in semiquantitative agreement with
experimental data. The structures of stationary points are expected to

be accurate, as molecular geometries are usually not very sensitive to
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the level of calculation. The findings of this study should prove to be
a useful complement to the experimental study of Stief, et a1.1 of the
NASA Goddard Space Flight Center on the OH + H,CO reaction rate
constant. A full.account of this work is given in Apbendix A..

Qualitative cohsiderations given in the proposal and expanded upon in
Appendix A suggest that no direct reaétion pathway with small activation
energy connects the ground state reactants to the electronically excited
HCO products. . Characterization of the electronically excited surface was
_attempted but not achieved. The difficulty is associated with this state
being the second one of doublet spin. The computed wavefunction was
found to collapse to the ground staté even with the use of a fully
quadratic self-consistent-field technique. The state averaging techhique
did not yield a‘transition state structure because the ground state
surface and the excited state surfacé were found to have very different
s]opeéAand curvatures. A weighted average energy of the two states
showed very eratic behavior even with weights highly favoring the second
stéte. ' |

Similar difficulties were encounfered in the study of the 0 + CH2
reaction.. The dissociation channel HZCO > HCOI+ H leads to excited HCO
as shown in the proposal and corresponds to the the second state of .
either singlet or trip1ét spin. Again, the wavefunction was found to
collapse to the ground state. Finally, no attempt was made to
characterize the CH2 + OH reaction pathways leading to excited HCO, -in

light of the unsuccessful efforts on the two aforementioned systems.



The reaction of oxygen atoms with formaldehyde is another process

which leads to HCO formation. This hydrogen atom abstraction reaction
was characterized during the contract period, and the results of this
sfudy are also included in Appendix A. Another reactfon channel for this
system is believed to involve oxygen atom addition followed by H atom
migration and fragmentation. The H atom migration process was
investigated, and the findings are given in Appendix B. |

Manuscripts based on Appendices A and B are in preparation for

submission for pub]ication_in the Journal of Chemical Physics.

ii. Program Development

The most recent version of the computer code HONDO designed for the
study of mo]écu]ar structure and reaction mechanisms was made to run on
the CDC 7600 and CRAY 1S computers of the Ames Research Center. The
_ program was fully operational at the end of the contract beriod, and is
available for use by the quantum chemistfy group at the Amés Research
Center.

The ca]cu]&tions(described previously were carried out in part with
HONDO, for the determination of the stationary points of the potential
energy surfaces using multiconfiguration Hartree-Fock wavefunctions, and
with configuration interaction programs available at Ames Research Center.

jii. Scientific Exchange

Michel Dupuis visited the Ames Research Center once a week.
Initially the visits were needed to complete the implementation of the
HONDO code on the Ames computers. These visits resulted in fruitful

scientific exchanges including:



a informal discussions with Dr. R. Jaffe of NASA Ames on quantum
mechanical calculations on Be + HF, Sr + HF, and on polymers.
b informal discussions with Dr. A. Komornicki of Polyatomic Research .
Insfitute (Sunnyvale) who is under.cbntract with NASA. Calculations of
the ground state reaction pathway for OH + CO (a system of combustion
interest) were discussed, as we11'as calculations of the dipole moments
of 03. Dr. Komornicki carried out calculations on OH + CO using the
HONDO computer code. The discussfons on O3 resu]téd in calculations

carried out by M. Dupuis to be published in collaboration with Dr.

Komornicki.

NASA will be appropriately cited in all publications arising from

this contract and reprints forwarded to the cognizant offices.

~ References
1. L. J. Stief, D. F. Nova, W. A. Payne, and J. V. Michael, J. Chem.
Phys. 73, 2254 (1980).
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Abstract

The essential features of the potential ehergy surfaces governing
hydrogen abstraction frqm formaldehyde by oxygen atom and_hydroxyl'
radical have been characterized with ab initio multiconfiguration
Hartree-Fock (MCHF) and configuration interaction (CI) wavefunctions.
The results are consistent with a very shall‘activation eneréy for the
OH + HZCO reaction, qnd an activation energy of a few kcal/mole for the
0+ HZCO reaction. In the transition state structure of both systems

the attacking oxygen‘atom is nearly collinear with the attacked CH bond.



