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ABSTRACT
Part A: Extensive ab initio ca]ﬁculaﬁ@ns (double zeta plus polarization
function basis with correlated wavefunctions) on the addition of *0, to
ethylene are combined with standard thermochemical methods of esti-
mating substituent effects to predict the energetics of the addition of 102
to substituted olefins. The results include estimates for peroxy biradical,
open 1, 4-zwitterion, and perepoxide intermediates. It is concluded that
only the first two play a role in this reaction. Detailed comparisons of
the theoretical predictions with experimental results are also reported.
It is shown that many aspects of the stereospecificity and regiospecifi-

city can be understood assuming a biradical intermediate or transition

state.

Part B: Generalized valence bond (GVB) and configuration interaction
(CI) calculations using an extensive basis [double zeta plus polarization
functions (DZd)] have been carried out on peroxymethylene (H,COO,
often referred to as carbonyl oxide or as the Criegee intermediate),
dioxirane, and dioxymethylene (OCH,0). The ab initio thermochemical
results are combined with existing thermochemical data to analyze
possible modes of ozonolysis. The predicted heat of formation of per-
omeethyl.ene is 29.1 keal, indicating that the dissociation of the pri-
mary ozonide to form peroxymethylene biradical and formaldehyde is

9 keal endothermic. The ring state, dioxirane, is predicted to be 36
kecal below peroxymethylene with dioxymethylene lying 15 keal above the
ring state. Gas phase experimental results are shown to be consistent
with the predicted thermochemistry. In addition, solution phase results
on the stereospecificity of ozonolysis are shown to be consistent with a

biradical intermediate.



iv

Part C: Large basis set configuration interaction, bending potential
curves for three states (SBL, 1Al, and lBl) of netural CH, and one
state (zBl) of CH, are reported. Vibronic calculations using these
potential curves are found to l(_ea.d to excellent agreement with the
observed lB1 - 1.A.JL spectrum. Similar calculations on the 3B1 - ZBJL
and lAl - 2B1 photoelectron spectra indicate the presence of hot bands
in the observed negative ion spectrum. Reassignment of the observed
spectrum based on these calculations leads to the prediction of a

‘A, - 'B, splitting of 0.38 % 005 eV.

Part D: The ground and valence excited states of ketene (H,CCO)
were studied using ab initio generalized valence bond (GVB) and
configuration interaction (GVB-C I) wavefunctions. The character
and properties of the states are analyzed in terms of the GVB wave-
functions. The calculated vertical excitation energies (in eV) are
3,62 (n ~ T*) or A,, 3.60 (n-~ 7% or A,, 5.39 (7 — 7% or

1 3A1, and 7. 37 3(? - 7% or 2 SAI. (Here 7 indicates a 7 -like
orbital in the plane of the molecule.) These results are in excellent
agreement with the observed electron impact excitation energies,
3.8 (IAZ) and 5.35 eV (3A1)= Note in particular the small separation
(0.07 eV) of the 3A2 and lAz states (0.5 eV for H,CO) and the 2-eV
separation in the m 7 * triplet states in the two planes. The calculated
ground state dipole moment, 1.62 D, is in fair agreement with the

experimental value of 1.41 D. The calculated dipole moments of



3
the A,, lAz, 1 3A1g and 2 3A1 excited states are 2.76, 3.43, 2,43, and
0.27 D, respectively.

Part E: Ab initio configuration interaction (GVB-CI) methods are
used to study the excited Rydbei'g states of formaldehyde formed by
exciting out of eitter the n or 7 orbital into the various 3s, 3p, and
3d-like Rydberg orbitals. The resulting excitation energies are in
good agreement (within ~ 0.1 eV) with the available experimental
fesultsa Calculated oscillator strengths a‘re in fair agreement with
experiment. Two states l(n - w*) and 1(1[ - 3s) are calculated to
lie between 10.7 and 10.8 eV, corresponding closely to a broad
unassigned peak in the electron impact spectrum (10.5-11,0 eV).
We have assigned other peaks in the electron impact spectrum at
11.4-12.0 eV and 12,5-12,8 eV as resulting from (# - 3p) and

(w -~ 3d) transitions, respectively.
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PART A: THE MECHANISM OF THE ENE REACTION
OF SINGLET OXYGEN WITH OLEFINS



I. Introduction

The ene reaction of singlet-oxygen with olefins,

H

! N \{ J
; O, (1)

is of symthc—:"ti.c:,2 environmen‘tal, 3,4 and bi;ochemi;ca‘l5"8

significance.
As such, it has been the focus of intensive experimental and
theoretical studies extending over the last 20 years. The
mechanism of this reaction has become. an increasingly
controversial question with numerous conflicting results and
interpretations appearing in the literature (vide infra).

We have carried out extensive ab initio studies (large
basis set, generalized valence bond, and configuration interaction

wavefunctions) on key intermediates in proposed 102-01efin

reaction mecha.ni.sms‘,9 Analogous theoretical calculations on

O,

H \\_0
) + 102 > ’ (2)
H H \
3 O0=30 (3)
> (4)




the bond energies of simple molecules [e.g., D(Me-Me), D(Me-0H),
D(HO-OH)] were shown to lead to an accuracy of + 5% (0-4 keal).
However, the level of calculation necessary for this accuracy is
such that it is currently impractical for applications to a large
number of substituted olefins.

In this paper we report an extrapolation of our theoretical
work to reactions of 102 with substituted olefins.
To ~do this, we combine the ab initio -results with
thermochemical estimates of substituent effects in a

manner similar to that developed by Benson. 10

Using this
procedure, the key energetic guantities for such possible inter-

mediates as }\, g , and 3 are estimated. These energetics lead

to a number of intriguin;interpretations and predictions for both
gas phase and solution phase 102-olefin chemistry.

From this analysis, we conclude that the gas phase mechanism
involves a biradical 1 with (at most) a small barrier for decomposition
to reactants and (at most) a small barrier to hydrogen abstraction
forming the ene product. Depending upon the substituents, the

gas phase biradical, 1, will incorporate varying degrees of



zwitterionic character. Furthermore, in a sufficiently polar solvent,
the zwitterionic character can dominate.

The organization bf this paper is as follows. Section II
contains a summary of the key experimental and
theoretical results, ~In Section III, we present
a description of the procedure used for the thermochemical
estimates together with derivations of the necessary parameters.
In Section IV we use these theoretical methods to examine the
addition of lO2 to alkyl and methoxy substituted olefins and in
Section V we compare these results to the relevant experiinental

studies.



II. Summarz of Previous Results
A. Experimental Studies

In this section we briefly summarize some
of the important experimental results on the
}Oz-oleﬁn ene reaction,

1
12 and Nickon 8 showed that

Early work by Foote, 11 Schenck,
the double bond in the product hydroperoxide is invariably shifted
to a position adjacent to the original double bond, as shown in (1).
These results eliminated mechanisms such as (5), involving an

initial hydrogen abstraction, to form an allyl radical, follbwed by

~ CH, |
H + 0y —> X + HO,* (®)
13

radical recombination. Thus, Nickon, et al.” ~ concluded that the

mechanism must be of a cyclic nature 4. They noted however that

these results do not yield any information concerning the timing of
the formation of C-0O and O-H bonds, and therefore could not
exclude a nonconcerted mechanism involving any of several inter-
mediates. |

Later, Litt and NickonM analyzed the rates and product

distributions of several photooxidations in terms of six possible



intermediates, 5-10.

' &

? /Oe
o) Q)

2 6 1

© . .
s »
~0 O ‘ O
singlet triplet
8 2 10

The perepoxide 5 was first proposed as an intermediate by

15 Nickon, however, argued against the intermediacy of

Sharp.
perepoxides citing as evidence the product distributions from
photooxidation of trimethylethylene. 14 Studies on the photooxidation
of norbornene showed a lack of the carbonyl products expected from
a dioxetane intermediate, 6, and no evidence of carbonium-ion like
rearrangements. Thus, Nickon14 concluded that neither 6 nor 7
are likely intermediates. In addition, the higher reactivity of

tri and tetra alkyl substituted olefins relative to mono and di
substituted olefins was cited as evidence against the intermediacy

of 8. Foote16 has also concluded that the zwitterionic intermediates,
§, 7, and §, are not plausible due to the lack of a correlation
between' the reaction rates and solvent polarity.

16

NickonM and later Foote = and Kearns17 have considered and

ruled out the possibility of diradical intermediates. Nickon



cited the lack of a detectable cis-trans isomerization of starting
olefin as evidence against reversible formation of biradicals.
Nickon also presented a detailed thermochemical and kinetic
argument against irreversible diradical formation.

Footemaand othersl"7 have cited the lack of Markovnikov and
other substituent directing effects as evidence against a biradical

16b

intermediate. Foote has also interpreted the unusually low

~ reactivity of 1-methylcyclohexene toward 1O2 as evidence for
participation of the C-H bond in the transition state. He concludes,
however, that the degree of C-H bond breaking in the transition
state is small.

Jeffordw'20

has recently reported an analysis of the reaction
of 1()2 with a series of substituted norbornenes and methylidene-
norbornanes, the objective being to probe the nature of the transition
~ state for hydroperoxidation. By comparing exo-endo rate constants
of compounds with varying degrees of steric impedance, Jefaford18
concluded that 1O2 does not simultaneously form C-O bonds with
both ends of the double bond. Consequently, Jefford considers the
intermediacy of a perepoxide as unlikely. He further noted that

the steric evidence is most consistent with a one step process in
which significant dipolar character is developed in the early

stages. Jefford also cites the small intermolecular deuterium
isotope effects (KH/K.D =1, 14)]‘8b as evidence against significant

participation of the C-H bond in the transition state and the

dependence of product comlﬁ)osi!:ionzl’22 on solvent as evidence for



a dipolar transition state. The latter conflicts with the observations
of Footem and othersm who have cited the lack of a solvent
polarity dependence as evidence against a strongly dipolar transition
state.

In their most recent work, Jefford et al. 20 cite the
isolation of products incorporating methanol (solvent) as evidence
for a zwitterionic intermediate (either a perepoxide or an open

1
1, 4-zwitterion) in the addition of O, to 2-methoxynorborn-

2-ene (6).

CHsOH A ‘,
— e L) (8)

OCH

+ a@gmmw

OCH;

I‘Iopc—mky23 ;24

has recently reported the results of a novel
approach to the question of perepoxide intermediates. In these
experiments, a perepoxide is generated by treatment of a g-halo-
hydroperoxide with base and the resulting product distribution, (7),

is shown to be different from the photooxidation results (8).



Dy H ?@H CH, DgC\\\\ ?OH ?@H /CH@
CDy —CH, + CDC—C—~CH, --Q—H;-% ComC(CHY, + (CDS)QC—-—-‘Q\
ﬁ?_’ﬁ I p .
Br CHa CDS Br . CD& Cu‘ 3
31% 699
CD, CH; \
™~ ::_:C\ 91——-—% 42% 58%
of, cH,

Thus, it was concluded that the perepoxide is not an intermediate in
the latter process.

Several experimental studies have been interpreted to support
the intermediacy of perepoxides. Recent experiments by ].V.lc(?:apra,25
are in apparent conflict with the earlier work of both NickonM
and Jeiford. 18 In reactions of camphenylidene-adamantane and
adamantylidene-camphene with 102, McCapra reports the
isolation of products resulting from carbonium ion rearrangements.
These resulis are interpreted to support the intermediacy of a
perepoxide, or zwitterionic species.

Further evidence comes from an extensive study, by Bartlett
et al. .,26 of tritium isotope effects on the reaction of 102 with methyl

dihydmpjrans , 11. In this work, the primary and secondary isotope

(0

(8)
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effects are used to probe the interactions between various centers
in the tra,ns_ition state(s) leading to both dioxetane, }3;, and allylic
hydroperoxide, }_\g, products. They conclude that the transition
state leading to ene product, 13, is not a simple six centered cyclic
structure, fl;, and that the observed isotope effects are more

consistent with the criss-cross transition state }ﬁ of a classic 2 st 2 a

\C_O e
/ o AN
14

concerted cycloaddition. They further note that this probably leads

to a perepoxide intermediate.

B. Theoretical Studies
In addition to the above experimental studies, a few theoretical
efforts directed at elucidating the 102-olefin reaction mechanisms

have been reported. In 1971, Kearnsl‘7

analyzed the various proposed
modes of addition using orbital correlation diagrams. He concluded
the preferred mode leads to formation of a perepoxide, 9.

Fukui27 has reported the results of semiempirical calculations,
CNDO/2-CI, on these reactions from which he concluded that addition
to form perepoxides is the favored mode. He notes, however, that
the calculations indicate the perepoxide is not a true minimum on the
reaction path and, therefore, terms the perepoxide a quasi-intermediate.

28

In addition, Fukui™" has reported a HOMO-LUMO analysis (assuming

a perepoxide-like transition state and incorporating intermolecular
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nonbonded attractions) which rationalizes the observed direction
of addition of l'()2 to unsymmetrical olefins.

Pa.qul,ei:te29 has noted a strong correlation between the reactivity
of an olefin toward 1O2 and the ionization potential of the olefin
the most reactive olefins being those with the lowest ionization
potential. This trend was also rationalized using a HOMO-LUMO
analysis with a perepoxide-like transition state. We note, |
however, that the assumption of a perepoxide is not crucial to this
analysis.

The most extensive theoretical study published to date is that

30

of Dewar and Thiel. Using the semiempirical MINDO/3 method

on the reaction of 1(.)2 with ethylene and with several substituted
olefins, Dewar concluded that in most cases this reaction proceeds
through a discrete perepoxide intermediate. The only exceptions
found were certain electron rich olefins with were predicted to
form the open zwitterionic intermediate, Z, upon adding 102.. In the
addition of 1O2 to propene, the MINDO/3 calculations predict that
addition to form the perepoxide is 16 kcal exothermic with a barrier
to addition of 11 kcal. Subsequent rearrangement to propene-
hydroperoxide is predicted to proceed with a barrier of 21 kcal.

Ab initio calculations (GVB-CI) by Harding and Godda.rdg are
in disagreement with both the CNDO and the MINDO results. The
GVB-CI calculations place the perepoxide,9, 17kcal endothermic from
ethylene plus 102, well above the observed gas phase activation

energies for allylic hydroperoxidation (2-10 kcad),sl The ab initio
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calculations also indicate the biradical species, 9, to be 8 kecal
below the perepoxide (or 9 kcal above the reactants). According to
the ab initio GVB-CI results then, the biradical is an energetically
permissible intermediate while the perepoxide is not. Finally,
Harding and Goddard32 have shown that certain unusual aspects of
the stereochemistry of %02 hydroperoxidation can be understood on
this basis of a biradical mechanism and that the observed stereo-
chemistry is not consistent with the perepoxide mechanism as

2
suggested by Fukui. 8
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III. Energetic Estimates

As indicated in the introduction, the approach here is to
combine the results of extensive ab initio theoretical studies on
the addition of 1O2 to ethylene with standard thermochemical methods
of estimating substituent effects to predict the energetics for
reactions involving unsubstituted olefins. In order to
avoid ambiguities, we present here a detailed discussion of the

methods and parameters used in this work.

A. Group Additivity Parameters

The method of group additivities (GA) has been developed and
extensively tested by Benson and coworkers. 10 Benson has shown
that for most compounds the GA method leads to AHf" estimates
with an accuracy of + 1 kcal/mole. Similar estimates for free
radicals give heats of formation with a comparable accuracy. In
the present work, we use the parameters of reference 10a,
augmented (vide infra) with parameter}s from the ab initio calculations
(for perepoxides) and from experiment (for radical centers).

The perepoxide parameters are derived using the calculated
(GVB-CI) heat of formation of the parent perepoxide (51.6 kcal). 9
This gives an O-O bond energy of 40.6 kcal (relative to O(lD) and
ethylene oxide) for the parent perepoxide which is assumed to be
unchanged by substitution on the carbons. Thus, the heat of formation
of a substituted perepoxide is obtained by adding 64.2 kcal to the

estimated AHf° of the corresponding epoxide. No corrections for
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nonbonded repulsions are made although these are expected to favor
placing the terminal oxygen on the least hindered side of the olefin.
The group additivity parameters for peroxy radicals are
derived assuming, D,(ROO-H) = D,(HOO-H) = 89.7 kcal, for all
saturated groups, R. In terms of group functions this can be
expressed as, G[C(0,*)(X)(Y)(Z)] = G[C(O)(X)(Y)(Z)]+ 16.8. Itis
important at this point to note that there are two low-lying states

of peroxy radicals (see Section V B), a n’ ground state, 15, and

a 7 excited state, 16,

The above estimates apply to the 113 ground state. Ab initio ca.lcula,tioms33

34 o1 HO, indicate the 7" state is 20 kcal higher.

and experiments
For the processes addressed in this paper then, the u4 state of the
peroxy radical should not play an important role.

Finally, group functions for carbon centered radicals are
summarized in Table I. These are based on C-H bond energies

(also listed in Table I) derived from the radical heats of formation
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of reference 10a. In these derivations, the value of G[C(C-)(X)(Y)(Z)]
is assigned to be equal to G[C(C)(X)(Y)(Z)]. Thus, the parameters

in TableI together with the peroxy radical group functions are
sufficient to estimate the heats of formation of the relevant

biradicals.