I. Introduction

Formaldehyde is an important intermediate in hydrocarbon oxidation.
However, rate constants for loss processes of formaldehyde are unéertain.
Temperature studiesl—3 for OH + HZCO products show large discrepancies
in preexponential factors and activation energies. In fact the reactive
channels for this reaction are not firmly estabh‘shed.3’4 The mechanism

of the reaction has been assumed to be H-atom abstraction

OH + H,CO > HCO + H

) 0. (1)

but addition followed by H-atom elimination can not be ruled out

OH + HZCO > H + HCOOH . (2)

The mechanism of the 0 + H2C0 reaction has also been assumed to be

H-atom abstraction5

0 +H

,C0 > HCO + OH, (3)

However, the observation of C02 as a product of the 0 + H2C0 reaction
led Chang and Barker6 to suggest a pathway involving addition followed

by H-atom migration

0 + H,CO > H,C00, (4)

H2C00 > HCOOH . (5)

Our theoretical study7 of the H-atom migration step (5) indicates that



it has a high energy barrier, and most likely is not the second step in
Chang and Barker's multistep mechanism. | |

We present here an gg_iﬁiglg study of the H-atom abstraction channels ~
(1) and (3). The paper is organized as follows: the'computational method
is descfibed in Section II and the resulté.are presented and discussed in

Section III.

II. Computational Method

Ab initio Hartree-Fock (HF), multiconfiguration Hartree-Fock (MCHF),
and configuration interacﬁion (CI) calculations were carried out to
characterize the essential features of the potential energy surfaces.
Correlation diagrams for OH + HZCO and 0 + HZCO are shown in Figs. 1
and 2. For both systems the abstraction reaction proceeds in the plane
of the formaldehyde molecule. The potential energy surface for OH + HZCO
has 2A' symmetry. The energy surfaces of 3A' and 3A" symmetries connect
the reactants and products for 0 + HZCO. Classical valence bond
structures of the two systems are shown in Fig. 3. In the OH + H,CO
structure of 2A' symmetry,Athe unpaired electron of the hydroxyl radical
attacks fhe CH bond of formalydehyde in the plane of the molecule. The
reDU1sivé 2A" surface corresponds to the situation where the unpaired
electron of OH lies outside the molecular plane. In this case a lone

pair of electrons on OH approaches the CH bond resulting in a strongly "

repulsive interaction.

.



For the 0 + HZCO system there is a second unpaired electron on the
attacking oxygen atom (absent in the OH + H2C0 system because of the OH

bond). The orientation of this second unpaired electron dictates the

symmetry of the energy surfaces. When this electron lies in the molecular

plane, the surface has 3 symmetry, and when it lies outside the
molecular plane, the surface is the lower one of 3A" symmetry. The
higher strongly repulsive 3A" surface arises when the 2p electron pair

on the oxygen atom approaches the CH bond. The second unpaired electron
inQ + HZCO is not actively involvéd in H-atom abstraction. It can be
viewed as undergoing only spin recoupling. This situation is reminiscent
of H-atom abstraction from H2 by 0 and OH. The energy barrier in 0 + H2
was found to be ~6 kcal/mole higher the barrier than in OH +*H2.8’9
Thus we expect the energy barrier in 0 + HZCO to be slightly higher than
the Barrier in OH + HZCO. However, the enérgies and critiqa] structures
of the 3A' and 3A" surfaces of 0 + H2C0 are expected to be very

similar.

For the OH + H,CO (“A') and 0 + HycO (3

A') surfaces structures

of the reactants, transition state, and products were fully optimized
using a MCHF wavefunction which accounted for the most important
configurétion mixing effects due to bond breaking and bond formation.
The dots in Fig. 3 represent those electrons which participate actively
in the abstraction process for the two systems. During the reaction the

two electrons of a CH bond in HZCO unpair, one electron forms a bonding

pair.with the unpaired electron on the attacking oxygen atom, and the

s ).-.., ..
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other electron remains unpaired onlthe carbon atom to form the formyl
radical HCO. We note that the electron pair of each of the CH bonds in
H2C0 must be treated equivalently in the wavefuhction of both syétems