B. Zwitterion Estimates

The 1,4-zwitterion, 1, is an important proposed intermediate
- of lOz-olefin reactions. In order to estimate the energy of this
species, we consider the process starting with the
biradical, ionizing the carbon radical electron and attaching the

electron to the oxygen radical center, (10). The energy for this

0'/"0° 0/06
\c e \c ¢ an)
7N 7N

process is then approximated with equation (11),

AE(kcal) = IP(C*) - EA(O) - 332.1/R (11)
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where,

AE is the zwitterion-biradical energy separation (kcal/mole)

IP(C*) is the estimated ionization potential (kcal/mole) of the
carbon centered radical (see Table II)
EA(O-)is the estimated electron affinity (kcal/mole) of the
oxygen centered radical (18.5 kca.l)35
R is the distance (A) between the two radical centers
(2.65 A).
The resulting zwitterion-biradical energy separations are given in
Table II.
To test the validity of this relationship, we carried out a model

calculation on the energy of a 1, 3-zwitterion 17 relative to the

o)
Hm_% C/ .
H W ~
OH
H

corresponding biradical. In this calculation (Appendix A) the ionization
potential, electron affinity and biradical-zwitterion separation are
all calculated with the same quality GVB wavefunction. 37,38 The

results are as follows,
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IP(C°) = 208.2 kcal
EA(O.) = 1.9 keal
332.1/R = 139.5 keal

and, therefore, using (11), we obtain an excitation energy of

AE = 66.8 kcal for the zwitterion state relative to the biradical
state. Fof comparison, the calculated GVB excitation energy is
61.8 kcal indicating an error, in the estimate, of 5 kcal. Thus,
the estimated zwitterion energies are considerably less accurate
than the biradical estimates, however, the error is sufficiently
small that the predicted trends should be reliable. In

particular, predictions concerning the preferred direction of
addition to unsymmetrical olefins are expected to be quite accurate.
The key assumption in this is that the relative energies of two

zwitterions, for example, 18 and 19, are dominated by the

© ©
°\ P

0] o)
Ry g C R1 ® R
l 90 [ v, ! J8se e 0000} | 4
sz Yg R2 \R

Ry ’

3

};8\ ‘ 19

stability of the carbonium ion fragment.
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Estimates of this kind indicate that the +CCOO- zwitterions, 1T,
are much more stable (~ 100 keal) than -CCQO+ zwitterions, 8.
Therefore, the latter is not a likely intermediate and will not be

considered further.
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IV. _Results
A.  Alkyl Substituted Olefins

The results of the energetic estimates on the addition of 102
to alkyl-substituted olefins are shown in Table III. Of the three
proposed intermediates considered (8, 7, and 9) the one of

lowest energy is the peroxy biradical. In fact, the peroxy biradical

is the only intermediate having a sufficiently low energy to be

consistent with the observed activation energies (also shown in Table II).

The perepoxides are on the average ~ 10 kcal above the observed

activation energy while the open zwitterions are too high by 15-50 kcals.
Comparing the energies necessary to form the peroxy biradical

to the observed activation energies, it is found that within the

uncertainty of the estimates (+ 2 kcal) the two are equal. Thus, if

the biradical is an intermediate, there must be very low barriers

(~ 0.5 kcal) both to the initial addition forming the biradical and to

the subsequent hydrogen abstraction. Such a low barrier is consistent

with the form of the wavefunctions; there are no orbital phase

restrictions or nonbonded interactions which would lead to

large barriers. Indeed, the H-abstraction process is analogous to

bimolecular radical disproportionation reactions, processes which

are known to proceed with near zero activation energies. 10
An important result in Table III is the predicted direction of

1O2 attack on unsymmetrically substituted olefins. Taking as an

example trimethylethylene, the estimates predict that addition of

IL02 to the disubstituted end of the double bond, 20, is 0.6 kcal



20

lower energy than addi‘tion at the monosubstituted end, ;2;}\ This is

00- O-

20 21

Facal NI

counter to the intuition of many chemists. It is generally assumed
that addition of a radical to a double bond leads to the most highly
substituted radical center. For the case of radical HX addition, this
is the explanation of the well known Markovnikov directing effect.
For this reason, and because the energy difference between ,Z;Q and
21 is smaller than the expected error limits of these estimates, it
is important to consider carefully whether or not the predicted
ordering is correct.

In fact, we believe the predicted ordering is correct and note
the following experimental results in support of this prediction.
Starting with the experimentally determined heats of formation of

the two analogous alcohols, 39

an, ()
AHy (AH)

and assuming (see Table I) a secondary C-H bond energy of 94. 5 kcal

=79.07 £ 0.35 kcal

1}

=75.39 + 0.36 kcal

i

and a tertiary C-H bond energy of 92.7 kcal leads to,
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H

AH, \ = =36.7 keal
H

AHf | . = =34, 8 keal

Again, the less substituted radical is predicted to be more stable (by 1.9 keal
in this instance)! This estimate made use of standard C-H bond energies

to secondary and tertiary carbons. In order to reverse the predicted

radical ordering, it would be necessary to assume that the tertiary C-H

bond is ~3.5 kcal weaKer than the secondary C-H bond. This is approximately
twice the accepted difference (1.8 kcal)lo and, hence, it is concluded that the

predicted radical order is correct. ,
Note that the preferred direction of addition of 102 toform a zwitterion

is the opposite of that to form a biradical. These estimates clearly show
that if a zwitterion is involved in the product determining step, addition
of lO2 should invariably occur at the least substituted carbon.

The thermochemical estimates for additions to six-memberedcyclic olefins
exhibit aninteresting trend. For bothcyclohexene and methyl cyclohexene the
observed activation energies are significantly above the energy necessary to form
the biradical. This could indicate an additional conformational barrier to
either the initial addition or to H-abstraction. This effect is most pronounced
for cyclohexene where the H-abstraction must be endocyclic.

A detailed comparison of these predictions to experimental results

is made in Section VC.

B. Methoxy Substituted Olefins
The results for the addition of 102 to methoxy-olefins are

shown in Table IV. Although not shown, estimates of the perepoxide
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~energetics give results comparable to those found for alkyl olefins

(i. e., the perepoxides are typically ~ 10 kcal above the biradical).

Before discussing these results in more detail, it is necessary

to consider an important factor governing the conformation of these
olefin-0, adducts. Addition of 102 to the carbon alpha to the

methoxy group leads to structure ?\2 This structure is

R One H OH H
SN N~ N~
SN &N &N
R OMe HN OH SN
22 23 24

PaVeN Fatas P

analogous to methanediol (23) and dimethoxymethane (24)
in that all possess an 0-C-0 linkage. It is now

well e'sta}olished40

that the preferred OCOR dihedral angle in such
compounds is ~90°. That such geometries are preferred is often
referred to as the anomeric effect.

The origin of this effect can be described as follows;Bz’ 41-44
the CO o bonds, being highly polarized toward the oxygen, can

effectively stabilize an adjacent lone pair lying in the same plane.
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In effect, the oxygen lone pair delocalizes into the region of the

adjacent polar sigma bond as shown below,

The result is an increased stability (2-6 kcal, see Appendix B) of
conformations in which the oxygen lone pair is in the same plane
as the adj_acent ionic bond.

In considering the addition of 102 to a methoxy olefin then,
the anomeric effect dictates a preference for conformations in which
the O-0 bond is gauche to the methoxy, C-O bond, as shown in gé

and 26 (the left drawing is a side view, the right a top view).

O.w\\\“ O-
MQO@‘E ‘“\\\ = 22
Meo, .9
-0 Z}:L—_% = 26
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In conformation 26, the oxygen radical center is not adjacent to an
abstractable hydrogen and, therefore, this conformation can not

go directly  to product. As the barrier to dissociation to olefin + 1@2
is small (~ 0.5 kcal) compared to rotational barriers (~ 3 kecal), 10
if conformation 26 is fdrmed, it will simply dissociate.

In conformation gﬁ the oxygen radical center is adjacent to
the substituent cis with respect to the MeO group. Since the barriers
to product formation (~ 0.5 kcal) are small relative to the rotational
barriers, conformation 25, if formed, will lead to a product
hydroperoxide resulting from hydrogen abstraction cis to the MeO
group.

In summary, assuming a biradical mechanism and considering
the implications of the anomeric effect, leads to a clear prediction
fdr a directing influence of an alkoxy group (or other highly
electronegative substituent). The conclusion is that product
formation will be biased toward attack of the 102 on the a carbon
(adjacent to the alkoxy group) and, furthermore, toward abstraction
of an hydrogen from the g substituent cis with respect to the alkoxy
group. Similar conformational effects are expected for dimethoxy
substituted oiefins,45 fluoro oloaﬁms,‘;‘5 and amino olefins. 45,46
However, the parameters necessary to predict whether a or 8
addition is preferred are not available for these olefins.

These predictions are compared to experimental results in

Section VD.
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V. Discussion
A. Electronic Structure of 1O2

Before discussing the character of the O,-olefin adducts, it is

important to review the character of the states of O,, particularly

g+ g
with angular momentum +1 and -1 with respect to the molecular

the A g state. Letting 7 and 7__ indicate (antibonding) ﬂg orbitals

axis, the simple MO descriptions of the low-lying states of O, are,
3 = . . = - 1 2 1 2
2y Aing, W1, @a®a@} - L1, M7, @)-1, W1, @)) @@

8y, (115,01, @B @) =5, (W1, @LaDER-BMa@] )
a,_ :({m, (D1, @e®B @} =1, (M1, O 1)pR)-E1e )]

2,, A, W7, @laAR)-pDa@)]} =
[1,, (03, _@+7,_ (D7, @1 WAD-EDe )]

where (Zis the antisymmetrizer, the numbers in parentheses refer

to electrons, : ' the seven doubly-occupied orbitals

-common to al} states (log, lou, Zog, 20u, 30g, 11:u+ and 11ru_’) have

been deleted and normalization of the total wavefunction has been neglected.

The dependence of the orbitals ng+ and wg_ upon the rotation

angle, ¢, about the molecular axis is given by,

1,6, 0 2) =1, 2)e?

wg_(p, o, z) =1(p, Z)e'i¢
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where g is the distance along the axis and p is the distance perpendicular
to the axis. An alternative choice of orbitals is to use cos ¢ and sin ¢

as the angular terms,
Tex(P> ¢, 2) =1(p, z)cos ¢
Toy@r ¢ 2) =t(p, 2)sin &
In terms of these orbitals, we can construct four wavefunctions,

s |
Zg ,ﬁ{ng‘ngyaa} = (mgxﬂgy—mgngx)aa

By, Qg (aB-Ba)} = (1,7 1, 1 )(ap-Ba)

gx gy - BX gy gy gx
(13)
1
Ags : d{(”gx”gx"ﬂgyﬂgy) aB} = (ﬂgxﬂgx'%gyﬂgy)(aﬁaﬁa)

o+ 3 _
Ty Qg Ty Ty Tgy) @B = (g Mot Ty Ty (@B-Pe)
where the electron numbers have been dropped and the subscripts s
and a indicate wavefunctions that are symmetric and antisymmetric
(respectively) with respect to the xz plane.
Substitution of the expression,
1

Tgr = 75 (Tgx* %gy)



27

into the Szg‘ and 12g+ wavefunctions of (12) leads directly to (13).

The same substitution into the 1Ag states leads to, (14).

1 1 1
A = —( A A
g+ Ji_( gs+ 1 ga)

(14)

- —1-(1A

A 1A )
g-~ /5 gs ' “ga

Since the two components of the 1Ag state are degenerate, either
form (1Ag+ and 1Axg__ or lAgs and lAga) is valid for the free
unperturbed molecule.

Suppose now that the molecule is perturbed by the presence of
another atom, for example in the xz plane. The introduction of the
third, center splits the degeneracy of the lAg
components and the choice of component wavefunctions is no longer
arbitrary. In this case, the perturbed system still possesses a
plane of symmetry (the xz plane) and, therefore, the eigenfunctions
of this system must also be eigenfunctions of reflexion through the
xz plane. With this constraint, the only choice of component
wavefunctions is lAgS and A o’ (13).

g

The lAga and 'Z g“' wavefunctions of (13) contain a singly-occupied ﬂgx

orbitaland a singly-occupied ﬂgy orbital (appropriately antisymmetrized). These .

wavefunctions both describe 1,2 biradicals, the difference being only in the
spin pairing. Since these orbitals have zero overlap, the energy separation
is twice the ny exchange integral with the triplet lower.

In order to analyze the character of the A s wavefunction, we .

g
first rotate the coordinate system 45° about the z axis and express the
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1 ' - -
Ag s wavefunction in terms of thve new coordinates, x and y. Thus,

x=X+y)/V2
y=F-%/v2
and in these coordinates, the ‘A gs wavefurction becomes (15).
1
A = T — - = o ] — — — .
o5’ a{"gx”gy (ap-Ba)} ("gx T+ Tys B2 )(aB-Bar) (15)
Comparing the 1Ag 4 wavefunction (13) and the A - wavefunction (15),

it is clear that the lAgs is simply a 45° rotation of the lAga

therefore, both are singlet-1,2-biradicals.

and,

In a valence bond wavefunction, the !fA es and lAga states may

be written schematically as follows,

AN (17
ga’' .




where, in the left drawing a circle represents a p orbital perpendicular
to the plane and the right drawing is a 3-D perspective representation of the
same wavefunction in the rotated coordinate system. In (16) and (17) the
biradical character of the two wavefunctions is readily apparent. 47
This biradical character of the lAg state invalidates the orbital
correlation a.nalysisw that led to the prediction of perepoxide
intermediates. Implicit in the correlation analysis is the
assumption of a reactant electronic structure involving only doubly-
occupied orbitals (analbgous to one of the two resonance structures
in the lAs wavefunction}. The analysis presented here shows that
such wavefunctions are not correct representations of the reactant

oz(lAg). Similarly, the orbital phase continuity a.na,lysis49 of Yamaguchi

50

et al. ~ does not apply since the overlap of the relevant reactant orbitals

is zero, and therefore, the relative phase is indeterminant.

B.  Electronic Structure of the 102-01efin Adduct.

Coupling one of the singly-occupied orbitals of the IA
3

ga state,

(17), with a p7 orbital of an olefin, leads to the 7* state of the

peroxy biradical, (18).
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In this olefin-oxygen adduct, the oxygen orbital directed toward the
carbon radical center is doubly-occupied. Consequently (18) is
prevented from closing directly to the 2+2 cycloaddition product,
dioxetane. In order to ring close, it is necessarj to orient (18)
in such a way as to develop overlap between the two radical
orbitals, leading to an additional barrier (~ 12 kcal for ethylene plus
102) to dioxetane formation.

Addition of the 1AS state of O, to an olefin leads to the 174 state

of the peroxy biradical, (19).

The orbital phase continuity arguments of Yama.guchi.50 do apply to
this state and indicate that the concerted 2 S+2 s cycloaddition (without
a diradical intermediate) is a forbidden process. However, as

noted earlier, the 7 state of peroxy radicals lies 0.88 eV (20 kcal)
above the 1r3 state (due to repulsions between the four 7 electrons) and
therefore, this state is not expected to play a role in Jl'Ozvolefin

ene reactions (where E, = 2-10 kcal).
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C. Biradical Intermediates: Experiment

An important and often misinterpreted experiment bearing on
the question of biradical intermediates was the determination of
the product ratio resulting from the addition of J'02 to trimethyl-

ethylene. In the gas phase, the results are as follows, o1

i

71% 29%

These and similar solution phase results, showing a lack of
Markovnikov directing effects, have been interpreted as evidence

bl

against a biradical intermediate. 1 The argument is that there

are two possible biradical intermediates, 20 and 21. Of these two,

the one involving the tertiary radical center &l is assumed to be more
stable. Then, assuming the relative energies of the biradicals to be
product determining, leads to a predicted product distribution dominated
by the secondary hydroperoxide while experiment shows the tertiary
hydroperoxide is the major product. The key assumption in this
analysis is that AHf (21) < AHf (20). In fact, as discussed in

Section IVA, our energetic estimates indicate that this assumption

is incorrect, the secondary biradical is more stable than the tertiary.

In order to make clear the origin of the Markovnikov effect and why

it does not apply here, consider the more general addition of a
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radical X- to trimethylethylene. Again, there are two possible

X
| 27 28

radicals, a tertiary radical, gﬁ, and a secondary radical, gl In
order to compare the energies of these two radicals, we must use
a common reference point, for example the heat of formation of
the reactants. The relative radical energies are then given by

the C-X bond energies, 52 one involving a tertiary carbon and the
second to a secondary carbon. For many radicals (for example
X =Br-, I, RSi-, R,C*, H-, RS-, eftc.), the bond energy to a
secondary carbon is larger than that to a tertiary carbon. Thus,
for these radicals the most stable adduct is the tertiary radical

(in agreement with the Markovnikov effect). However, for highly
electronegative radicals (X- =Cl:-, F- or RO-) the bond to a tertiary

53

carbon is stronger than that to a secondary carbon. The

conclusion, then, is that normal Markovnikov directing effects are

not expected in the addition of 1O2 to unsymmetrical olefins whether

or not a biradical is involved at the product determining step.
1
Furthermore, the results of gas phase O, additions are consistent

with a biradical or biradical-like species being product determining.



33

The possibility of a biradical intermediate in 102 hydroperoxidations
was first seriously considered by Nickon. Litt and Ni,ckon14 concluded
that a biradical intermediate is not consistent with the experimental
evidence. Their reasoning can be summarized as follows:

(i) The observed lack of cis-trans isomerization of olefin
indicates that a biradical is not formed reversibly.

(ii) A kinetic analysis of the reaction leads to the conclusion
that irreversible biradical formation requires a rate constant for
H- abstraction grea,ter‘ than Eyring's transition state frequency.

(iii) Primary deuterium isotope effects of 1.2t0 2 1 indicate
participation of the C-H Ibond in the transition state.

| Observation (i) indicates that, if the biradical is formed
(either revérsibly or irreversibly), barriers to product formation
must be small relative to bond rotational barriers. As noted in
the previous section, the H-abstraction step is analogous to a
bifnolecular radical disproportionation and on this basis is expected
to proceed with near zero activation energy. Therefore, the lack of
isomerization (and related work showing no effect of free radical
inhibitors) is not inconsistent with a biradical or biradical-like
intermediate.

The kinetic analysis, (ii), involved unreasonable
assumptions. Of particular importance is the use of a'triplet R
vertical excitation energy to obtain a 1,2-biradical energy (the
adiabatic energy is more appropriate). This assumption led to

a predicted AH for addition forming a biradical of +25 kcal (compared
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to +8 kecal in the present work)., As 25 keal is well above the
observed activation energies, it is not surprising tha a kinetic
analysis based on this AH would lead to implausible results,

The primary deuterium isofope effects cited by Nickan,M (iii),
are inconclusive. The observed rate ratios are apprloximately the size
expected for secondary £ deuteriuim isotope effects. For example, the

intramolecular isotope effects reported by Ni.cl«:on54 are as follows,

HC €D, HC CcD,
HC - ;D, DC rca,
29 2
kH/kD=1.78~2.24 kH/szl.ZB- 1.77

D

).

D
51

| kH/kD =1,18 - 1.20
where no correction for the number of deuteriﬁms hasbeen made (no correctioﬁ
need be made if any only if these are primary isotope effects). The dependence
of the observed isotope effects on the number of deuteriums, however, is
evidence that these are seconda,ry isotope effects. Assuming then that these
are seconéary isotope effects and correcting to a per .deuterium basis
(kgy/kpy = Vi k) leads to ky/kp's of 1.10-1.16, 1.08-1.21and1.09-1. 10
respectively. The nearly constant values for these ratios supports the
interpretation of these as secondary isotope effects.

23

More recent work by Kopecky et al.”" on 29 and 30 led to somewhat

smaller total isotope effects, 1.31-1,65and1.21-1.46 respectively.
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Converting again to per deuterium ratioleads to 1.05-1.09
and 1,09-1,13. For comparison, the secondary S deuterium
isotope eﬁect for the formation of ethyl radical from decom-

position of methylethyl'ethyl 2,2,2-d,-carbonyloxy radical,

H,CD, T |
CH,—C—0- —— CH,CC,H, + °CH,CD,
éHzCHs

is reported to be 1.0855 (again on a per deuterium basis). Thus the
observed isotope effects are consistent with normal g secondary
isotope effects implying no C-H bond cleavage in forming the
transition state, The slightly higher isotope effect for §VQ might

be due to a small, product—determining., primary isetope effect
subsequent to the rate determining step.

Kopecky's result523 and related work by Bartlettzs‘indicate the
m‘ag‘nitude of these isotope effects to be dépendent on the solvent. Foi
example Bartlett26 reports kinetic isotope effects (kH/kD-) of 1.1 in
acetonitrilé and 1.2 in benzene. Apparently then the nature of the
transition state is dependent on the solvent (see Section VE).

Finally, there is some evidence indicating the presence of
a true intermediate in a few 102 hydroperoxidations. Of particular
interest is the formation of epoxides under certain conditions. 18,56
One possible source of the epoxides is from the trapping of a peroxy

biradical by 102. The latter step is ~ 46 kcal exothermic and might
/0'
O

O,
1
H+102_—> J——(. _Q2'> %\’FOS
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be a facile process. In fact, Bartlett57 has found that

epoxide products are accompanied by the production of 0zone. This
evidence ié by no mearﬁs conclusive though, particularly since
epoxide production is apparently dependent on both the wavelength
of light used and on the sensiti.zer.,59 In particular, sensitizers
with low-lying carbonyl n — 7* states produce unusually large
amounts of epexicle.60 Bartlett concludes that in at least some
cases, the source of epoxides is not 1O,_,.

Biradical intermediates, if sufficiently long lived, are also
expected to initiate free radical polymerizations. Thus, the
presence of polymeric products in 1O2 hydroperoxidationsm’ 62is
also consistent with a biradical intermediate (although, again,
other sources of polymer are possible). Further evidence for
the presence of an intefmediate under some conditions is discussed

in Section VE.

D. Polar Substituent Directing Effects

The results presented in Section IVB contain two important
predictions; (i) A highly electronegative substituent (MeOQ) will direct
the attack of 1O2 toa po"sition alpha to the polar substituent, and (ii) A
polar group will also direct the H-absorption step to occur preferentially

from the substituent cis to the polar group. There is now experimental

support for both of these conclusions.

First, in order to test our predictions, Hammond63 recently

carried out gas phase experiments yielding the following results,



Me O Me O OOH
>' //// (20)
100%
Me Q Me O OOH
+ (21)
/
62% 38%

In reaction (20) the only observed product results from initial o
addition followed by cis abstraction, consisteht with both predictions
(i) and (ii). In reaction (21) there are no abstractable hydrogens
cis to the methoxy group and, therefore, the preferred mode

is not available. The result is that now two competing modes are
detectable, one being o addition (followed by trans abstracticn)

and the second being g addition.

Related work by Cross,64 using crossed molecular beams,
has shown that gas phase addition of 102 to 2-methoxypropene
leads to luminescence, presumably from decomposition of a
dioxetane. Cross notes that this is an unexpected result since
activation energies for 2+2 cycloaddition (forming dioxetane)

are typically much larger than those for the ene process. However,
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the results in Table IV indicate the preferred biradical is the

o adduct,

Me O o H MeO OO- H
>.____“_“ / +'0, —% : (22)
Me \H Me H

which cannot undergo the ene reaction.
Additional support for this interpretation comes from work
by Conia et al. 65 Conia's results are summarized in equations (23)

and (24). Again the products show a clear bias toward H-abstraction

Me O e Me O H
>:g+ ‘9 —> % (23)
5 " 100%
Me O Me O OOH Me O OOH
>-_:.- +'0, —> / + (24)
H Me H Me H \

72% 28%

from the substituent cis to the methoxy group. In the latter reaction,
(24), the dominant (cis abstraction) product is 9 kcal less stable

than the minor product (trans abstraction) indicating that the effect
is indeed an important one. Conia also notes that replacement of

the methoxy group by methyl removes the directing effect. In
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this case products resulting from abstraction of the cyclopropyl
hydrogen are not observed (from either isomer).

Finally, recent studies by Foote et ah%

also show' the
importance of this directing effect. In this work, the observed

reactions are

Me O Me : Me O QOH

>-_::< 0y ———> >l—< (25)
H ¢ H ¢
' Me O. 0O—O
Me O )
>==< + 102 e H | (26)
H Me Me

In both cases, the only observed preducts are those resulting
from attack of the oxygen radical center on the group cis to-the
methoxy.

It is found then,that a methoxy substituent exerts an important
directing influence on the course of 102 reactions with various (quite
different) olefins and under a variety of reaction conditions.
Furthermore, this effect can be understood in terms of the biradical
intermediate, the conformation of which is controlled by the anomeric

effect.
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E.  Solution Phase Mechanism

In the previous sections we presented and discussed estimates
for the energies of gas,phase 1,4-biradicals and 1;4=zwitterions
relative to the 102-oleﬁn reactants. In this section we will consider
the effects of solvation on these relative energies and on the
mechanism of 1Oz-olefin reactions.

As a simple model for solvation, éssume the intermediate to be in
a spherical cavity of radius R(A), surrounded by a dielectric
medium with dielectric constant €. The stabilization of the
zwitterion relative to the biradical can then be estimated. using

the formula, 67,68

2 2
(e-1) [p zwit’“birad]

3 (27)
(2e+ 1) R

AE(kcal) = 14.4

where u is the dipole moment (debye) of the zwitterionic state

zZwit
and Bpirad is the dipole moment of the biradical. It is further
assumed that ‘uzzwit > I8 . aq and that p_ .. can be approximated
with the dipole resulting from two point charges separated by a
distance of 2. 652’\, the approximate distance between the carbon
and oxygen radical centers of a gauche 1,4-biradical (see Appendix A).
The assumptions then are:
(i) The primary effect of the solvent can be approximated by
a structurveless dielectric medium,
(ii) The dominant term in the dielectric interaction is the

dipole term (the effect of the guadruple and higher moments are

neglected), and
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(iii) The dipole moments of the two sﬁa‘tes can be approximated
as noted above. Although these assumptions are only partially
correct, this procedure should yield a valid estimate of the magnitude
of the solvent effect and, more importantly, the dependence of
this effect on the solvent (dielectric constant).

Using a cavity of radius (2. 65A) and the above approximations,
expression (27) reduces to,

€-1

AE(keal) = - x 125.4 (28)

2e+ 1

or, in the 1imit of high dielectric constant, AE = 60 kcal. Since
this is larger than the estimated zwitterion-biradical energy
separations (Table II), it is concluded that high dielectric solvents
or low dielectric solvents with electron donating olefin substituents,
can stabilize the zwitterion with respect to the biradical.
Under these conditions the intermediate
will have the character of a 1,4-zwitterion with a smaller biradical
component . In solvents of lower polarity the intermediate can have
a character intermediate between that of a biradical and a zwifterion.
Similar solvent effects on the energy of the perepoxide are
also to be expected. However, the dipole moment of the perepoxide,
5.6 D (see Appendix A), is much smaller than that expected for
the open 1, 4-zwitterion (~12 Debye). Since the solvent stabilization
is proportional to 51.2, the stabilization of the open 1, 4-zwitterion

will be ~ 3 timeg that of the perepoxide. Thus, in extreme cases
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solvent stabilization may lower both the zwitterion and the pei'epoxide
below the biradical, however, the ground state would be an open
zwitterion, not a perepoxide.

Although there are large uncertainties in the estimates of both
the zwitterion energies and the solvation effects, some useful
trends can be extracted. Consider first the addition of J"02 to an
unsymmetrical alkyl olieﬁun° Biradical energetics indicate the
preferred direction of addition is to the most substituted carbon in
agreement with gas phase experiments. The zwitterion estimates
indicate the preferred direction is to the least substituted carbon.
Thus, if a solvent stabilized zwitterionic character is important,
the product distribution should shift to larger yields of the less
substituted peroxide. 69

Similarly in the addition of l02 to an olefin of the form,

Me O R

R

estimates of gas phase biradical energies show a clear preference for
addition a@ to the methoxy group (in agreement with resuits of-gas phase
experimentses). Zwitterion energetics, however, indicate that
addition to the B carbon is 22 kcal lower energy than addition to

the a carbon. Therefore, if solvent stabilized open zwitterions

play an important role in this reaction, there should be a large shift

in the product distribution as a function of the dielectric conrsta.nt,70
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Several intriguing features of solution phase l02--=olefin
chemistr_y can be understood by assuming a solvent dependent inter-
mediate of varying degrees of biradical and zwitterion character. For
example, McCapra's resultszson the product ratios resulting from photo-
oxidation of camphenylidene-adamantane, (29), ‘show an increased

yield of dioxalan

product (présumably resulting from a carbonium ion rearrangement
of an intermediate zwitterion) with increased solvent dielectric.

It has also been reported that increased solvent polarity
increases the amount of 2+2 cycloaddition product (dioxetanes) at
the expense of alkylic hydroperoxides.zﬁ This is understandable since
the zwitterionic structure should exhibit a greater tendency toward

ring closure than the biradical (see Section VB).

F. Concerted vs. Biradical Mechanisms

In the preceding sections we have presented a thermochemical
analysis of 1C)znolefin additions in terms of biradical and zwitterionic
intermediates. This analysis, of course, does not deny the

possibilitv of a concerted mechanism, it simply shows that the
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biradical is an energetically accessible intermediate aﬁd that it leads to .
regiospecificity in agreement with experiment. The possibility
| of a slightly lower energy, concerted pathway can not be discarded
solely on the basis of these estimates. We stress, however, that
these estimates indicate the biradical to ‘be roughly degenerate
with the gas phase transition state. This is in contrast to the
situation for such clearly concerted reactions as the cope rearrange-
ment, 2+4 cycloadditions or the cycloaddition of ozone to olefins.
For example, in the latter case formation of a biradical requires
11 kcal while the observed activation energy is 4 kcal. 72

In summary, theory and experiment are consistent with the
saddle poinf for the reaction being of biradical structure with
no bonding between the radical centers. Whether this
state is a true saddle point or whether there are very small (~0. 5 kcal)
barriers to cleavage and abstraction has not been determined, With-
out such small barriers one might consider the reaction mechanism
to be concerted but highly asynchronous (initial C-O bond
formation followed by H-abstraction) as suggested by Ni.ckon14 and
Foote. 16

Finally, we note that whether the reaction is nonconcerted,
involving a true biradical intermediate, or concerted, involving a
biradical quasi-intermediate does not affect the predictions of
regioselectivity discussed here. In either case, the factors
(anomeric effect, etc.) which govern the biradical conformations
will be of similar importance in determining the conformation of a

biradical-like transition state.
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VI, Summary

An analysis of the 102-oleﬁn ene réaction in terms of ab initio energies
and thermochemical estimates has been presented. The results indicate
that the }energetics and regioselectivity of the gas phase reaction can be under-
stood in terms of the peroxy biradical intermediate or quasi-intermediate.
It is shown that the often cited lack of Markovnikov directing effects
are not inconsistent with a biradical intermediate. |

Energetic estimates indicate that both biradical and solvent
stabilized zwitterions are energetically accessible intermediates
in many solution phase}r‘eactions. The precise nature of the
intermediate is criticaily dependent upon the nature of its environment
(both solvent and substituent). It is shown that many of the solvent-
dependent features of this reaction can be understood assuming an
(quasi) intermediate of varying biradical-zwitterion character.

Furthermore, experimental results (formation of epoxides,
polymeric product and }cation rearrangement products) are cited
as evidence for a true intermediate in certain 1Oz-olefi.n ractions.

The results of this analysis also lead to a number of verifiable
predictions. The solvent dependent balance between zwitterionic
and biradical character indicates that in many cases a marked shift
in product distribution should occur as solvent polarity is
increased. A particularly appropriate test for this prediction

would be 1-methoxy-but-2-ene, (30), since the biradical and



46

Me O QO- Me

nonpolar
. solvent
Beemmanind + Oz (39)
_ Me O ©
polar
solvent
{3
Me

zwitterionic energetics lead to clearly different predictions.
Finally, it is predicted that the observed directing influence
of a MeO substituent should be a quite general effect. In particular,

F or Cl substitution should lead o a similar directing effect.
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Appendix A. Ab Initio Calculations

The ab initio calculations on’CH,CH,0"used the valence double
zeta (DZ) basis of Huzinaga and Dunning38 [(9s, 5p/4s) primitive
Gaussians contracted to (3s, 2p/2s)] augmented with d polarization
functions (aC =0.6760 and aq =0. 8853) centered on each heavy
atom. In addition, a set of diffuse oxygen centered s and p functions
(a = 0.059) were included to describe the negative ion character
correctly. }

The geometry used for all states was R = 1.51 A, Rag =1.41 A,
RCH =1.08 f\, all bond angles about the saturated carbpn were
tetrahedral and all those about the C radical center were 120°,
The CO and CC bond lengths were optimized for the biradical
state. The remaining geometric parameters are all standard
values. |

Using this basis and geometry, GVB wavefuncti’.onsgi7 were
optimized in which all valence electron pairs were correlated, each
with one correlating natural orbital. These calculations were
carried out for each of four states: biradical, positive ion,
negative ion, and zwitterion. The latter is the same symmetry as
the ground state biradical. For this reason, it was necessary to
place a restriction (the tighter of the two carbon radical pw atomic
orbitals was required to have a zero coefficient in all orbitals) on
the wavefunction of this state. The resulting total energies
(hartrees) are, biradical -152.96278, positif/e ion -152.63100,
negative ion -152.96574 and zwitterion -152. 86425,



48

With these wavefunctions, the calculated dipole moments of the
biradical and zwitterionic states are 2.36 D and 10.14 D
respecti&ely. For comparison, the two radical centers are 2. 39 A
apart thus, the simple model of two point charges (see text) leads
to a zwitterion dipole moment of 11.46 D. For a 1, 3-zwitterion
then this model overestimates the dipole moment by ~ 10%. For
a 1,4-zwitterion, the errors are expected to be smaller.
Comparable calculations on the unsubStituted dioxetane and
perepoxide léd to the geometries and dipole moments shown in

Figure 1.
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Figure 1. Calculated Geometries and Dipole Moments of Dioxetane

and Perepoxide.

H, O '
1.537 A-—-y; 5«»1.534,& p=3.625D
H,C—O0

il } L="5,591 D
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Appendix B. Anomeric Effect

The exact magnitude of the anomeric effect depends on the
nature of the substituents. Thus, for example, calculations43 on
methanediol indicate an anomeric effect (V,) of ~ 0.5 kcal while
similar studies on dimethoxy methane led to a value of ~ 1.5 kcal.
The calculated preference for gauche over anti, however, was
considerably larger for both of these molecules (3.7 and 2.6 kcal,

respectively).

Calculations on dioxymethylene, 72 in which the anomeric

A

H,C
AN

o
effect is exhibited in the separations between the eight possible
biradical states, lead to a value of 6 kcal. Although no experimental
barriers are available for methanediol or dimethoxymethylene,

73 of rotational barriers of chloromethylmethyl

recent NMR studies
ether and fluoromethylmethyl ether have led to an anomeric effect
of 2-3 keal.

Thus, both experimental and theoretical studies indicate a
clear anomeric preference for gauche conformations over anti in
molecules of the form gg, §§, and g:g The magnitude of
this effect is variable, 2 to 6 kcal, depending on the particular molecule

and the method of analysis. Finally, we note that the product

distribution from the gas phase reaction of l02 with 2-methoxy-but-
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2-ene has been fou.nd63 to be consistent with an anomeric interaction
of 3 keal, in good agreement with the values from both theory and

experiment on related molecules.
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Table I. Carbon Centered Radical Group Functions

Bond Energiesa ' Group Functionsb
MeCH,-H 98,8 C- (H),(C) 36.5
(Me),CH-H 94.5 C* (H)(C), 37.5
(Me),C-H 92.7 C-(C), 38.7
MeOCH,-H 94.1 C- (0)(H), 31.9
(MeO)(Me)CH-H  (89.8)° C+(0)(C)(H) 29. 6
(MeO)(Me),C-H (88.0)¢ C: (0)(C), 28.7

e ——— D —
—— ——————— — — S ———

a) From reference 10 except where noted.
b)Obtained using G[C (X)(Y)(2)] = G[CH)(X)(Y)(Z)] + D, - 52.1.
c)Estfl.mal:ed assuming bond energy lowering on methyl substitution

identical to that for corresponding hydrocarbon.
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Table II, Biradical-Zwitterion Separations (kcal/mol) for

R,R,C-CH,-00. Positive AE indicates that the

biradical is lower.

Biradical Posgitive Ion AE
a

R, R, 4H7 P AH; B wit™Epirad
H H 26.5 193¢ 220" 49
CH, H 17.6 170°¢ 187 26
CH, CH, 8.4 154° 162 10
HO H -18.5 155 1369 11
HO  CH, -29.3 145 1159 1

2) Obtained from the heats of formation of reference 10 and the
C-H bond energies of Table I.

b) From reference 36.

c) F. A. Houle and J L. Beauchamp, A.C.S. meeting at Anaheim,
March (1978); F. A. Houle and J. L. Beauchamp, J. Am. Chem, Soc.