in order to give a symmetrical structure of the reactants. Similarly the.
electrbn pair of the hydroxyl radical of OH + HZCO must be treated at a
comparable Iével of theory in order to give a symmetrical structure for
H,0. | |

we_can describe the CH bonds in H2C0 and the OH reactant and in
H20 each with two orbita]s (bonding and antibonding), and the unpaired
electrons on OH and 0 each by one orbital. A MCHF wavefunction which
includes all the configurations obtained by distributing seven (six)
electrons among seven (six) éctive orbitals in all possible ways consis-
tent with doublet (triplet) spin, provides a qualitatively correct
description of the reactants, transition states, and products for
OH + H,CO (0 + HZCO). _

For all the MCHF determined statiohary points on the energy surfaces,
we carried out HF and CI calculations. The CI calculations included all
singly and doubly excited configurations interacting with the HF
configuration.10 An estimate of the contributions from higher
excitation was calculated using Davidson's correcti.on.11 It is worth
noting that the HF wavefunction was obtained without difficulty at the
geometry of the MCHF transition state. However; no HF transition state
could be determined. The reason for this is that the HF wavefunction

cannot adequately describe bond breaking and bond formation.lz’13
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A11 calculations were done with a double zéta plus po]arizétion (DZP)
15 _ 16 |

basis setl'4 using HONDO™~ and Siegbahn?s GUGA™™ computer codes.

I[II. Computational Results

a. The MCHF (DZP) Structures

The optimized MCHF (DZP) structures of the stationary points are

given in Table I for OH + H2C0 and Table II for 0 + HZCO following
the noménc]ature of Fig. 4. The bonding-antibonding orbital pair
representation of the CH and OH bonds leads to bond lengths ~0.02R longer
than the corresponding experimental bond 1engths. This effect is usually
observed invvalence—bond type wavefunctions which typically overemphasize
left-right é]ectron correlation effects. |

| The bond lengths of the transition-state structure of the bond being
broken and of the bond being formed depend on the energies of the
reaction. For OH + H2C0 the calcu]atéd exothermicity is -14.2

kcal/mole, compared to the experimental heat of reaction of -32.0
kcal/mole. The true transition state should occur slightly earlier on
the reaction pathway but not very far from the calculated structure. For
0+ HZCO, the reaction is calculated to be endothermic by 10.0

kca]/mo]é; while the experimental heat of reaction is -15.2 kcal/mole.
\Again-the true transition state should occur ear]ier on the reaction
pathway but the calculated structure is qualitatively correct. For both

the OH + H2CO and 0 + H2

oxygen atom is nearly collinear with the attacked CH bond. This feature

CO transition state structures, the attacking



12

8,9

- was preVioUs]y found in the 0 + H, and OH + H, reactions, and in the

2 2
H + H2C0 reaction.17 It is in accord with one model of the activated
complex for OH + H,CO put forth by Stief, et al.> However, the
calculated HO...H distance (1.30R) differs significanfly from the large

distance (~4.08) in the loose complex suggested by these authors.

b. Relative Energies

The relative energies calculated with the HF, MCHF, and CI wave-
functions for the various species aré given in Table III. The HF and CI
energies were calculated at the MCHF (DZP) optimized geometries. The
energies denoted SDHF correspond to CI wavefunctions including all singly
-~ and doubly excited interacting configurations. The energies denoted
SOQHF are the CI energies cbrrected for effects of quadruple excitations.
The experimental activation energies and heats of formation are also
given. Also included in Table III are the results of Harding and
Schatz17 for H + HZCO. Their SOGVB wavefunction is nearly equivalent
to our MCHF wavefunction.