(to be submitted).
d) From J. F. Wolfe, R. H. Staley, I. Koppel, M. Taagepera,
R. T. Mclver, Jr., J. L. Beauchamp and R. W. Taft, J. Am,
Chem. Soc., 99, 5417 (1977).
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Table OI. Energetics (in kcal/mol) for Addition of 10.,, to Alkyl-substituted Olefins. The enthalpy of forming the olefin-
dioxygen adducts from olefin and 103 is listed for the zwitterion, perepoxide and biradical intermediates,
AHf(a) and AH(P) are the estimated enthalpies (kcal/mol) of addition to the @ and B sides. of olefin, respectiv-

Olefin Dioxygen Adducts

Olefin Zwitterion W Biradical ————Txﬁ;
Olefin AH, AH(a) AH(B) AH AH(a) AH(B) E,
——3 +12.5 +59 +16.1 +10.1 -
N8 + 4.6 +58 +39 +15.2 +8.7 +8.8 -
\=/ - 2.2 32 +13.7 + 6.3 6.5
\=\ - 3.2 33 +13.7 7.3 7.3
_>= - 3.8 56 18 +14.0 7.5 8.2 -
>=/ -10.7 31 16 +12.6 5.2 5.8 4.9
>=( 17,1 13 +10.4 2.6 3.2
] +317,5 36 5.6
h +29.0 31 15 4.5 5.1
H +20.6 14 3.9 4.0
@ 8.6 33 7.2 7.4
b 0.2 32 17 6.0 6.6 6.0
t_j - 1.3 14 4.5 4.0
@ - 0.8 31 5.5 >8.2
b - 9.2 30 15 4.3 5.0 7.5
z—j -17.0 13 2.8 4.0
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Energetics (k'cal/mol) of Addition of 1()2 to Methoxy-
substituted Olefins. The enthalpy of forming the olefin-
dioxygen adducts from olefin and JL02 is listed for the

zwitterion and biradical intermediates (energies in

kcal /mol).
Olefin - Zwitterion Biradical

Olefin AH, AH(a)  AH(B) AH(a)*  AH(B)
MeO,

o=p _25.7 56 19 6.8 8.1
eO
MeO\_/ -33.6 31 17 5.5 5.7
MeO

Xa -33.6 31 17 5.5 5.7
MeO

>: -11.6 52 6 2.8 5.5
MeO

)=/ -42.1 27 5 1.5 4.1
MeQO

>=.\ -41.1 26 4 0.5 3.1
MeO

\=< -42.1 15 17 5.0 5. 6
MeO ' ,

>.—:< -49.6 10 3 0.0 2.0

e R —

oo — —— SIS

a) Assumes a conformation consistent with the anomeric effect (see text)
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PART B: MECHANISMS OF GAS PHASE AND LIQUID
PHASE OZONOLYSIS
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I. Introduction

The reaction of ozone and olefins has been of continuing interest to
chemists for over 100 years. Most recently the gas phase reaction has
received considerable attention due to its importance in photochemical smog

2

formation.“ Nearly 30 years ago Criegee proposed3 the following mechanism,

}:—;{{ + QO —>

‘o - b

. |
O/O \O o/ 0 /O\C/
V[ — ;Ci g — ] §—
C~=C ' e
= o g .J
(1) @ o

in order to explain the isolation of 1,2, 4-trioxolanes (3) from ozone-olefin
reacﬁibn mixtures and to explain the incorporation of foreign aldehydes into
these products. Since then a great deal of experimental evidence (solution

phase) has been reported, supporting the Criegee ‘mecha.nism‘j= with only

minor modifications. 5

Recent ab initio calculations®

on the peroxymethylene intermediate
( CH,00) have established the electronic structure of the planar gas phase
species to be that of a singlet biradical (4) similar to ozone.

0.
Y—o” @
/

As discussed inthe earlier paper, 1 the # system of the planar ground state
consists of a doubly-occupied p orbital on the central oxygen and singly-

occupied p orbitals on both of the terminal atoms, (5). The terminal p orbitals
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(5)

are found to overlap considerably (S = 0.346), leading to a ground state singlet,
1A’ (4), and a low-lying excited state triplet, “A’ (41) (corresponding to triplet
coupling the two singly-oécupied orbitals). Two other low-lying excited states

of the planar molecule, *A"(57) and *A”(5%), derive from configuration (6),

(6)

in which the pr orbital of the terminal oxygen is doubly-occupied.
Of considerable importance in understanding the mechanism of ozonolysis

is the barrier to interconversion of the syn and anti peroxymethylene inter-

- mediates
R, 0 R,
>c--o/ «— >c—o‘/0
R{ R;

The transition state for this interconversion is expected to be a peroxymethylene
species in which the plane of the carbon has been rotated 90° (making the R,CR,
plane perpendicular to the COO plane).6
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Rotating the CH, group of (5) and (6), we obtain (7) and (8), respectively,

(7 (8)

Of these we expect the singlet and triplet states corresponding to (7), 1A.”(31r)
and *A”(37), to be lower in energy due to the three-electron O-0O 7 bond.
The singlet state off (8), *A®(4n), can undergo ring closure forming
dioxirane, (9). The weakest bond of
SN /
‘\"C\ ' (9)
AN -
dioxirane is the O-O bond, and cleaving this bond leads to the reactive

intermediate dioxymethylene (10).

n A

10
s (10

There are altogether eight biradical states corresponding to (10), four singlets
and four triplets (11)-(13),
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(47)

(11)
‘A, "B,

(3m)
A8, (12)
*A,, B,

(27)

(13)
'A,,°B,

all of which are expected to lie fairly close (10kcal) in energy.

1t is the purpose of this paper to examine with accurate ab initio calculations
(large basis set, correlated wavefunctions) the electronic structure and relative
energies of configurations (5)-(13) and to discuss the implications of these
results on the mechanism of ozonolysis. In Section II details concerning the
geometries, basis set, and wavefunctions are presented. The results of the

calculations are presented in Section IIT and discussed in Section IV.
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I Calculational Details

A, Basis Set and Geometries. All calculations used the valence double
zeta (DZ) basis of Huzinaga and Dumning'7 [(9s; 5p/4s) primitive Gaussians con-
tracted to (3s, 2p/2s)] augmented with d polarization functions (ac = 0.6760,
ag = 0.8853) centered on each heavy atom. The hydrogen exponents were
scaled by 1.44 (corresponding to a Slater function with £ =1.2).

The geometries employed in these calculations are shown in Figure 1.

In all configurations CH bonds were assumed to be 1,08 A and all trivalent
carbon bond angles were taken to be 120°., Optimized parameters are indicated
by an underline in Figure ,1.

For the planar ground state of peroxymethylene [configuration (5)], the
three remaining parameters, r(CO), r(0-0), and COO angle, were optimized.
The results are shown in Figure 1A,

For perpendicular peroxymethylene [configurations (7) and (8) and Fig-
ure 1B], the C-O bond length was assumed to be that of dimethyl ether, 8

1,41 A, and the COO bond angle was taken to be 103°, intermediate between
that of dimethyl peroxide (105°) and hydrogen peroxide (100°).9 The 0-O bond
length was optimized for each of the four valence states,
For the ring state [6onfiguration (9) or Figure 1C] the C-O bond length
and the HCH angle were taken to be 1.436 A and 116°, respectively, as in
. ethylene oxide.m The O-O bond distance was taken as 1.45 f\', as is found in
the ring state of ozone. 2

Finally, for-  dioxymethylene, the C-0 distance was assumed
tobe 1.41 A (from dimethyl ether)8 and the OCO and HCH angles were chosen
to be 106° and 113°, respectively (from 1,2, 4-trioxolanel? ), We optimized
the bond lengths of a closely related diradical, CH,CH,O, obtaining a C-O bond
length of 1,411 A; this supports the choice of 1. 41 A chosen for dioxymethylene.
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B. GVB(3) Calculations., Previous calculations on ozone have shown
the Hartree-Fock (HF) wavefunction to lead to a qualitatively inaccurate
description of the low-lying states (for example, HF predicts the ground state
of ozone to be a triplet).n The cause of this failure is the orbital occupancy
restrictions placed on the HF wavefunction which leads to a poor description
of states with considerable singlet biradical character [such as (5)].

The GVB method corrects the major deficiencies in the HF wavefunctions
by allowing singlet-paired electrons to split or correlate with singly-occupied

nonbrthogonal orbitals. This . corresponds to the following replacement,
PrpD) (D = ¢, (D6 (2) + ¢.(18,(2) = 2,8, = Aoty ,

where ¢1 and ¢, are the nonorthogonal valence bond-like orbitals and ¢, and
¢b form the equivalent natural orbital representation. Calculations on a large

13-16 have shown that for the

number of well-characterized small molecules
purpose of calcﬁlating excitation energies of valence states it is necessary to

have a consistent level of correlation in the ground and excited state wave-
functions. [Hartree-Fock calculations in which the ground and excited states
usually have differing numbers of open-shell orbitals are not consistent. ]

From the valence bond diagrams, (5)-(8), we conclude that a consistent level of
description for peroxymethylene biradical is one in which three pairs are allowed to
correlate,fhe C-0 and 0-0 sigma bonds and the 7 pair. We will denote these
- wavefunctions as GVB(3/PP) indicating three pairs have been correlated and
the perfect pairing restriction has been applied.”’ 18

In order to obtain accurate excitation energies, it is necessary to relax
the perfect pairing restriction and to include the important interpair cor-
réiation terms neglected in the GVB(3/PP) wavefunction. By using the self-

consistent GVB(3/PP) orbitals this can be accomplished with a relatively
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small configuration interaction (Cr) calculation® [the CI calculations also
included four additional virtual p orbitals, one corresponding to each occupied
p orbital; thus, for example, the CI basis for the states of planar peroxy-
methylene would include three p-u virtuals (one on each oxygen and carbon)
and a p-o virtual centered on the terminal oxygen] . In all cases the GVB(3/PP)
orbitals used in the CI calculations were solved self-consistently for the lowest

states of each appropriate symmetry.

C. The GVB(T) Calculafions. Although the GVB(3)-CI calculations are
sufficiently accurate for the purposes of calculating valence excitation energies
or one-electron properties (e.g., dipole moments),. they do not lead to suffi-
ciently accurate bond energies. For example, the equivalent calculations on
the A-B bond energies of CH,~CH,, CH,-OH, and HO-OH lead to results that
are consistently low, the errors being 10, 2z, and 21 kcal, respectiveiy. 20
There are primarily two sources of error in these calculations; the neglect
of all but the dominant intrapair correlation and the neglect of interpair cor-
relations between the bond pair being broken and other adjacent bond pairs
and lone pairs.

In order to include the intrapair terms it is necessary to optimize addi-
tional correlating natural orbitals for the bond pair to describe the radial and
angular correlations in addition to the dominant (left-right) correlation. Cal-
culations on simple molecules have shown three additional natural orbitals to
be sufficient.

In order to include the interpair terms it is. necessary to correlate not
only the bond being broken but also all of the adjacent bond pairs and lone
pairs. An extensive CI calculation within the resulting set of orbitals serves
to include the important intra- and interpair terms.21 The equivalent calcu-
lations on the bond energies of CH;-CH;, CH,-OH, and HO-OH lead to errors
of 3, 1, and -4 kcal, respectively.
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Calculations of this level of accuracy are essential for comparing
energies of species with differing numbers (or types) of bond pairs (for
example, to obtain the relative energy of the ring state to any of the open

states).
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IL. . Besults

A, Peroxymethylene, As noted earlier; the ground state of gas phase
peroxymethylene | is a planar singlet biradical, *A’ (4n). The 7
electronic structure of this state is very similar to that of ozone, consisting
of a doubly-occupied p-n orbital on the central oxygen and two singly-occupied,
singlet-coupled pr orbitals on the terminal atoms. The calculated geometry
is found to be very close to that predicted earlier. 1,22

The lowest vertical excited state of peroxymethylene, A’ (47),
arises from triplet coupling of the terminal p-7 orbitals and is calculated to
lie 1.20 eV above the ground state (see Table I). This is slightly lower than the

11,23 indicating a smaller degree of 7

cdrresponding state of ozone, 1.59 eV,
delocalization (smaller overlap between the terminal p-7 orbitals). By‘analogy '
to ozone we expect the triplet state to lead to longer bond lengths, a smaller angle,
and an adiabatic excitation energy considerably below the vertical value (for ozone
the adiabatic excitation energy is ~ 0.9 eV; thus, the value for peroxymethylene
may be as low as 0.5 eV). |
The remaining two low-lying biradical states, 3A"(51r) and “A”(57), are
calculated tobe 1.63 and 1.71 eV, respectively, above the ground state.
These also are slightly lower than the corresponding states of ozone.
Of particular interest is the energy of the zwitterionic state, (14),

commonly assumed to be the ground state.

H 00 (0] O]
AN / AN /
Ce=0) C—0 14
% or S5 (14
(2) (b)

The GVB-CI calculations lead to a vertical excitation energy of 3.99 eV for
this state, 2 A (4m) considerably below that of the analogous state of ozone,
5.81 ev. 23,24 Apparently the lower electronegativity of carbon stabilizes the
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gzwitterionic structure (14b) relative to the corresponding state of ozone.
[See Section IV.D for further discussion of the zwitterion-biradical character. ]

In the case of substituted peroxymethylene, the planar ground state
can exist as either of two isomers, syn or anti, depending on which side the
substituent is placed. In order to determine the stereochemical consequences
of this, it is necessary to know the barrier to interconversion of these two
isomers, i.e., the barrier to rotation about the C-O loond.6 The GVB-CI
calculations lead to a barrier for‘ this process of 29.1 kcal, indicating that in
solution phaise reactions, at least, the isomers will not interconvert. How-
ever, this will not necessarily be true in gas phase reactions where the
Criegee intermediate may be formed with sufficient vibrational energy to
surmount this barrier (we estimate that the reaction leading to the Criegee
intermediate is exothermic by >40 kcal/mol). |

The calculated energies of the other states of perpendicular peroxy-
methylene are summarized in Table I.

B. Dioxymethylene. The calculated GVB-CI energies of the eight biradical
states of dioxymethylene (open geometry) are shown in Table I. Averaging over

spin states, the relative energies are

27 (13) 0.0 kcal
3w (12) 8.9 kcal
4w (11) 11.8 keal.

There are two surprising aspects of these results. First, we would normally
expect the singlet 4r state to be lowest since in this state the p o orbitals can
overlap, leading to increased bonding (decreasing the OCO angle of the singlet
4y state leads directly to the ground state of dioxirane). Second, the total
separation, 12 kcal, between the 27 and 4w states is much too large for normal

1, 3-biradical couplings.
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The explanation for these effects lies in the interaction of a doubly-occupied
oxygen sigma lone-pair with an adjacent C-O bond,‘ see (11)-(13). The C-O bond,
being highly polarized toward the oxygen, effectively stabilizes adjacent lone
pairs lying in the same plane as the C-O bond. Thus the 27 states, having two
stabilized lone pairs, are lowest in energy and the 4n states, having no stabilized
lone pairs, are highest.

From the magnitude of the 2#-37-47 splittings, we conclude that this lone-

pair stabilization effect is worth ~ 6 kcal per lone pair. An experimental estimate

of the energy involved in lone-pair stabilization can be obtained by comparing

the C-0 bond energy of methanediol with that of ethanol. First though, consider

the effect of an adjacent oxygen on typical C-H bond energies, 25,26
D, (CH,CH,CH,-H) = 97.9 kcal
D, (CH,OCH,-H) = 94,1 kecal.

We conclude that an oxygen lone pair adjacent to a carbon radical center

stabilizes the radical by 3.8 kcal. Now, consider the analogous C-0 bond

energies, 25
D, (CH,CH,-0OH)

D, (HOCH,-OH)

92.1 keal
96.9 kcal.

Thus replacement of CH, by OH strengthens the adjacent C-O bond by 4.8 keal.
Since the OH stabilizes the radical center by 3.8 kcal, the lone-pair stabilization
of the diol must be 8.6 kcal, in reasonable agreement with that estimated for
dioxymethylene (12 kcal). Because of the large magnitude of the lone-pair
stabilization effect, it plays an important role in the mechanisms of many
reactions, including the ozonolysis of olefins (e.g., see Section IV.B), the

27 28

ozonolysis of acetals”™" and the lOz-olefin ene reaction.
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This lone pair stabilization is a very general phenomenon, often referred

to in the literature as the anomeric effect. 29-31 As noted here and else-
28,29, 31, 32

where the effect results from a delocalization of a heteroatom lone

pair into the region of an adjacent polar bond as shown below,

\\\\\\\“"

The result is an increased stability (~5 kcal each) of ’configurations in which a
lone pair is in the same plane as an adjacent heteroatom. As an example,
consider methanediol. The O-H bonds ar‘e roughly perpendicular to the oxygen
lone pairs and thus orienting the lone pairs in the OCO plane (to maximize lone
pair stabilization) forces the O-H bonds to be perpendicular to this plane. In
fact, it is foun.d32 that the most stable configuration of methanediol is one in

which both O-H bonds are perpendicular to the OCO plane as shown,

.uﬂ‘““ H
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C. Thermochemistry. The C-O and O-O bond energies of the ring state
from GVB(7/17)-CI calculations are shown in Table II. These results together
with the GVB(3)-CI energies, Table I, accurately determine (x4 kcal) the rela-
tive heats of formation of all of the states corresponding to configurations (5)-
(13). In order to obtain absolute heats of formation it is necessary to estimate
independently the heat of formation of one of these states. As a starting point,
cansider methanediol, AH, = -93.5 keal (all AH, will be for 298°K).26 The
O-H bond energies of methanediol are expected to be nearly independent of
each other and approximately equal to the O-H bond energy of methanol,

103.6 kcal. 16 Therefore we estimate as follows,

Qe
/
AH, (Hzc\o

= 9.5 keal.

) = -93.5 + 2(103.6) - 2(52.1)

Now, methanediol is stabilized by the lone pair-C-O bond interaction discussed
in Section III,B. Therefore the estimated AHg corresponds to an average over
those biradical states with similar stabilizing interactions, i.e., an average
of the *(2x) and *(2r) states. Using this estimate and the results of the GVB-CI
leads to the heaté of formation shown in Table III.

As a check on the consistency of the calculations, we can independently
estimate the heat of formation of one of the COO biradical states. For
example, starting with the peroxymethane radical, 26

Q)

AHg (H3C—@ ) = 6.7 keal,
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we first estimate the C-H bond energy. In order to minimize any 1, 3-diradical
interaction we break a C-H bond in the COO plane, forming the (3w) biradical
states of perpendicular peroxymethylene. The C-H bond strength of methanol is 94
kcal, 4 kcal less than that of ethane. The decrease is due to a three-electron

bonding interaction in the biradical,

H " H

N2/
—() ,

H/G). ,

an effect that is not present in the perpendicular geometry of peroxymethylene
biradical. Therefore we use a C-H bond energy of 98 kcal leading to the

following expression for the biradical heat of formation,

6.7 +98 - 52.1
52.6 .

AH, (H,COO)

This represents the average of the singlet and triplet (37) biradical states of
perpendicular peroxymethylene. Excitation energies from GVB-CI calculations
lead to AH, ['A”(37) perpendicular peroxymethylene] = 54.7 keal, in good
agreement with the previous estimate of 58.2 kcal (Table Im).

Using the group additivity method of Benson26 together with the GVB-CI
heat of formation for the ring state (=5.7 keal) leads to a predicted ring strain, for (9),
of 21 kcal/mol. This is slightly less than the strain energy for other three-
membered rings (27.6 kcal for cyclopropane and 26.9 kcal for ethylene oxide).

Using a combination of experimental, group additivity, and GVB-CI
heats of formation leads to the ozonolysis thermochemistry shown in Figure 2.
The heats of formation of the four C;H,0, biradicals were calculated using the
following radical group functions; -C(C)(H), = 36.1, -C(O)(H), = 31.9, -O(C) =
13.6, -0,(C) = 16.7, and -0,(0) = 35.2. The ring strain of the 1, 2, 3-trioxalane
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structure was assumed to be 6 kcal (based on cyclopentane), while that of the
1,2, 4-trioxalane was assumed to be ~ 16 keal due to the loss of lone-pair
stabilizations upon ring formation. Finally, the group function for O(0), was
taken to be 14 kcal, from an extrapolation of the heats of formation of CH,OCH,
and CH,O00CH, rather than the value suggested by Benson (19 kcal), which is an
average of the C'HSOI‘CH3 and HOnH extrapolations.
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A, Gas Phase Mechanism, From Figure 2 we see that the steps in the
Criegee mechanism are energetically plausible. Note, however, that the step
leading to epoxide and O, (*A) is also energetically acceptable as are the steps
leading to dioxymethane in the open or closed forms. Epoxide is a well-known
product; however, there is apparently no strong evidence in favor of interme-
diacy of dioxymethane.

In gas phase ozonolysis the slower quenching of vibrationally excited
intermediates allows several additional reaction pathways and a number of

additional products have been observed experimentallyo&s’ 34

For example,
Pitts has reported the formaldehyde *A”(nm*) - A, and OH *z* =211 chemi-
luminescence from ozonolysis of ethylene., Emission from S‘A‘u glyoxal has
been observed from the ozonolysis of

cis and trans 2-butene. O'Neal and Blumstein35 have proposed a competing
pathway for the gas phase ozonolysis of ethylene involving H abstraction by the
primary ozonide biradical (Path D of Figure 3) leading directly to an e-hydro-
peroxy aldehyde intermediate. The Pitts' experiments have been interpreted
to support this mechanism.

In Figure 3 we show four possible pathways for decomposition of the
primary ozonide biradical. Path B involves a splitting of the form proposed
by Criegee, while Path D is the H-abstraction of O'Neal and Blumstein, We
suggest a third possibility, Path A, consisting of a 1, 2-hydrogen shift leading
to a biradical which can then undergo ring closure, forming a dioxetane. The
dioxetane intermediate would then be expected to cleave, forming an electron-
ically excited formaldehyde (*A”) and a ground state formic acid. The key
step in Pathway A is the initial 1, 2 H~migration. The activation energy

for this process is expected to be only slightly less than the C-H bond strength
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(~ 16 kcal), unless the H-migration and ring closure are concerted. While

significantly larger than previous estimates for the H-abstraction pathway

(~9 keal),3® this is still well below the available vibrational energy of the
. biradical (~ 33 kcal).

The activation energy for the Criegee splitting process, B, is in consider-
ably greater doubt. O'Neal and Blumstein35 have suggested an activation
energy of 16.5 kcal based on the experimental activation energy for
decomposition of t-BuO radical. They note, however, that this does not
include any "polarization" stabilization of peroxymethylene. '

The GVB-CI calculations indicate this stabilization to be > 20 keal (comparing
with the perpendicular biradical states). Assuming then that the transi-
tion state is stabilized by one-half this amount leads to a predicted activation
energy of < 6.5 kcal, well below that estimated for any of the competing
mechanisms. 4

We also note in Figure 3 a pathway, C, leading to thé formation of O, ("Ag)a
Tt has been shown36 that 0, (lAg) - reacts with/ ethylene in the gas phase
leading to *A” formaldehyde chemiluminescence. Thus Pathway C provides
an alternative explanation for the observed excitéd state formaldehyde.

A number of additional products can be formed from bimolecular reactions
involving some of the proposed intermediates; however, in Figure 3 we have
restricted ourselves to unimolecular processes. In addition, excitation energy
transfer may lead to some of the observed chemiluminescence. O'Neal and
Blumstein have suggested that the observed *A” formaldehyde chemiluminescence

may result from a dioxetane intermediate formed as follows:
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This mechanism requires a substituted ethylene and hence does not explain
the observed chemiluminescence of *A” CH,O in the ozonolysis of ethyli.en.en34
However, this chemiluminescence can be understood on the basis of the 1,2
H-migration mechanism as shown in Figure 3 (Path A). |

Thus far: we have considered primarily the mechanism of ethylene
ozonolysis. The effect of alkyl substituents on the C-C double bond will be
threefold; (i) additional pathways for decomposition of the primary ozonide
biradical will become available (8 and y H««-a]r)stmction),,33 (i) excess vibra-
tional energy will be dissipated to some extent, leading to an increased
importance of processes with smaller activation energies (regardless of the
A-factors involved), and (iii) the C-C bond strength will be decreased, leading
to a decrease in the activation energy for Criegee splitting.

B. Solution Phase Mechanism. In solution the ozonolysis intermediates,
although formed vibrationally "hot", will be rapidly quenched, leading to a
decrease in the number of competing pathways and to an increase in stereo-
specificity. Indeed, solution phase ozonolysis of olefins is known to prbceed

to high yields of secondary ozonide, in some cases stereospecifically. 5,37
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Conformational analysis of the primary ozcmide5 (see Figure 4) indicates
that axial substituents should exhibit a preferénce for forming the syn peroxy-
methylene conformation, while equatorial substituents should be preferentially
incorporated into the anti position. Furthermore, the anti peroxymethylene
conformation is the more stable one (by 1-2 kcal) and hence should be formed
with some p.reference, other factors being equal. For sizeable substituents,
the trans di-substituted primary ozonide will prgfer a diaxial conformation,
while the cis ozonide will prefer an axial-equatorial conformation, 3 Thus we
expect trans-disubstituted olefins to preferentially form syn-peroxymethylene,
while cis olefins should form anti.

The final step in the ozoholysis reaction involves the addition of peroxy-
methylene to an aldehyde The estimated thermochemistry of this addition is
shown in Figure 2. Assuming the addition to involve a biradical intermediate,

there are two possible biradicals to consider, (15) and (16).

H,C: O CH

2
(g_) 9/ ~
ol |
CH,
AHf = +8 kecal
(15) AHf = + 20 kecal
(16)

However, since the -COCOO - form (15) is expected to be 9 kcal more stable

than the alternative -OCOQC - form, and since the addition of aldehyde to

peroxymethylene forming the -COCQO - biradical (15) is only 4 kcal endothermic ,

we expect that the addition will proceed through the - COCOO » biradical intermediate.
Considering in more detail the 1,5~ COCOO - biradical (15), the lone-pair

stabilization (anomeric) effect (Section III. B) implies that this biradical will exist
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in either of two preferred conformations, (17) and (18), with a ~5 kecal barrier to

N
interconversion. Furthermore, rotation about the -}C —00° bond will be hindered

~Nc

(17) (18)
due to the lone-pair stabilization. Thus conformation (18) will have an additional .

5 keal parrier to ring closure and should either dissociate or

generate free radical products. We predict therefore that the
secondary ozonides are formed via the -COCOQ - biradical with the conforma-
tion shown in (17) and that the sterecochemistry of this reaction can be under-
stood on the basis of this intermediate.

Considering now the specific case of a symmetrical, disubstituted olefin,
the predicted reaction pathways are shown in Figure 5. We have assumed here
that the dominant factor in determining the course of the reaction for bulky
substituents will be nonbonded, steric repulsions. Thus, for large substituents,
biradicals A-D will ring-close in such a way that the bulky carbonyl substituent
is rotated away from all neighboring group interactions. The result is that
these steric interactions cause the syn peroxymethylene to favor production of
trans product, while the anti form should lead to cis product. Hence, for bulky

substituents, cis and trans olefins are expected to lead stereospecifically to cis

and trans secondary ozonides, respectively.

An additional effect on the biradical closure should be considered. Since

the peroxymethylene biradical is isoelectronic to ozone, orbital phase argu-

38

ments”® indicate that it will exhibit a preference for suprefacial 4w s ¥ 2m s
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addition. For biradicals B and D (Figure 5) the steric and orbital phase con-
siderations lead to the same prediction. However, for biradicals A and C,
opposite results are predicted (steric considerations imply antarafacial addi-
tion). Of these two biradicals the steric repulsions will be much larger for A
(R-°°R interaction) than for C (R--°H interaction). Thus, orbital phase con-
siderations are expected to be most important (relative to the steric effects)
for the ring closure of C,band hence for small substituents (e.g., R = CHy)
orbital phase effects could dominate this ring closure. In fact, ozonolysis of
both cis and trans 2-butenes is observed to produce primarily trans secondary

ozonide, 5

as expected on the basis of orbital phase considerations.

Several additional features of solution phase ozonolysis reactions can be
understood on the basis of this mechanism. For example, steric considera-
tions predict that addition of a carbonyl to a peroxymethylene having a bulky
group in the syn position will lead preferentially to biradical (18). This bi-
radical will have large rotational barriers preventing ring closure, and thus
formation of (18) is expected to lead to an increase in radical reactions (poly—
meric products) and a decrease in ozcnide yield. In fact, ozonolysis of trans
olefins (via syn peroxymethylene) is observed to proceed with much lower yields
of secondary ozonide than the corresponding cis olefins. 5,37

A second conclusion from the biradical mechanism is that the cis-
secondary ozonides result from the thermodynamically more stable peroxy-
methylene intermediate (anti). Thus syn-anti equilibration of the peroxy-
methylene species will lead to an increase of cis product. Recently, Bailey
et al. 39 reported the results of experiments on the effect of complexing agents

on the stereospecificity of ozonolysis reactions. They found that complexing

agents lead to an increase in the relative yield of cis-secondary ozonide from
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both cis and trans olefins., Furthermore, at increased temperatures (or

increased solvent polarities), in the absence of a complexing agent, they

found a decrease in the stereospecificity of the reaction. On the basis of the
proposed biradical mechanism, we interpret these results as follows:

1. In the absence of complexing agent, little or no syn-anti equilibration
occurs (the calculated barrier to interconversion is 29 kecal),

2. The complexing agent greatly increases the rate of syn-anti equilibra-
tion (probably by reversibly binding to one end of the peroxymethylene),
leading to an increased concentration of the more stable (anti) peroxy-
methylene and thus to an increase in cis ozonide pzmduct.40

3. At higher temperatures the final ring-closure step is less stereospecific
(due to increased rates of bond rotation relative to the rate of ring
closure). It is expected that this would favor the more stable product
(trans) as observed.

4, An increase in the‘ solvent polarity may increase the lifetime of the
1,5-biradical, again leading to a loss of stereospecificity.

In conclusion, the biradical mechanism proposed here explains a large
body of experimental results on solution phase ozonolysis.

C. Comparison with Previous Calculations., Recently, Hiberty

reported the results of calculations on the mechanism of ozonolysis. These

41 has

calculations employed a double zeta basis set and Hartree-Fock wavefunctions,
augmented in some cases with limited CI calculations. The present calcula-
tions involve a much moré flexible basis set (double zeta plus d-polarization
functions) and extensive CI calculations. Comparison of the present DZd-GVB
results with earlier DZ-GVB calculationsl indicates that d functions have large
effects (10-20 kecal) on the relative energies of various intermediates. For

example, without d functions the barrier to syn-anti interconversion is pre-
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dicted to be 19 keal, while comparable DZd calculations predict a barrier of

29 kcal (Hiberty predicts a barrier of 12 kcal). In addition, the DZ calculations
predict some states of the open “OCO - biradical to be below the ring state,
while the DZd calculations predict the ring state to'be at least 10 kecal below

all of the biradical states. In light of these differences, we conclude that cal-
culations employing DZ basis sets, while adequate for predicting the qualitative
nature of the intermediates, aré not sufficiently accurate to predict relative

energies of key intermediates.
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D, Singlet Biradicals vs Zwitterions, Calculations reported here

and elsewherel’ 14

indicate that peroxymethylene and ozone are most accurately
described as 1, 3 singlet biradicals. In the past, the observed reactivity of these
species has been interpreted to indicate a zwitterionic mode of bonding. For
example, ozone has most often been described as a resonance of structures

19a and 19b.

y ot +o\
& Dot s o o 19)
(2) (b)

The zwitterion model of ozone has received indirect support from experiments
implying an electrophilic nature for ozone. For example, the relative reactivi-
ties of substituted aromatic compounds with ozone fit the trends expected of an
electrophilic agent.42 Similar studies on the ozonolysis of chlorinated olefins
have also been interpreted to support the electrophilic character of ozone and
the zwitterionic model of bonding in ozme,43 Similarly, it has been shown that
addition of peroxymethyiené to carbonyls occurs in a manner consistent with the
zwitterion model.

A key misconception in the interpretation of these experiments is in the
assumed behavior of 1, 3-biradicals, The electrophilic nature of oxygen-centered
radical species is well-established and is consistent with the large electron
affinities observed for oxygen-centered radicals [EA(C,H,0°) =1.68 eV, .
EA(Q,) = 1.92 eV] 44 por example, the electronic structure of O, (*A) involves
two perpendicular, singly-occupied, "'radical' orbitals and yet *O, exhibits

electrophilic character in reactions with oleﬁns.,45

Thus the chemistry of ozone
and of peroxymethylene is quite consistent with the 1, 3-biradical character
derived from the ab initio wavefunctions, and there is no need o postulate

zwitterionic structures.
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There are two important qualifications to the preceding discussion. The
calculations reported here describe an unsubstituted, gas phase (i.e., not solvated)
peroxymethylene molecule. Both solvation and substitution should alter the rela-
tive energies of the biradical and zwitterionic states and may alter the character
of the ground state. ,

In Section III. A it wés noted that the present ab initio calculations place
the zwitterionic state of peroxymethylene 3.99 eV above the biradical ground
state. However, in these calculations the excited zwitterionic state is forced
to be orthogonal to the lower biradical state. In order to discuss the effects of
solvation and substitution, it is more relevant to consider the energy of a zwitter-
ionic state tha‘tv is not constrained to be orthogonal to the biradical state. The
actual optimum wavefunction will, of course, be a combination of both states,
emphasizing whichever state is of lower energy.

To estimate the energy of a nonorthogonalized zwitterion state, we will
start with the 1, 3-biradical and construct the 1, 3-zwitterion by ionizing the electron
of the carbon radical center and attaching this electron to the oxygen radical
center. The energy change for this process is given approximately by the

relationship,

AE(eV) = IP(C-) - EA(O") ~ 14,40/300 s (20)

where

IP(C-) = ionization potential (eV) of the carbon radical center

EA(O-) = electron affinity (eV) of the oxygen radical center

RCO = distance (E) between the carbon and oxygen radical cénters

= 2,23 A,

In order to account accurately for the effect of coupling bétween the radical
centers, the energy of the zwitterionic state is calculated relative to thé.t of

the *(5%) biradical stafe in which the radical orbitals are rigorously orthogonal.
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The energy of the zwitterionic state relative to the 1(41r) biradical state can then
be obtained using the GVB-CI *(4r) —~'(5%) excitation energy.

In order to evaluaté the zwitterionic energy from (20), we must estimate
appropriate "local” radical center ionization potentials and electron affinities.

In the calculations reported here, the following values are assumed, 44,46

EA(O-) = 1.68 eV = EA(CH,CH,0)
IP(CY) = IP(R,R,COH) ,

and the results are given in Table IV, 47 These calculations indicate, as expected,
that alkyl substituents significantly stabilize the zwitterionic state relative to
the biradical state. In fact, the calculations predict'that the biradical and
zwitterionic states of gas phase dimethyl substituted peroxymethylene are
approximately degenerate. Thus the ground state of this species will have a
large degree of both biradical and zwitterionic character. Stronger m-donating
substituents (amino, alkoxy, etc.) are expected to swing this balance even further
toward the zwitterionic state.

Consider now the effect of solvation on the electronic structure of
peroxymethylene. As a quel, assume the molecule to be in a spherical
cavity of radius R(A) surrounded by a dielectric medium with dielectric constant
€. The stabilization of the zwitterion relative to the biradical can then be esti-

mated using the formula.,48’ 4

B - py
AE(keal) = [-€£=1) "2 "B »14.4
2¢ + 1 R

where By is the dipole moment (debye) of the zwitterionic state and (135 ig the
dipole moment of the biradical state. Taking by = 3. 50 D (from the GVB-CI
wavefunction), By = 10.7D (unit charges separated by a distance of
2.23 A) and R = 2.5 A, we obtain the following expression,



90

- €=1 1
AE = e X 94.2 kcal/mol.

Therefore, for unsubstituied peroxymethylene, a solvent dielectric constant
of = 2.5 will bring the zwitterionic state below the biradical.

We conclude then that the ground state of gas phase peroxymethylene is
most accurately described as a 1, 3-singlet biradical. However, the energy
separation between the nonorthogonalized biradical and zwitterionic states is
small and can be significantly affected by substituents or solvation. Thus the
electronic structure of Criegee intermediates will depend critically on the nature
of their environment, However, since the chemistry of the two species [singlet-
biradical and zwitterion] is expected to be very similar (vide supra), the

distinction may well be unimportant for mechanistic considerations.
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Y, Conclusion

The qualitative model of ozonolysis previously suggested1 involving a
singlet peroxymethylene biradical intermediate has been confirmed with
more accurate calculations (larger basis set, more extensively correlated
wavefunctions). In addition, the calculations reported here are of sufficient
quality to determine accurately the relative heats of formation of the various
proposed intermediates in ozonolysis. It was found that formation of the Criegee
intermediate (peroxymethylene) : is 10 keal endothermic from the
primary ozonide (1, 2, 3-trioxolane) or ~ 10 kcal exothermic from a postulated
1, 5-biradical intermediate. Peroxymethylene was caleulated to have a
29 kcal barrier to rotation about the C-Q bond, indicating that syn and anti isomers
will be configurationally stable in solution. In addition, it was found that the
ring .state of methylene peroxide (dicmrane) is 36 kcal below the open peroxy-
methylene form.