The HF activation energies are 28.3 kcal/mole for OH + H2C0 and
42.4 kcal/mole for 0 + HZCO. The corresponding SDHF values are 10.7
kcal/mo]é and 19.1 kcal/mole. Thus the correlation corrections from
singly and doubly excited configurations amount éo 17.6 kcal/mole for
OH + H,CO and 23.3 kcal/mole for 0 + H,CO. The MCHF activation
energies are 16.6 kcal/mole and 30.4 kcal/mole, respectively. The MCHF

wavefunctions take into account the most important electron corre]atioh

aiw ‘l’;x‘.;,t'.',. .
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effects due to bond breaking and bond formation. Remaining electron
correlation effects could be described well by CI wavefunctions that
include all single and double excitations from the MCHF wavefunctions.
Thé energy lowering due to these remaining electron cbrre]ation effects
is estimated to be less than the 17.6 kcal/mole for OH + H,CO and the
23.3 kcal/mole for H + HZCO obtained with a single configuration as
reference. Similar behavior of the correlation energy correction has
been observed in the molecular dissociation of forma]dehyde.18 In
addition, the effects of basis set errors on the activation energy should
also be taken into account. These considerations point to theoretical
activation energies in accord with the experimental values.

We note that for all wavefunctions the activation energy is larger
for 0 + H,CO than for OH *+ H,CO, in accord with the discussion of
Section II. In the former system, the reaction proceeds via spin
decoupling of the two unpaired electrons}of the attacking oxygen atom.
In the latter case no spin decoupling occurs since one electron of oxygen
atom is tied up in the electron pair of the OH bond. ‘

The relative energies calculated for OH + H2C0 and 0 + H2C0 are
consistent with the results of Harding and Schatz for H + HZCO. While
the configuration mixing included in the MCHF, SOGVB, and other
. correlated wavefunctions play a key role in determining the transition
state structure, as presently applied the MCHF method is unable to

provide quantitatively accurate relative energies.
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IV. Conclusions

Wevhave characterized the‘essentiél features of the potential energy
surfaces for hydrogen atom abstraction from HZCO_by OH and by 0. The
calculated relative energies are in semiquéntitative agreement with
experimental values. They are consistent with a very small activation
energy for the OH +_H2C0 reaction, and an activation energy of a few
kca]/molg for the 0 + HZCO reaction. The geometries of reactants,
transition state, and products are generally less sensitive to the method
of calculation than the relative enérgies of these species. The computed
structure of the transition state should therefore be useful for the
theoretical interpretation of the observed témpérature dependence of the
reaction rates. - In the transition state structure of both systems, the

attacking oxygen atom is nearly collinear with the attacked CH bond.

References

1. R. Atkinson and J. N. Pitts, Jr., J. Chem. Phys. 68, 3581 (1978).

2. R. H. Smith, Int. J. Chem. Kinet. 10, 519 (1978).

3. L. J. Stief, D. F. Nava, N. A. Payne, and J. V. Michael, J. Chem.
Phys. 73, 2254 (1980). |

4. A. Horowitz, F. Su, and J. G. Calvert, Int. J. Chem. Kinet. 10, 1099
(1978).

5. R. B. Klemm, E. G. Skolnick, and J. V. Michael, J. Chem. Phys. 72,
1256 (1980). |

6. J. S. Chang and J. R. Barker, J. Phys. Chem. 83, 3b59 (1979).

ek



14.

15.
16.
17.
18.

15

M. Dupuis and W. A. Lester, Jr., submitted to J. Chem. Phys.

S. P. Walsh, T. H. Dunning, Jdr., R. C. Raffenetti, and F. W.
Bobrowicz, J. Chem. Phys. 72, 406 (1980).

S. P. Walsh and T. H. Dunning, Jr., J. Chem. Phys; 72, 1303 (1980).
A. D. McLean and B. Liu, J. Chem. Phys. §§, 1066 (1973).

. S. R. Langhoff and E. R. Davidson, Int. J. Quant. Chem. -8, 61 (1974).

P. E. M. Siegbahn and B. Liu, J. Chem. Phys. 68, 2457 (1978).

M. Dupuis, J. J. Wendoloski, T. Takada, and W. A. Lester, Jr., J.
Chem. Phys. 76, 481 (1982).

T. H. Dunning, Jr. and J. T. Hay, "Modern Theoretica1 Chemistry,"
Vol. 2 H. F. Schaefer, III, ed. Plenum Press, New York, 1976.

The hydrogen basis set scale factor'was 1.0, the d function exponent
for oxygen was 0.80 and for carbon 0.75, the p functionlexponent'for
hydrogen was 1.0. |

M. Dupuis, J. Rys, and H. F. King, J. Chem. Phys; 65, 111 (1976).

P. E. M. Siegbahn, J. Chem. Phys. 72, 1647 (1980).

L. B. Harding and G. C. Schatz, J. Chem. Phys. 76, 4296 (1982).

M. Dupuis, W. A. Lester, Jr., B. H. Lengsfield, III, and B. Liu, J.
Chem. Phys. 79, 6167 (1983).



16

Table I MCHF(DZP) Structures® of OH + H2C0 Stationary Points

H,CO + OH _TsT-D HCO + Hy0
R(0,C,) 1.18837 1.17375 1.16191
R(CoH,) 1.11540 1.12012 1.13085
<(0;C,H3) 122.06 125.14 126.65 -
'-R(C2H4) 1.11540 1.26937 o
<(04C,H,) 122.06 122.57 -
R(H,0z) = 1.29634 0.96790
*(CyH,05) - 177.79 -
R(0gH) 0.97934 0.97943 0.96790
*(H,40gHs) - 96.29 103.62
E(%A") -189.358235  -189.331781  -189.380797
Bond lengths in A, angles in degrees, energy in a.u. See Fig. 4

for nomenclature.

TST = transition state.
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Table II MCHF(DZP) Structures? of OH + H2CO Stationary Points

b -

H2C0 + OH ~-TST- HCO + H20
R(OICZ) 1.18837 1.16637 1.16088
R(C2H3) 1.11540 1.12015 1.13095
<(0,C,H,) | 122.06 126.29 126.68
R(C2H4) 1.11540 1.35489 oo
<(01C2H4) 122.06 121.54 -
R(H405) o 1.22739 0.97922
<(C2H405) - 179.47 -
E(3A')c -188.730248 -188.681826 -188.714064

a. Bond lengths in &, angles in degrees, energy in a.u. See Fig. 4

for nomenclature.

TST = transition state.

For this system the d function exponent on the oxygen atoms was

- 0.85.




Table III

Reactants, Transition State, and Products (kca1}mo]e)

18

Relative Energies of

Wavefunction'_ HZCO + OH ~TST- HCO + HZO
MCHF 0.0 +16.6 _14.2
HF 0.0 +28.3 - 8.8
SOHF 0.0 +10.7 -20.3
SOQHF 0.0 + 5.5 ~22.1
EXP 0.0 + 0.2 -32.0

Wavefunction H2C0 +0 ~TST- HCO + HO
MCHF 0.0 +30.4 -10.2
HF 0.0 +42.4 +12.8
SDHF 0.0 +19.1 + 0.3
‘SDQHF 0.0 +13.4 -2.4
EXP 0.0 + 3.1 -15.2

Wavefunction H2CO + H -TST-~ HCO + Hz
S0GVBa 0.0 +24.0 3.7
GVBCI 0.0 +17.0 - 6.6
POLCI 0.0 +12.7 -7.7
EXP 0.0 + 4.1 -14.2

a. All data for HZCO + H reaction taken from Ref. 17.

Dot e e
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Fig. 3 Valence Bond Structures of OH + HZCO and 0 + HZCO
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Fig. 4 Nomenclature for Molecular Structures -
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HYDROGEN ATOM MIGRATION IN THE OXIDATION OF ALDEHYDES: 0(3P) + H2C0

‘Michel Dupuis* and William A. Lester, Jr.*

Materials and Molecular Research Division
Lawrence Berkeley Laboratory -
University of California
Berkeley, CA 94720

ABSTRACT
We report an ab initio study of hydrogén atom migration in
methylenebis(oxy) H2C02 (382) to form triplet formic acid HCOOH
(3A1). From HF, MCHF, and CI calculated energy barriers, we estimate
the activation energy to be no less than 30 kcal/mole. We conclude

that the hydrogen migration channel is not accessible in recent room

temperature experiments on the 0(3p) + HZCO reaction.

*Supported in part by the National Aeronautics and Space Administration
+under Contract No. A 861308 (LML).