These results are used to propose a mechanism for the gas phase ozonolysis
of ethylene involving four pathways to decomposition of the postulated 1,5-OCCOO
biradical intermediate. One pathway; 1,2 H-migration, is found to lead to a
dioxetane inte;-mediate , the cleavage of which would lead to chemiluminescence
from A" CH,0 (as recenﬂy observed),

In addition, it is shown that many facets of solution phase ozonolysis
(including stereospecificity, relative yields, and effects of complexing agents)

can be understood on the basis of the biradical mechanism,
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Table I. Calculated Excitation Energies for Péroxymethylene Biradical and
Dioxymethane (eV)

State GVB(3/PP) GVB(3)-CI GVB(7/17)-CI
(A) Open Planar COO; see (5) and (6)
4 1A’ 1.86 1.29
13a° 2,45 2.49
2 1A’ | 5.28
2 3A’ 9,58
57 1°A” 2.86 2,92
1*A” 2.92 3.00
2 A" 9,27,
2 *A” 9.51
(B) Open Perpendicular COO; see (7) and (8)
3 1°A” 2,40 2,37
1A” 2,50 2,55
4 1°A’ 2.50 2.70 3.13
1°A° 2.81 2.95
(C) Open Perpendicular OCO; see (11), (12), and (13)
2 1°A, 0.05 0.48
1°B, 0.05 0.52
S 1°A, 0.60
1A, : 0.78
1°B, 0.94
1°B, 1.14
dr 2°'A, 0.45 0.97 1.33
2°B, 0.55 1.04
(D) Ring; see (9)
ar A, 0.00 0.00 0.00

“Total Enmergy (h) -188,74026  -188,80355
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Table II. Calculated Bond Dissociation Energies (kcal/mol) of Dioxirane.2
These calculated energies assume 4r states for the dissociation
species; since this is not the lowest state, the adiabatic bond

energies are smaller (see Table III).

EEstimated‘—’
.; Bstimated rror in .
Bond Calculated Zero-Point Theoretical EstDnnated
e  Correction De 0.
0
H,cyg 72.1% -5.6 +0.8 67.3
: '\O , g
0
1,0’ 30,74 -0.5 -4.2 26.0
2
\o

2 Based on GVB(7/17)-CI wavefunctions for dioxirane and for the *(4r) state
of the biradicals. _

B Taken from equivalent calculations on the bdndAenergies of CH,-OH and
HO-OH. '

€ Total energy of ring state, -188.8437.

94 potal energy of ring state, -188. 8515.
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Table M. Calculated Heats of Formation (T =298°) of Peraxymethylene

Biradical, Dioxirane, and Dioxymethylene (kecal)

Q
Planar COO A’ (4m) _ 29.1
(Figure 1A) A’ (4m) 56.8
A" (5m) 68.5
A" (5m) 66,7
Perpendicular COO *A’ (37) 58.2
(Figure 1B) A’ (3n) 54..0
A" (4) 61.6
SA” (4r) 67.4
Ring (Figure 1C) A’ (4m) -5.7
Perpendicular OCO 14, (29) 9.0
(Figure 1D) 1°g, (2n) 10.0
*A, (37) 16.0
%A, (37) 11.8
B, (3m) 24.3
*B, (3n) 19.6
24, (4n) 20..3

2°p, (47) 21,9
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‘Table IV. Substituent effects on the energy, AE, of the zwitterionic state of
peraxymethylene (R,R,COO0) relative to the biradical state.?

AH(R,R,COH") AH(R,R,COH) IP(Cs)  AE

R T kcal kecal ev keal
H H 160°, 172° -6.0 7.5 23
CH, H 136°, 145° -18.5 7.0 12
CH, CH, 115°,125¢ . .20.3 6.5 0

2 See Section IV.D for explanation of parameters..
b From ref 44b, assuming the proton affinity of NH, is 205 kcal.
€ From ref 44a.
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Figure Captions

Figure 1. Geometric parameters used in calculations. All bond lengths are
in angstroms. All CH bond lengths were taken to be 1.08 A, Underlined
pa:rameters are the optimum values from GVB-CI calculations.

Figure 2, The thermochemistry of ozonolysis. The calculated heats of
formation (kcal/mol) are shown below each set of molecules, The dashed

lines trace out the Criegee mechanism.

Figure 3. Possible mechanisms for gas phase ozonolysis of ethylene. Species
formed with a large excess of vibrational energy are marked with £ ; those
formed in excited electronic states are dencted by *. Pathways A and C are
new mechanisms, Pathway B involves an initial Criegee-like splitting, and

Pathway D was proposed by O'Neal and Bluméi gin (ref 24).

Figure 4. Stereoselective decomposition of cis and trans disubstituted
primary ozonides. This é.nalysis is based on the C (0-0Q) enveiope conformsa-
tion, which is most appropriate for very large substituents (e.g., t-butyl).

A similar analysis leads to the same result for all six envelope and half-chair
conformations, with the exception of the trans Q (C-C) envelope. This latter

conformation is not expected to be low energy (Ref. 42),

Figure 5. Proposed biradical mechanism for the stereospecific ozonolysis of

cis and trans disbustituted olefins. Inthe drawings A, B, C, and D, the carbonyl
axygen is directly above the peroxymethylene carbon and the conformations are
such that the dotted p orbital has a lone-pair stabilization (anomeric interaction)
with the peroxymethylene CO bond. Arrows around the biradical C-O bonds
indicate the sterically preferred direction of rotation to closure (such thai«t the
bulky R-group will move away from all neighboring groups). Orbital phase

considerations predict suprafacial addition and hence lead to the same closure



102

direction for biradicals B and D but the opposite direction for A and C. For
large groups (e.g., R ={~Bu) the steric effects dominate for all four cases.
For small groups (e.g., R = CHy), C is expected to follow the orbitally allowed
(suprafacial) addition as indicated with dotted lines; even here, the other three

cases should follow the steric pathways.
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The potential curves from extensive ab initio configuration interaction calculations on the three lowest states of methyl-
ene (3B;, YAy, and !B;) and one state (231) of CH; are reported. The Franck—Condon factors from the vibrational wave-
functions obtained using these potential curves lead to excellent agreement with the observed !By —! Ay spectrum (Herzberg)
and also lead to an excellent fit with the photoelectron spectra of CH; (Lineberger), showing that the lowest three bands in
the observed negative ion spectrum are hot bands (from vibrationally excited CH; ). Reassignment of the observed spectrum
based on these calculations leads to the prediction of a ' A; —3B; splitting of 0.39 % 0.05 eV (9 kcal); theoretical value: )

0.45 eV.

Despite numerous experimental [1—10] and theo-
retical [11—15] studies, there remains a continuing
controversy concerning the relative energies of the
three lowest states (3B, 1 A, and !B;) of methyl-
ene. In the first experimental studies on methylene,
Herzberg [1,2] assigned the lowest observed band in
the visible spectrum (10823 cm~1)as 1B, (0,6 ¢
2,0)« 1A, (0,0, 0) based on an extrapolation of the
13C isotope shifts. This extrapolation also led to the
prediction of the 0—0 transition (unobserved) at
0.88 £ 0.06 eV. Since then, several theoretical studies
have been reported, the most extensive of which led
to a 0—0 separation of 1.08 eV [15].

The greatest controversy has centered around the
1A1—3B1 splitting of methylene. Recent theoretical
studies [15]7 led to the prediction of a 0—0 singlet—
triplet separation of 0.45 eV, in good agreement with
previous calculations [11—14] and in reasonable agree-

* This work was supported in part by a grant (CHE73-05132)
from the National Science Foundation. Acknowledgement
is made to the donors of the Petroleum Research Fund, ad-
ministered by the American Chemical Society for partial
support of this research.

** Contribution No. 5633.

ment with recent photochemical studies (0.39 eV)
[4,5] . However, the first direct measurement [7] of
this separation (from photoionization of CH ) led to
alA, —381 splitting of 0.84 eV, quite at variance with
both theory and the (indirect) photochemical studies.

In this communication we report the results of a
detailed vibronic analysis of both the visible spectrum
¢ B, « lAl) of CH, and the photoelectron spectrum
of CHy (ZBL), using potential curves obtained from
accurate, highly correlated wavefunctions.

The computational details were reported previous-
ly [15]. Briefly, the calculations employ a flexible
basis set (35 basis functions) and involve an extensive
level of electron correlation (generalized valence bond
using 14 natural orbitals and configuration interaction
allowing up to selected quadruple excitations using the
entire basis) referred to as GVB POL CI.

T This paper corrected only for bending contributions to the
zero-point energy leading to 0.48 eV. Using force constants
from the calculations reported here, we find total zero-point
energies of 0.437, 0.452, 0.445, and 0.443 eV for the 2By,
3By, YAy, and !B, states, respectively. Correcting for the
0.007 eV difference between 3B, and ' A, leads to 2 0-0
separation of 0.45 eV.
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Fig. 1. Potential curves and vibronic energies for the bending
mode of CH, and CH; (from GVB POL CI calculations).

The GVB POL CI potential curves™® are shown in fig.
I together with the calculated vibrational energy levels
for each state. The resulting equilibrium geometries
(®By: R, = 1084 4,0, =133.2%1A;: R, = 1.113 A,
6, =101.8%1!B;: R, = 1.085 4,0, = 140.9°;and ?B;:
R, =1.121 A, 8, = 102.9°) lead to rotational constants
within 1% of those reported by Herzberg [1,2].

Comparing the calculated vibrational spacings and
isotope shifts with experiment, we find excellent agree-
ment if the lowest observed 1B, « 1A, transition is
reassigned as 5-0f (calculated position, 1.375 eV;
observed, 1.342 eV). The low extrapolated value for
the 0—0 transition (0.88 V) is found to be due to the
use of a slope of 0.0055 for the isotope shift versus

* In these curves the optimum bond distance for each state is
used at each angle. The level of correlation employed in
these calculations leads to accurate geometries and excita-
tion energies; however, calculated electron affinities are
typically low by 0.5 eV. Thus in fig. 1 we have shifted the
negative ion curve by —0.02926 h in order to match the
YAy « 2By 0-0 transition with experiment.

T Because of the large inversion barrier in the Cl-h(l A) and
CH; (*By) states, the first 12 vibrational states of the
double well potential consist of six pairs of nearly degen-
erate (AE < 0.5 cm ™) levels. Thus, for simplicity we treat
these as simple (single) wells with no degeneracies. As a
result, both even and odd Av are allowed for transitions to
the "381 states.
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frequency plot (based on a parabolic potential curve),
whereas theory (and experiment, if v = 8 is excluded)T
leads to a slope of 0.0065. Thus we estimate

AEGo(1By—1A;)=1.08 £0.05eV.

Also shown in fig. 1 are the calculated vibronic
energies of the negative ion state (ZBI). These vibra-
tional wavefunctions lead to Franck—Condon factors
from the v = 0, 1, and 2 levels of the negative ion
to the v = 0 level T of the neutral (3B;) state of
0.032, 0.096, 0.141, and 0.237, respectively. Assum-
ing populations of 0.751, 0.185, 0.050, and 0.014 for
thev=0, 1, 2, and 3 levels of the negative ion (this
corresponds approximately to a Boltzmann distribu-
tion for a temperature of 1370 K), the calculated
Franck—Condon factors are converted into the pre-
dicted relative intensities® shown in fig. 2. Superim-
posed on the GVB POL CI spectrum is the observed
photoelectron spectrum of Lineberger et al. [7]. We
find the positions and intensities of the “hot” bands,
0-3,0-2, and 0-1, to be in good agreement with the
first three observed peaks(labeled A, B, and C). The
position of the fourth peak (D) is in excellent agree-
ment with the predicted 0—0 transition (of 0.45 eV),
implying a L A; —3B, separation of 0.39 eV¥. (The
predicted separations of the first five peaks are™ 0.150,

11 As noted by Herzberg [2], the presence of large perturba-

tions in the !B vibronic states leads to highly irregular

1B, vibrational spacings. This makes an accurate assign-

ment of the observed transitions difficult.
© The spin factors for transitions from 2By to °By, YAy, and
1B, are 1.5, 1.0, and 0.5. Thus, ignoring the dependence of
photoionization cross sections upon energy above threshold
and upon whether a o or « orbital is being ionized, the ob-
served spectrum should be the square of the spin factor times
the Franck—Condon factor. The observed spectra suggest
that the ratio of intensity to *A; and to®B; is 0.76 rather
than 0.44, suggesting that the other factors are lower for
YAy than for 3B;.
The assignment of D as the 0—0 band implies that our cal-
‘culated ! Ay —3B, separation is in error by 0.06 eV. Conse-
quently, all of the 3By —2B; peaks of fig. 2 have been shift-
ed to higher energy by 0.06 eV to correct for this error.
Comparison of the calculated (1451 cm~!) and experimen-
tal (1353 cm™!) vibrational frequencies for the ! A; bend-
ing mode indicates an error of 0.012 eV. We expect a similar
error in the 251 frequency and have therefore included the
appropriate correction in these spacings. The calculated vi-
brational spacings for the 1B, state are in excellent agree-
ment with experiment [2] and hence no corrections are ex-
pected to be necessary for the 3B, levels.

<
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Fig. 2. Comparison of theoretical and observed [7] CHy (zBl) photoionization spectra (see ref._F[IS], and footnotes* and ¥ in
the text). Inclusion of spin factors should decrease the intensity of 1 By with respect to 3B1 by a factor of 9; see footnote ©.

0.151,0.145,and 0.140, while the observed values [16]
are 0.150, 0.147,0.148, and 0.137.) This assignment,
implying a lAl—3Bl separation of 0.39 eV, is in ex-
cellent agreement with the photochemical result (0.39
eV) [4].

In conclusion, a detailed ab initio vibronic analysis
has confirmed our previous prediction [15] of the
existence of two or three “hot” bands in the observed
CH; photoelectron specirum. These calculations also
lead to a number of verifiable predictions concerning
the high energy region (1B;—2B,) of the CH; photo-
electron spectrum as shown in fig. 2. Experimental
studies of this region would serve as an excellent test
of these results. _

Since the completion of this work, results of several
other extensive theoretical calculations confirming the
discrepancy between the theoretical and experimental
singlet—triplet separations have been reported. The
theoretical studies led to 0—0 separations of 0.49 [17],
0.46 [18] and 0.46 eV [19], in good agreement with
the GVB CI result (0.45) [15] reported previously.

We thank Professor W. Carl Lineberger for providing
unpublished details and analysis of the CH, photoion-
ization spectra,
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PART D: THE GENERALIZED VALENCE BOND
DESCRIPTION OF THE LOW-LYING STATES OF
KETENE
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I. Introduction

The ground state of CH, (sBl) has the form2™°

or (1)

consisting of two C-H bonds, a singly-occupied p-like 7 orbital and an sp
hybridized o orbital (where and O represent p orbitals in the plane
and pérpendicular to the piane, respectively). The ground state of atomie

carbon and oxygen have the forms

(2

where the line connecting the singly~-occupied orbitals indicates singlet pairing.
Combining (1) and (2) we find only two orientations leading to two

covalent sigma bonds:

(3
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and

(4)

We will denote orbitals antisymmetric | under reflection through the
plane of the molecule (i.e., b, symmetry) as # and orbitals antisymmetric
under reflection through the symmetry plane perpendicular to the molecule
(i.e., b, symmetry) as 7. (Reference 6 uses 7’ in place of 7.) |

Using (3) and allowing all possible couplings of the four singly-occupied
7 and 7 orbitals leads to six states: two singlets, three triplets and a quintet.
Of these three, a singlet, triplet and the quintet result from triplet coupling
of both the 7 and the 7 pairs and are therefore expected to be high-lying.

The remaining three states consist of the 1A1 ground state (resulting from
singlet-coupling both the ¢ nd E pairs leading to a total of fouf bonds)

and two °A, states, (7 = #*) and *(7—7*) (result.ng from triplet coupling
the s pair with singlet coupling of the 7 pair, and vice versa, respectively).

Similarly, configuration (4) leads to six states of which we will consider
only the lowest singlet and triplet. These two states will b\e‘deno!:ed lAzl or
*(n = 7*) and “A, or (n ~7¥).

The above/grgﬁysis of the states of ketene in terms of atomic wavefunctions
is referred to as a valence bond (VB) analysis. In this paper we report the results
of generalized valence bond (GVB)T’ 8 calculations in which the orbitals of
valence bond-type wavefuhctions are solved for self-consistently. The results
indicate that (3) and (4) correctly describe the qualitative nature of the states
but that polarization and delocalization effects are important for a quantitative

description.
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We also report configuration interaction (GVB-CI) calculations which
include the most important orbital coupling and correlation effects neglected
in the GVB xyavefunction.,- _

Some bf the details of the calculations are discussed in Section II, an
analysis of the GVB orbitals is contained in Section III, .and the calculated

excitation energies and dipole moments are reported in Section JA'A
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II. Calculational Details

A, Basis Set and Geometry, The double zeta (DZ) basis of Huzinaga®

and Durmi.ng,10 (9s, 5p/4s) primitive Gaussians contracted to (4s,2p/2s),
was used in all calculations.
The geometry used was the experimental ground state geometry:11
Rog =1-161 &, R =1.314 &, Ry =1.083 A, & HCH =123°, 42 CCO =
180°.

B. The GVB Calculations 2 The ground state HF wavefunction of ketene

consists of eleven doubly-occupied orbitals.
Yyup =0l ¢; - ¢l a8 - - - ap] ®)

The HF wavefunction of the low-lying excited states, though, consists
of ten doubly-occupied orbitals and two singly-occupied orbitals. In general
the correlation error in a closed shell HF ground state is significantly
greater than the correlation error in open shell excited states. This
differential correlation effect then leads to erroneously low HF excitation
energies. ' _

In the GVB wavefunction all orbitals are singly occupied and the spin
function is completely general; for ketene this would lead to twenty-two non-
orthogonal orbitals. However, one can also deal with intermediate cases
in which some electrons are paired into doubly-occupied orbitals as in the
HF method while other electron pairs are allowed to split or correlate into
nonorthogonal singly-occupied orbitals. In addition, it has been found that

7,13

two restrictions (perfect ipa,iring and strong orthogonality) can be imposed
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on the GVB wavefunction leading to a significant reduction in computational
complexity without serioﬁs effects upon the quality of the wavefunction. The
first approximation, perfect pairing, restricts the spin function to be the one
in which as many orbital pairs as possible are singlet-coupled for the given
spin state. The strong orthogonality restriction requires orbitals of different
singlet pairs to be orthogonal.

In the calculations reported here the four pairs corresponding to o,
#» and 7 bonds in the CO and CC regions were allowed to split into non-
orthogonal, singly occupied, singlet coupled orbitals. This wavefunction is-
denoted as GVB(4/PP) to indicate that four pairs of electrons are split |
(correlated) and that the perfect pairing and strong orthogonality restrictions
(PP) are imposed. Thus the GVB(4/PP) ground state wavefunction is of the

form

QL[ D: b2 -o b (PyPo+ PoPs) oovc (PryPrg + DugPrg)
X af af---- af] ‘ (6)

The perfect pairing restriction is generally adequate for systems with a
single important VB structure. For systems with two or more important VB
structures, such as allyl radical or benzene, the optimum orbital coupling often
differs greatly from perfect pairing. 14 Inthe n— 7" states, the r system is
formally that of allyl, and hence such effects could be expected to be important.
For this reason we carried out additional calculations in which the PP restriction
was relaxed (imposing only the strong orthogonality restriction on the 7 and T
orbitals). These calculations are denoted as GVB(4/SO).13As expected there was
little effect (0.0001 h) on the ground state but a significant effect (0.010 to 0.012 h)
onthe n = 7° étates. However, we found (see section C) that CI calculations baséd
on either PP or SO orbitals led to nearly identical absolute energies, indicating thatthe

SO calculations are not necessary if an adequate CI is performed.
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C. The CI C'alculal,tions.15 Wavefunctions of the valence bond form,

¢a ¢b+ ¢b ¢a9

where qba and ¢b are nonorthogonal, may be transformed to an equivalent

natural orbital (NO) representation,
e, ¢; - ¢, ™

where the NO's, ¢, and ¢, are orthogonal. Generally the dominant NO of
a GVB pair may be interpreted as a bonding orbital and the remaining NO
as an antibonding or correlation orbital.

The basis for the GVB-CI calculations reported herein consists of all
the GVB natural orbitals except the three lowest ’orbitals (one 1s-like orbital
on each carbon and oxygen) together with all three virtual (unoccupied) .-

7 functions and virtual 7 functions an the two centers of the carbonyl. In all
cases self-consistent orbitals for each state were vsed in the CI's. Within
this basis all configurations resulting from single excitations from each of
the configurations listed in Table 1 were included. These calculations relax
the perfect pairing and strong orthogonality restrictions and' include the
important correlation effects neglected in the GVB wavefunction.

For the A, states, GVB-CI calculations using the GVB(4/PP) and the
GVB(4/50) orbitals were found to yield identical excitation energies (to
0.0004 h).
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III. The GVB Orbitals

A. The Ground State. The ground state GVB(4) orbitals of ketene are
shown in Figure 1. The C—C and C~O o bonds are found to be very similar

to those of ethylene4 17

and formaldehyde.”" The C—O 7 bond is more strongly
polarized toward the oxygen than the analogous # bond of formaldehyde.
In addition the C—H bonds are noticeably polarizéd in the same direction
resulting in a net ¥ polarization toward the oxygén.

The 7 system consists of two singly-occupied CC bonding orbitals and
a doubly-occupied orbital centered on the oxygen but somewhat delocalized
into the CO 7 bonding region. In the VB model this latter orbital would
correspond to a doubly-occupied oxygen p orbital analogous to the n orbital
of formaldehyde and other carbonyls. We therefore denote this orbital as n,

noting however, that the GVB orbital is found to have,some 7 bonding character,

B. The (n = 7*) states, The CH and 7 orbitals of the A, states are
shown in Figure 2. In these plots the CH and 7 doubly-occupied orbitals
are obtained from approximate GVB(5) calculations .18

As expected from (4) the resulting CO 7 orbital is localized primarily
on the oxygen; however, it does exhibit considerable CO 7 bonding character.
The C‘O 7* orbital is centered primarily on the central carbon with some
antibonding delocalization onto both the oxygen and the CH, grbup. With
three electrons in the CO 7 bond region,the CH bonds cannot effectively
delocalize toward the carbonyl, and hence the CH bonds are more localized
in the n — 7* states than in ground state.

In the ¢ system, Figure 3, we find the singly-occupied p orbital on
the oxygen to be singlet paired with and highly overlapping (see Table 2)
the p orbital on the adjacent carbon, leading to a significant CO » bonding

effect. Due to the strong orthogonality constraints, the remaining carbon p
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orbital must be orthogoné,l to the CO # bond and hence this orbital has C—0
antibonding character. It should be emphasized that the strong orthogonality
restriction results in an over-emphasis of the more favorable orbital coupling
(in this case, singlet coupling of the carbonyl p orbitals) at the expense of
the less favorable coupling (singlet coupling of i:hé two carbon p orbitals).

C. The (r = g*) State, The o and 7 orbitals of the "(z = 7*) state,
Figure 2, are nearly identical to those of the ground state, as expected from
the VB description, (3).

In the % system, Figure 3, the oxygen lone pair has slightly more
CO w bonding character than the ground state lone pair. As a result both
the CC ¢ and ¢* orbitals are found to have a considerable amount of CO
antibonding character,

D. The °(7 —7*) State. The CO 7 orbitals of the 2°A, state are
slightly more delocalized int) the C—H region than are the corresponding
ground state orbitals. A much larger effect is the decrease in CO 7 bond

polarity. A similar effect has been notedj"z in the *(r = 7*) state of

formaldehyde.

The 7 orbitals of this state (Figure 3) are slightly more localized
than the ground state r orbitals, possibly representing a decrease in the
# polarization away from the oxygen in conjunction with the decrease in

7 polarization toward the oxygen.
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IV, Discussion

A. Excitation Energies. The calculated GVB energies are listed in Table
2 along with GVB pair overlaps and splitting energies. In Table 3 the calcu-
lated excitation energies are compared with previous theoretical results and
experiment. The ‘A, and 1 °A, excitation energies from GVB-CI are in excel-
lent agreement with the résults of recent electron impact experiments by
Frueholz et al. 19 and, for the *A, state, with the results of optical spectra.,zo’ 4
We expect comparable accuracy in the sA13 and 2 3A1 excitation energies from
GV’B-CI, although neither of the states has been conclusively assigned in either
the optical or electron impact spectra. 19 '

Of particular interest is the calculated singlet-triplet splitting, 0.07 eV,

6

of the A, (n—7*) states. Previous calculations® and assignments'of the optical

spectrazo’ 21 have led to a splitting of 0.5 eV, comparable to the singlet-triplet

(n—=7%) spiitting in formaldehyde. (0.47 eV) and other carbonyls. To a

first approximation (not including orbital readjustments between

the two states) the singlet-triplet spiitting is equal to twice the exchange
integral between the two ""active" orbitals. In formaldehyde this exchange
integral is 0.16 eV, in kete}ne it is only 0.07 eV. The exchange integral

is much smaller in ketene because the 7* orbital (Figure 2) hé.s a node
through the carbon on which the relevant 7 orbital is centered (Figure 3).
Basically then, the small splitting is due to the 7* orbital being localized

in the carbonyl region and the 7 orbital(to which it is either singlet or
triplet coupled)being locaiized on the CH, car‘bon..

Excited states of closed shell systems are often treated in CI calculations

including only single-excitations from the higher-lying ground state occupied

6

MO's to the lower-lying virtual MO's. Del Bene  has found that with a

minimum basis set (MBS), this method leads to a singlet-triplet A, splitting

of 0.59 eV. In order to test the possible basis set dependence of this result
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we have carried out similar calculations with our DZ basis and find a splitting
of 0.42 ev.22
small splitting (0.07 eV) it is not surprising that calculations based on delocalized,

In light of the explanation proposed above for the anomalously

ground-state, HF orbitals would lead to an erroneously large singlet-triplet
splitting

a3 have reported an extensive study of the low-energy

Laufer  and Keller
optical spectrum of ketene using oxygen enhancement techniques. They find no
evidence for a singlet-triplet transition in the 2-4 eV range and conclude that
the °A, transition is obscured by the A, transition.

Frueholz gt_a._l,19 have recently reported the results of electron impact
experiments at varying a.xigles and impact energies. They were unable to resolve
the ’Az transition from the 1A2 transition and‘ concluded the spIitting to be much
smaller than that normally found for carbonyl (n— 7) states. Their results
indicate a singlet-triplet splitting of less than 0.2 eV and probably no bigger
than 0.1 eV. These results are in agreement with our results but contradict
21 20 2nd Del Bene. 6

those of Dixon and Kirby,”” MecGlynn and co-workers,

McGlynn20 has proposed the existence of two low-energ& triplet states
in the 2-4 eV range. Our results contradict this contention, indeed
our calculations and the results of electron impact experiments place the
second triplet state above 5 eV. ‘

B. Dipole Moments. The calculated GVB(4/PP) and GVB-CI dipole
moments are listed in Table 4. The ground state GVB-CI dipole moment,
1.62 D, is found tobe 0.21 D above the reported experimental value
of 1,41 p.24 A similar error (0.26 D) i the DZ GVB-CI dipole
moment of formaldehyde was found to be due to a lack of d functions in the
basis sei:.17

The ground state GVB-CI dipole moment, 1.62 D, is in significantly
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better agreem'em with experiment (1.41 D) than the GVB(4/PP) and HF résults

1.95 D and 2.00 D, respectively. Previous HF calcula,tmnszs with a different
basis set led to the same dipole moment

Partitioning the HF and GVB dipole moments into a,, b,, andb,
components and associating with each the appropriate nuclear contributions
[based on (3) and (4)], we find good agreement between the HF and GVB
a, components, -0.89 and -0.87 a.u., respectively, The HF b, or 7
component, 1.40 a.u,, is 0,31 a.u. more positive than the GVB b,
component, 1,09 a.u. The HF b, or 7 component, -1.30 a.u., is 0.31 a.u.
more negative than the GVB b, component. Thus in spite of the close
agreement between the GVB(4/PP) and HF total dipole moments,the HF

wavefunction contains appreciably more ionic character in both the 7 and 7

systems.
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C. Comparison of Theoretical Excitation Energies. In previous
calculations on CH,017 and H,NCHO, 26 it was noted that the most important

effects included in the GVB-CI wavefunctions but neglected in the GVB(/PP)
wavefunctions were orbital coupling and interpair correlation terms. Of these
the GVB(/SQ) wavefunctibns include only the important orbital coupling or
resonance effects. From the results of Table 3, we see the allylic resonance
of the singlet and triplet (n — 7*) states lowers these states by 5.4 and 6.2 kcal,
restrictively, indicating a resonance energy of ~ 6 kcal. For comparison, in
allyl radical, where the two resonance structures are completely equivalent
the resonance stabilitzation was found to be 11.4»kca1.}14
‘Considering now the GVB-CI excitation energies, we find only a small
change in the “’°®(n — 7*) excitation energies relative to the GVB(4/SO) results,
This is in agreement with calculations on CH,0 and H,NCHO in which it was
found the (n — 7*) excitation energies were not greatly affected by the additional
correlation effects in the Cl.
- Comparing the GVB(4/PP) *(r — #*) and @7 — 7" ) excitation energies
to the GVB-CI results, we find the ®(z — 1*) energy to be unaffected by the
CI whereas the s(; — 77%) energy is increased by 0.55 eV. In calculations on

17 it was found that o-r interpair correlations resulted in a

formaldehyde
lowering of the ground state energy 0.5 eV relative to the *(w = 7*) state.

The explanation for this differential effect is that o-# interpair correlation
corresponds to a concerted (correlated) movement of the two ¢ electrons to
one center and the two 7 electrons to the opposite center, Whén the 7 pair
is triplet coupled, the movement of both » electrons onto one center is un-

26

favorable. In formamide“"” it was found that delocalization of the nitrogen

« lone pair inthe *(r — ™) state led to interpair correlation terms that
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cancelled those in the ground stéte. In ketene the oxygen # lone pair is
found to be greatly delocalized in the ®(r — 7*) state while no equivalent
effect is found in the *(7 — 7*) state. Thus we would expect, as is found,
a large (~0.5 eV) CI effect on the *(F — 7*) excitation energy and little

if any effect on the *(z — #*) excitation energy.
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V. Comparisons to Formaldehyde and Ethylene

The VB diagrams for the va,lence states of formaldehyde are shown
in (7) and (8).

or (M

or (@)

Coupling the two singly~occupied orbitals into either a singlet or a |
tripiet leads to the ‘A, or ground state and SAX or ‘@ = n*) state for ('7)?
and the JlAz or J!‘(n = %) and SA.‘, or *(n - 7*) states for (8).

_ In'the A, states of formaldehyde it has been found that the hydrogens
bend out of the plane of the molecule allowing the singly-occcupied # orbital
to hybridize away from the doubly-occupied  orbital thereby reducing the

antibonding interaction.

Comparing (7) to (3) then, we find the oxygen b, or ¥ lone pair of
formaldehyde corresponds toa b, or 7 orbital of ketene. Similarly, the
7 bond of formaldehyde corresponds to the 7 bond of ketene. Making this
comparison we find the lone pair of ketene to have considerably more CO

bonding character than the lone pair of formaldehyde (Figure 4).
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Similarly comparing (8) to (4) we would expect the antibonding
character of the singly-occupied 7 orbital to lead to a change in geometry
analogous to that found in formaldehyde. In ketene this effect will lead to

a decrease in the CCO angle as shown. in (9).

©)

Such an effect was in fact found in the calculations reported by Del Bene. 6

In ref 20, comparisons are made .betweexi the 2b, orbital of formalde-
hyde and the 2b, orbital of ketene discussing the relative amounts of bonding
and nonbohding character; from a simple VB analysis we conclude it is far
more appropriate to compare the b, long pair of formaldehyde and the b,
lone pair of ketene. Similarly, Del Bene6 argues that since the A, states of
formaldehyde arise from a b, —b, transition, while the A, states of ketene
arise‘from a b, ~Db, transition, the A, states of ketene are not analogous to

the A, states of formaldehyde. We find this argument to be incorrect.



129

It is also of interest to compate the excitation energies of ketene to
those of the constituent chromophores ethylene and formaldehyde. From
this analysis, Table 5, we find a correct prediction of the ordering of the
.states. In particular,
we find fairly good agreement between the (n - 7*) excitation energies but
the *(r — w*) energies of ketene are significantly higher than those of C,H,
and CH,0. The difference in *r ~ w*) excitation energies may be due to
shorter CO and CC bond lengths in ketene. In the (n — #*) states this 'effect

is canceled by the previously mentioned allylic resonance stabilization.

V1. Summary

The GVB wavefunction leads to a consistent description of the valence
states of ketene, and the GVB orbitals provide simple explanations of the
character of the states. In addition, CI calculations based on the GVB
orbitals inclﬁde additional correlation and orbital cbupling effects necessary

for quantitatively accurate valence excitation energies.
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Table 1. Configurations for the GVB-CI Calculations. The occupation
numbers are shown for the orbitals of variable occupancy. Six other

orbitals are doubly-occupied.

GVB Natural Orbitals

co  cc 0 cCc Cco

State o o* o o* nfr) T T T
1A 20 20 2 20 20
ground state 11 20 2 20 20
, ' 20 11 2 20 . 20
20 20 2 11 20

20 20 2 20 11

A, ’ 20 20 1 20 21
(n = 7%) 11 20 1 20 21
20 11 1 20 21

20 20 1 11 21

20 20 o 21 21

20 20 2 10 - 21

20 20 1 20 12

A, 20 20 2 11 20
@ —~a*) 11 20 2 11 20
and (1 = 7*) 20 11 2 11 20
» 20 20 2. 11 11
20 20 2 02 20

20 .20 2 20 20

20 20 2 20 11

20 11 2 20 11

11 20 2 20 11

20 20 2 20 @ 02

20 20 2 20 20
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Table 2. Energies and GVB parameters for the GVB(4/PP) and GVB(4/50)

wavefunctions of CH,CO. All quantities are in atomic units.

GVB Pair Information

Character State  Calculation Eﬁ%tféy Pair  Overlap AR
Ground State A, PP -151, 7476 Coo 0.874 0.0234
' CCo 0.893 0.0085
COF  0.696 0.0240
CcCx 0.693 0.0330
SO -151, 7477 COc  0.874 0.0134
CCo  0.893 0. 0085

COo7  0.696 -

CCx 0.693 .
(n - 7% *A, PP -151. 6016 COc  0.874 0.0133
CCe  0.801 0. 0088
COr - 0.768 0.0210
o) -151,6116 COo  0.875 0.0132
| CCo  0.801 0.0087

Cow 0.782 -
Yo - 7%) - a, PP -151,5958 COc  0.874 0.0133
CCo  0.801 0.0088
Cow  0.760 0.0222
SO -151,6082  COo  0.875 0.0132
CCo  0.892 0.0087

| | COw 0.769 -
‘o - %) 1°A, PP -151.5494 COoo 0. 875 0.0132
< CcCo  0.891 0.0088
| cor  0.702 0.0313
(T ~7*) 2°A, PP -151,4968 COo  0.875 0.0132
- | o CCo  0.8% 0. 0083
cCrx 0. 691 0. 0246

2 Energy increase upon replacing the GVB pair by a HF pair (averaging the GVB

orbitals to obtain the HF orbital).
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Table 4. Calculated Total DipoleMoments,a

Atomic Units Debye
State ' GVB(4/PP) GVB-CI GVB(/PP) GVB-CI Exper
A, Ground State 0,77 0. 64 1.95 1.62  1.41
A, ‘(-7 1,25 1.09 3.18  2.76
A, Y(n - %) 1,19 1.35 3,08 3,43
1°A, *m = 7%) 1.09 0.96 2.77 2.43
2°A, 7 ~7%) 0.008 0.11 0.19 0.27

a. The sign of the dipole moments indicates a shift of electron charge toward
the oxygen for all states.
b. The dipole moment for the HF wavefunction is 2.00 Debye.
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Table 5. Comparison of GVB-CI vertical excitation energies of CH,0,
C,H, and CH,CO.

a )

CH,O CH, CH,CO
A, (a~7%) 3.62 - 3.62
1A, (n~a%) 4.09 - 3,69
1%A, (CCrn - CCu*) - 4.65 5.39
2°A, (COm ~COm*) 5,95 - 7.37

a. L. B. Harding and W. A. Goddard, ref 117,
b. L. B. Harding and W. A. Goddard, nmmnuscript in preparation.
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Figure Captions

Figure 1: The Ground State GVB(4/PP) orbitals of CH,CO. The three 1s
orbitals are not shown. The ONE and TWOQ indicate the number of electrons
in the orbité.l. PAIRED connecting two orbitals indicates that the two
orbitals are singlet paired. Long dashes indicate zero ampliiude, the
spacing between contours is 0.5 a.u., the same conventions are used in

all plots.

Figure 2: The CH and 7 orbitals of the valence states of CH,CO (see
ref 18).

Figure 3: The GVB(4/PP) n orbitals of the valence states of CH,CO.

Figure 4: The 7 lone pair and CO # bond orbitals of CH,0O. All orbitals
are from GVB(4/PP) calcu'ations (see ref. 18).
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PART E: AB INITIO THEORETICAL STUDIES
OF THE RYDBERG STATES OF FORMALDEHYDE
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1. Introduction

The electronic states of simple organic molecules can be categorized
according to size as either valence or Rydberg. In a previous paperz we
reported the results of ab initio generalized valence bond (GVB) calculations
on the valence states of formaldehyde, **(n-7*) and S(w —7*). It is the purpose
of this paper to extend this treatment to the Rydberg states.