Also, Department of Chemistry, University of California, Berkeley.
Supported in part by the Director, Office of Energy Research, )
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I. Introduction

Mechanistic and kinetic studiesl'7 indicate that the reactions of
O(3P) with aldehydes proceed mostly via abstraction of the weak alde-
hydic hydrogen atom. In the reaction with HZCO, the expected products

are the formyl and hydroxyl radica]s.l'3 6

However, Chang and Barker
recently reported the measurement of a substantial yie]d (30 ) of a
primary product of mass 44 (presumably C02) in that reaction, and

suggested that the addition reaction may be an important channel,

3 v 3
o(’p) + HZCO > H2C02 ( BZ)' (1)
The methylenebis(oxy) H2C02 adduct would then undergo isomerization
3 3
H2C02 ( 82) > HCOOH ( Al), (2)

followed by fragmentation to form H + HOCO, H + HCOZ, and HCO + OH.

Further fragmentation of HOCO and HCO would lead to COZ' We report

2
here the results of an ab initio study of the H-atom migration reac-
tion channel (2). | .

The paper is organized in the following manner. The computational
method is described in Section II, the results are given in Section

ITI, and discussion of the findings is presented in Section IV.
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II. Computational Method

Ab initio Hartree-Fock (HF), multiconfiguration_Hartreedeck (MCHE)
and configuration interaction (CI).éalculations were éarried outvto'
characterize the essentjal features of the potential enérgy surface.
Methylenebis(oxy) has a sing]et ground state and a low lying triplet.
state.8 H-atom migration for the singlet state 1eads‘to ground
state formic acid HCOOH (lAl), and migration for the fripiet state to
 triplet formic acid HCOOH (3A1). For both surfaces, structures of the
reactants, transition state, and products weré fu]iy optimized using a
~ MCHF wavefunction.which accounted for the most important configufation
mixing effects due to bond breaking and bond formation..

Structures of stationary points in HZCO2 > HCOOH are shown in
Fig. 1. For each of the Qtructures the dots represent those electrons
which participate actively in the migration process. During the reac-
tion the two electrons of a CH bond in H2C02 unpair,'one electron forms
a bonding pair with the previously unpaired electron on one of the
oxygen.atomﬁ, and the other electron remains unpaired on the carbon
atom. We note that the electron pair of each of the CH bonds must be
treated equivalently in the computations of methylenebis(oxy) in order
to giQe a symmetrical structure.

- We can describe the:CH bonds in H2C02 each with two orbitals
(bbnding and antibonding), and the unpaired electrons on the oxygen
atoms each by one orbital. A MCHF wavefunction which includes all the
configurations obtained'by distributing the six active electrons among

the six active orbitals in all possible ways consistent with trib]et
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spin, provides a qualitatively correct description of methylenebis(oxy),
the transition stéte, and formic acid. A similar wavefunction can be
constructed for the singlet species.

Additionally, for the three MCHF determined stationary points on
the triplet potential surface and for singlet formic acid we carried
out HF and CI calculations. The CI wavefunction included all singly
and doubly excited configurations interacting with the HF configura-
tidn.g An estimate of the contributions from higher excitations was

10

calculated using Davidson's correction. A11 calculations were done

with a double zeta plus polarization (DZP) basis set,11 12

13

using HONDO

and Siegbahn's GUGA™™ computer Code.

R
o Wt . s
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ITI. Computationa] Results

a.. The MCHF (DZP) Structures

The optimized MCHF(DZP) structures of the various singlet and tri-
plet species are given in Tables I-III, ‘which use‘the nomenclature of
Fig. 1.

The structures for singlet and triplet methy]eﬁebis(oxy) are very
similar. The bonding-antiboﬁdiﬁg orbital pair representétion of the
CH bonds leads to a bond length ~ 0.02 R longer than typical experi-

3

mental CH bond lengths for sp” hybrid carbon. This effect is usu-

ally observed in valence-bond type wavefunctions which typically over:
emphasize left-right electron correlation effects. Harding and Goddard8
have charactérized the Tow lying states of HZCOZ' " The wavefunction
used here includes the configurations needed for a correct description
of those states, especia]ly'the diradicai character of singlet meth-
ylenebis(oxy). Harding and Goddard did not optimiie the structure of
H2C02, but used a geometry in qua]itative'aéreement with the struc-
tures determined heré.

The ground state structure of HCOOH (lAl) is in agreement with the
structure calculated by MclLean and E]]inger.l4 Here again the CO, OH,
and CH bond lengths are ~ 0.015 A longer than the HF value, due to the
electron correlation effects accounted for in the MCHF wavefunction.

We note that the CO bond length of the carbonyl group is 1.194 A in

the ground state and 1.366 A in the triplet state. Indeed the tri- -
plet state arises from promotion of a carbonyl oxygen lone pair‘elec-
tron into the antibonding = orbital resulting in a much longer C-0 bond
length. In triplet formic acid the two CO bonds have-single-bond

character.



29

The transition étate structures are given in Table II. In the
singlet transition state the carbonyl CO bond length is halfway be-
tween the single-bond length in méthylenébis(oxy) and the double-bond
length of formic acid. The migrating hydrogen atom is closer to fhe
carbon atom than to the oxygen atom in accord with the large exotherm-
jcity of the singlet state reaction (see next paragraph), and with an
"early" transition state. In the triplet transition state the mi-
grating hydrogen atom is closer to the oxygen atom in accord wfth the
small exothermicity of the triplet state reaction. Al1 through the
reaction the CO bonds maintain single-bond character.

b. Relative Energies

The relative energies ca]cu]ated.with the HF, MCHF and CI wave-
functions for the various species are given in Table IV. The HF and
CI energies were calculated at the MCHF(DZP) optimized geometries.

The energies denoted SDHF correspond to CI wavefuhctfons including all
singly and doubly excited interactihg configurations. The energies
denoted SDQHF are the CI energies corrected for effects of quadrupole
excitations. For each category of results the energy of triplet

methy]enebis(oxy) is taken as the zero of energy. The exberimenta]

heats of reactions are also given.6

" The values listed in Table IV permit an estimate of the true acti-
vation energy for the migrafion process. The HF activation energy is
59.1 kcal/mole, the SDHF va1ue‘is 42.3 kcal/mole. Thus the correla-
tion correction from singly and QOub1y excited configurations amounts

to 16.8 kcal/mole. The MCHF activation energy is 52.7 kcal/mole. The
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MCHF wavefunction takes into accbunt the most important electron cor-
relation effects due to bond breaking and bond formation. Remaining
electron correlation effects could be described well by a CI wavefunc-
| tion that includes all single and double excitations from the MCHF
wavefunction. The energy lowering due to these remaining electron
correlation effects most likely will be less than the 16.8 kcal/mole
obtained with a single configuration as reference. Similar behavior
of the correlation energy correction has been observed -in the study of

15

the H + H2 exchange reaction, and in the molecular dissociation of

formaldehyde.16

Thus we can reasonably estimate that the activation
energy in the DZP basis set is not less than 35.9 kcal/mole. We note
that the SDQHF value which includes the effects of some higher than
double excitations is 38.6 kcal/mole.

.The effect of basis set errors on the barrier height must also
be taken into account. In the molecular dissociation of HZCO, the
use of a triplé zeta basis set lowered the calculated barrier by 4

16,17 A reasonable estimate of the basis set error for the

kcal/mole.
migration barrier is ~ 6 kcal/mole. Thus a lower limit to the activation
energy for this process is estimated at 30 kcal/mole. Finél]y, we note
that the calcu]atéd MCHF activatioh energy on the singlet surface is 13.1
kcal/mole. We expect the true barrier to be of the order of a few

kcal/mole.
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IV. Discussion
An energy correlation diagram is shown in Fig. 2. It is based on
the exberimenté] heats of formation,6 and on the activation energies

6

estimated in Section III. Methylenebis(oxy)~ Tlies ~ 14.3 kcal/mole be-

Tow O(3P) + HZCO. Because Chang and Barker's experiment was carried

out at room temperature, a collision energy of at most a few kcal/mole,

there is insufficient total energy for the postulated adduct H2C02 to
undergo hydrogen atom migration on the triplet surface.

The carbon dioxide observed in Chang and Barker's experiment must

originate from a different reaction than the hydrogen migration pathway.

Assuming the initial addition occurs, collision induced intersystem
crossing to singTet methylenebis(oxy) followed by fragmentation, and
H-atom elimination from triplet methylenebis(oxy), i.e.,

H,CO, (383) > H + HCO,, (3)
followed by further fragmentation are two possible sources of COZ' We
note that H-atom elimination is a primary channel in the isoelectronic
0(3P) + C2H4 reaction.20

Similar conclusions are expected to be valid for the 0(3P) + CH3CHO
reaction under similar experimental conditions. Thus addition followed
by miération and fragmentation would not be a source of OH radicals in

accord with Kleinermanns and Luntz's7 experimental findings.

3 'l\f iy ke .
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We note that a high barrier to hydrogen migration has also been

(3

found in calculations on simiTar systems. In the 0'7P) + C2H4 reac-

tion, the migration barrier from open-ring triplet ethylene oxide to form

triplet acetaldehyde was found to be ~ 45 kcal/mo]e.18

19

In the 0(%p) +
C2H2 reaction, Harding ca]culated a high barrier (~ 53 kcal/mole) to |
migration on the triplet surface. In each case the high barrier can
be attributed to the strong repulsive interaction of two spacially

close triplet-coupled orbitals of the transition state.

e bhd % N o
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Table I. MCHF(DZP) Strucfuresa of Methylenebis(oxy) H2C02

1 3
H,C0, (“A;) H,C0, (°B,)
R(C40,) - 1.36136 1.36599
R(C,05) 1.36136 1.36599
£(0,€405) 117.76 115.34
R(CyH,) 1.11165 1.11254
R(C Hg) 1.11165 1.11254
+(H,C{H;) 108.72 108.05
E ' -188.741158 -188.740099

a. Bond lengths in A, angles in degrees, energy in a.u. See Fig. 1
for nomenclature. A
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Table II. MCHF(DZP) Structures? of Transition States

| 1 3
TST | Al) TSTV( Al)
R(C40,) 1.27529 1.35697
R(C{H,) 1.10881 1.10467
<(0,C,Hy) 117.30 111.38
R(C104) 1.34395 1.35077
4(04C,0,) 124.19 115.96
£(05CH,) 114.67 118.64
R(03H, ) 1.55324 1.23023
R(C,He) 1.19099 1.29297
<(C405H;) 47.88 59.91
T(Hg05C;0,) 96.79 114.76
E : -188.720279 ~188.656158

a. Bond lengths in R, angles in degrees, energy in a.u. See Fig. 1
for nomenclature. TST stands for Transition State.
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Table III. MCHF(DZP) Structures? of Formic Acid HCOOH

HCOOH(IAI) ‘ HCOOH(3A1)

R(C,0,) ©1.19433 1.36626
R(C1H,) 1.10397 1.09945
(0,C,H,) 124.08 111.75
R(C,03) 1.33337 1.35618
£(0,¢,0,) 124.87 | 113.79
£(0,C,H,) ©111.05 112.86

R(0,H; ) 0.96743 0.96443
<(C,0,H5) 108.56 0.2

T (Hg045C,0,) 0.00 65.72

E -188.880152 | -188.732943

a. Bond lengths in A, angles in degrees, energy in a.u. See Fig. 1
for nomenclature. '
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Table IV. Relative Energies (Kcal/mo]e)

Wfn HZCOZ =TST- HCOOH
HF (triplet) 0.0 C +59.1 + 4.7
HF (singlet) _— — -69.2
MC (triplet) 0.0 +52.7 + 4.5
- MC (singlet) -0.7 +12.4 -87.9
SDHF (triplet) 0.0 ) +42.3 - 2.1
SOHF (singlet) _— _— -95.7
SDQHF (triplet) 0.0 | +38.6 - 2.8
SDQHF (singlet) —_— — -99.5
Exp. (triplet) 0.0 | — - 9.5
Exp. (singlet) -— -_— -109.3

Al
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FIGURE CAPTIONS
Fig. 1. Structurés_of stationary points for H2002 > HCOOH.

Fig. 2. “Energy correlation diagram for H,C0, s HCOOH. "
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