The Rydberg states of formaldehyde have been the subject of numerous

1379 and ﬂnecm,etica.lg"'15

recent expérimenta investigations. Experimentally,
dipole-allowed n-s, n —p, and n~d Rydberg series have been assigned in
both the optical and electron impact spectra. However, there has been no
conclusive assignment of a Rydberg state resulting from excitation out of the
7 orbital (we denote such states as 7-Rydberg).in either the optical or electron
impact spectra. In fact, no peaks are found m the photoabsorption spectrum
of formaldehyde in'the 10,5 - 13 eV region where the n=3 members of the n-.
Rydberg series are expected., Although poorly resolved peaks are found in this
region of the electron impact spectrum, they have not yet been assigned.
Previous theoretical studies of the formaldehyde Rydberg s_tates have
been limited either by the number of states considered or the accuracy of the
computational method used. Calculations using correlated wavefunctions have

10,11, 14

been reported on the n=3s, n=3p, 7 ~3s, and 7~ 3pz states. In

addition, single configuration calculad:ic:ons9

have been reported on some of the
n-3d and 7 - 3d states. In this paper we report the results of extensive ab
initio calculations on all the n = 3 Rydberg states associated with the first two
ionization potentials of formaldehyde.

The details of the calculational method are discussed in See., II, the
results are presented and discussed in Sec. I, and a detailed discussion of

the *(m —7*) state is contained in Sec. IV.
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II, Calculational Details
A. Basis Sets and Geometry. The double zeta (DZ) basis set of Huzi-

nagals and Dunningw

augmented with a set of d basis functions (¢ c = 0. 6769,
€ = 0.8853) was used for the ground and ion state calculations. For calcula-
tions on Rydberg states, this basis was augmented with two sets each of diffuse
s (¢, =0.023, g, =0.032), p (¢, = 0.021, €, =0.028), and d (¢, = o =0.015)
primitive gaussians. The exponents of the diftuse functions are those of
Dunni]rxg,18 bptimized for atomic Rydberg calculations. In addition, to test the
completeness of our diffuse d basis, a second set of calculations was carried
out on some states using the same diffuse s and p functions but with two sets
of diffuse d functions,the exponents and contraction coefficients of which are
shown in Table I.

The experimental ground state geométry, 19 RCO = 1.2099 ﬁ, RCH =

1.1199 A, ) HCH = 118°, was used for all calculations

B. Calculational Method. The perfect-pairmg GVB me‘a‘.hod20 has been
described in detail elsewhere. Briefly we define our notation as follows: a

GVB(p/a/PP) closed-shell singlet wavefunction can be written
% 2 o 2 2 2
é{[igl ¢i ][ii]l (hai(pai = Abi(pbi = Aci¢ci o e .)] aBaﬁ‘ oo aﬁ} ’ (1)

where q is defined to be the total number of orbitals involved in the second
product (i.e., all orbitals with occupancy, 2%, less than two). Similarly,
the corresponding GVB(p/q/PP) open-shell singlet or triplet wavefunction can

be written, as in (2),
LT 2 2
LALT G0 005 - My - by 1 €p = ¢ ¢y peb... aB = fa}. (2

Under the perfect-pairing restriction, all of the orbitals are taken to be orthogonal
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and the spin function is taken as indicated. Thus the GVB wavefunctions consist
of a core of electron pairs described with doubly-occupied orbitals together
with a set of correlated pairs each described by a dominant or bonding natural
orbital (NO) and a variable number of correlating NO's. All orbitals and occu-
pation numbers, A, are solved for self-consistently. 21

It has been found that the GVB orbitals form an effective basis for rela-
tively small configuration interaction (CI) calculations which both relax the
perfect-pairing restriction and include important correlation effects neglected
in the GVB wavefunctions.

Consider now formaldehyde as an example to elucidate further the nature
of GVB wavefunctions. It was found previ.ously2 that for the purpose of calcu-
lating valence excitation energies very small CI calculations using the GVB(2/4)
orbitals (correlating only the CO ¢ and 7 pairs with one correlating.NO/pair)
are sufficient. Calculations of this accuracy leéd to n—7* and 3(x - 7*) excita-
tion energies within 0.1 eV of the experimental values. Unfortunately, calcu-
lations at the GVB(2/4)-CI level of accuracy lead to ionization potexitials that
are 0.7 to 1.0 eV below the experimental results. 22 Since Rydberg states
involve excitations to orbitals which are large with respect to the molecule,

- it is expected that calculational methods which yield inaccurate ionization
potentials will yield equally inaccurate Rydberg excitation energies.

| The error is basically due to a differential correlation effect; that is,

the neglected correlation energy of the ground state is greater than the neglected
correlation energy of the Rydberg or ion states and hence the calculated exci-
tation energies are too low. In order to correct this error it is necessary
either to correct empirically the uncorrelated energies or to use a more
accurate wavefunction in which the important differential correlation effects

are included. We have chosen the latter option.
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The calculations reported here are based on GVB(5/14/PP) wavefunctions.
Taking the ground state as an example, the GVB(5/14/PP) wavefunction can be
written,

74 {¢§SO¢§SC¢§SO<M¢?CHE - Rz‘%HZ""“”?CHr = 2a0Cr sty - Nat)

-X (A5¢EOU '7\6¢§_0* = 7‘7¢220* = ’\3‘75%0*)(7\9“;’; = X1o¢aiﬂ-* = 7‘u¢22ﬂ* - 7‘134’?31[*)

X afaB...af},

where we have labeled the self-consistent orbitals as to their qualitative nature.

We see then that in the GVB(5/14/PP) wavefunction the CO ¢ and 7 bonds are

each correlated with the three natural orbitals (the o pair with two a, orbitals
and one b, and the 7 pair with two b,'s and one a,). In addition, the CH bonds
and py lone pair are each correlated with one NO. '

Similar calculations were carried out for the sz (n =) and 2B1 (m = o)
jon states and for the 'B, }(n~ 3d,;) and "B, " ~ 3d, ) Rydberg states. The -
remaining Rydberg states were solved for using the Improved Virtual Orbital
(IVO) method?3 24

the *(n— 3dxy) or the (7 - 3%) states.
25

with the self-consistent valence core orbitals from either
Two sets of CI calculations™ were carried out, one to describe states
resulting from excitations out of the n orbital and the other to describe excita-~
tions out of the 7w orbital. The CI basis in each case consisted of the appro-
priate set of GVB(5/14/PP) orbitals plus the lowest nine IVO Rydberg orbitals
from the appropriate IVO ca].cu.la‘z‘.i.(m,,28
In describing the configurations included in the CI calculations, it is con-
venient to define a set of active and inactive orbitals (see Table II). For the

Rydberg states the active orbitals are defined to be those orbitals involved in

the excitation. Thus, for eXample, the active orbitals in the (n~a, Rydberg)
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calculations are the n orbital and the a, Rydberg orbitals. Similarly, in the
ion states the active set consists of the one singly-occupied orbital. These
definitions require two ground state calculations, one in which the active set

is the n orbital (for comparison with n-Rydberg and n— « states) and a second
calculation in which the acfive set is the 7 orbital. In all cases the inactive
set of orbitals is defined to be the remaining dominant NO's with the exception
of the Cls and Ols orbitals which are not included in the CI calculations.

The CI calculations include all configurations
resulting from at most a single excitation out of the inactive set together with
up to a double excitation out of the active set (i.e., up to an overall triple
excitation). The only other restrictions placed on the excitations are: (1) no
excitations between the o and 7 spaces are allowed and (2) all configurations
are restricted to have at most one electron in the Rydberg orbitals.

It has been found that this method of generating configurations includes_
the most important intrapair and interpair differer.lial correlation effects
necessary to describe particular ionizations or Rydberg excitations. It should
be noted that this method neglects many important correlation effects involving
the orbitals in the inactive set,but it is argued that correlations 'involving these
orbitals will not lead to a significant differential effect. The basic assumption
then,is that in order to calculate, for example, the n ionization potential it is

only necessary to include those correlations dife‘ctly, involving the n orbital.
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I, Results

A. Rydberg Orbitals. The Rydberg orbitais resulting from the IVO
calculations are shown in Figs. 1-3. Generally the orbitals are found, as
expected, to resemble closely hydrogenic, n = 3, atomic orbitals.

Considering first the n-Rydberg states, Figure 1, we find most of the
Rydberg orbitals to be centered approximately at the center of charge of the
®B, ion (in the CH, region 0.016 A from the carbon),29 Deviations from this are
more pronounced in the higher 3d states, in particular the 3d,,_2 Which is
apparently centered in the CO region (see Section D).

The orbital sizes, as indicated by (r*) in Table III, are found to be
highly dependent on the character, i.e., s, p, or d, of the orbital., For
example, we find (3s|r?®|3s) = 44 a5, (3p|r®|3p) = 62 + 1 a2, and (3d|r’|3d) =
115+ 2 ai, whereas, for comparison, the n = 3 hydrogenic orbitals all lead to
(r*) =126 a2. Thus, as expected intuitively, the lower angular momentum
Rydberg orbitals incorporate a greater degree of valence character than the
higher angular momentum orbitals (for the same n. |

The 7-Rydberg IVO's shown in Figure 2 are found to resemble closely
those of the n-Rydberg states (the center of charge of the 7 ion core is in the
CH, region 0,12 A from the carbon). The largest difference occurs in the 3dy*
orbital which has less density in the z direction than the n-Rydberg orbital.

Of particular interest among the m-Rydberg states are the 1.A1 states
corresponding to Y - 2r) and (7 - 37). From Figure 3 we find the correspond-
ing triplet states to consist of a valence *(7 ~7*) state and Rydberg (v ~3p,)
and 3(17 - 3dxz) states in which the Rydberg orbitals closely resemble the
corresponding n—7 Rydberg states. The singlet states, however, are found
from IVO calculations to be very different, due to an apparent mixing of valence
(m —u*) character with Rydberg (r — 3p,) character. The Y -»11"") state will be

discussed in more detail in Section IV,
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B. Excitation Energies. The calculated excitation energies are listed
in Tables IV and V together with the results of the theoretical éalculations and
experiments. The GVB-CI n- Rydberg excitation energies (Table IV) are found
to be within ~ 0.1 eV of the experimental energies in those cases where accurate
experimentél numbers are available. Experimental results for the 7 = Rydberg
states are inconclusive. lue to a lack of resolution in the 10-13 eV range. How-
ever, broad peaks in the electron impact spectrum centered at 10.6, 11.7, and
12.8 eV correspond very closely to the calculated 7 -~ 3s, 7 —3p, and 7 —3d
regions at 10.7, 11.8, and 12.8 eV, respectively. The lack of resolution in
the spectrum and the small separation of individual 3p and 3d states makes
assignments of particular transitions impossible. '

The only accurate experimental excitation energies for n-Rydberg states'
are recent photoionization zz‘esults30 in which preionized states are observed
at 11.46 and 12.48 eV. The first state has been assigned as 1(11 - 3pz), in good
agreement with the GVB-CI result (11.66 eV). The second state was assigned
as (7 —4s), although the GVB-CI results indicate it may be a *(7 — 3d) state
(Table V). '

Also of interest is a direct test of the reliability of the Improved Virtual
Orbital method. IVO calculations rely on the assumption that the valence core
of a given Rydberg state is not greatly affected by thé precise nature of the
diffuse orbital. In addition, IVO calculations assume the correlation energies
of the Rydberg states are all approximately equal to those of the corresponding
ion states. The results in Tables IV and V indicate that IVO excitation ener-
gies are generally 0.3 to ‘,0,4 eV above the more accurate GVB-CI results.

We do find the error in the IVO excitations to be fairly constan’; with the
exception of the *(r —*) state, and hence accurate predictions (+ 0.1 eV)

based on corrected IVO excitation energies are possible.
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C. Oscillator Strengths. The oscillator strengths calculated from
GVB-CI wavefunctions are in poor agreement with experimental results (Table
VI). The GVB-CI *(n~ 3s) oscillator strength is approximately a factor of four
too srz;all. Similar errors are found in all the allowed *(n— 3d) transitions.

The GVB-CII ‘n—- 3p) oscillator strengths, however, are in good agree-
ment with experiment, the calculated results being ~ 20% below the experi-
mental results. The (n— 3py) absorption is calculated to be approximately twice
as intense as the (n -—3pz) . This ordering is in agreement with the results of
the equations of motion calculations although those calculations led to a con-
siderably smaller difference., These results contradict the reported assign-
mentg’9 of the (n - 3p) states in which the more intense absorption is assumed
to be the *(n— 3p,) state.

In order to test possible insufficiency of the diffuse d basis, a second
set of calculations was carried out employing a more flexible d basis (see
Section II).' ‘These calculations resulted in no significant improvement in the

accuracy of the oscillator strength results (Table VI).

D. Dipole Moment . The GVB-CI dipole moments of the Rydberg states
of formaldehyde are listed in Table VII. There ére no experimental results
for comparison; however, GVB-~CI dipole moments for the ground and valence
excited states were found to be in excellent agreement with experiment. 2

Assuming the valence core of each Rydberg series to be independent of
the particular Rydberg state, the variations in the dipole moments of these
states can be interpreted as shifts in the center.of charge of the Rydberg

orbitals. In addition, if the Rydberg orbital were centered (symmetrically)
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at the center of charge of the valence core, the net dipole moment would be
Zero. Thereferé, deviations from zero may be interpreted as shifts
of the Rydberg orbitals relative to the core center of charge.

Considering first the n-Rydberg states we find the lowest energy orbitals
of a, and b, symmetry, 3s and 3py.,’ respectively, are shifted toward the hydrogen
while the higher orbitals of these symmetries are shifted toward the oxygen.
All of the Rydberg orbitals of b, and a, symmetry, however, are shifted slightly
toward the oxygen. |

A similar effect is found in the a, and b, 7-Rydberg orbitals with the
exception of the 3d,, which is found to be shifted in the same direction as the
3s (toward the hydrogens). The b, and a, 7-Rydberg orbitals are found to be
shifted to a much greater extent than the corresponding n-Rydberg orbitals.
This is probably due to lai'ger exchange interactions with ﬂxe singly-occupied
core orbital (7 in this case).

The observed shifts in the sigma Rydberg orbitals can be explained by‘
considering the polarity of the CH bonds. Mullikan population analysis leads
to net core charges on each hydrogen of 0.33 (2B2) and +0, 29 (2B1). Thus
the lowest Rydberg orbital of each sigma symmetry is stabilized by a shift
toward the hydrogen while the higher orbitals, due to orthogonality constraints

are shifted in the opposite direction.
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IV. Discussion

There has been some controversy in the literature concerning the charaétex*
and location of the *(m —@*) state of formaldehyde and other simple w-bonded
molecules. In light of this we include here a brief summary of the results of
previous calculations on this state of formaldehyde, an analysis of the results
of the GV’B-CI calculations, and a discussion of the discrepancies between the
GVB-CI results and those of other calculations.

The earliest calculations on the (7 —7*) state of CH,O were semi-empirical,
| PPP ca,lcula,tions.31 These calculations assumed the state to be valence and
predicted an excitation energy of 7.4 eV. Buenker and }Peyezz'imhoﬁ?,32 in an
ab initio CI calculation without diffuse basis functions found the (v ~7*) state

tobe 11.71 eV above the ground state. Later they10 11

and Whitten and Hackmeyer
reported that addition of diffuse functions to the basis set leads to a Rydberg-
like *(m —w*) state with an excitation energy of 11.3 to 11.4 eV. In more
exfensive calculations including o -7 correlations and d polarization functions,

Whitten?3 concluded the state to be valence-like with an excitation energy of

14 have reported equations of motion

9.9 eV. More recently, Yeager and McKoy
calculations that lead to a semi-Rydberg 1(11 -7*) state located at 10. 31 eV.
Finally, Langhoff et al. 15 have studied the *(r ~7*) state with MC-SCF and CI
wavefunctions. They conélude the state to be valence in character with an
excitation energy of 11.2 eV,

Our single configuration IVO calculations lead to a fairly diffuse state
with (7*|r®|7*) being approximately five times that of the triplet #*, Table I,
Considering the overlaps of the singlet and triplet IVO orbitals, Tablé Vi, we
find the single configuration Y(# —n*) state to be approximately 66% valence in

character and 34% Rydberg. This is a slight overestimate of the valence

character of the singlet IVO since the IVO triplet 7* orbital is more diffuse
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than the self-consistent orbital (the IVO approximation is not as accurate for
valence states). Using the self-consistent triplet orbital leads to the conclu-
sion of 50% valence character in the *(7 —7*) state.

In the CI calculations the 1(1r -7*) state is found to contract considerably
leading to an effective (7*|r®|n* Y33 Jess than half that of the TVO result. This
contraction results from a CI mixing of the single conﬁguration (1w - 2n) state
with the (17 - 37) state. The net effect is a decrease in (27|x*|2r) from an
IVO value of 18.55 a, to an effective CI value of 8.34 a, with a corresponding
increase in (31r]x2| 3w) from 28.45 a, to 40. 1‘6 a,. In comparison a purely
valence 7* orbital would have an {x*) of 3.1 af, whereas a purely Rydberg 7*
orbital would have an (x*) of 48.6 af, (see Table IIi), Thus we conclude that
the *(7 -~ 7*) state of formaldehyde is essentially (~90%) valence in character.

The GVB-CI *(7 —7*) excitation energy, 10.77 eV, is much lower than
expected for either a Rydberg 3px state (~11.8 eV) or a purely valence state
analogous fo the 3(11 —~u*) state [E(triplet) + 2Kmr* =12.5 eV]. It is also noted
that the single configuration IVO treatment of this state is clearly anomalous.
~ For all the pure "-Rydberg states the IVO excitation energy is consistently 0.2
to 0.3 eV above the GVB-CI result. However, the IVO (7 = %) excitation
energy is 0.53 eV above the CI energy. This is consistent with the conclusion
of a large CI mixing of the *(17 — 27) and (17 - 37) IVO states.

Experimental evidence concerning the location of the 1(1r -7*) state is

inconclusive. Recent electron impact spectras’ 6

show a broad peak from 10.4
to 11.0 eV with a maximum at ~ 10.7 eV. The vibrational progression in this
peak, although poorly resolved, is consistent with a C-O stretching frequency
of approximately 1130‘cfn"1 (the stretching frequency of the 2B1 ion is Jr*epc;rted‘g4
to be 1210 cm"l). Thus these results are consistent with a (r —7*) state
located at ~ 10.7 eV. This assignment is complicated by the GVB-CI prediction
of a second, more weakly absorbing state, Y = 3s), in this region.

Whitten13 has argued that d-polarization functions and o correlation

are necessary for an accurate description of the jl(1r -7*) state. The calculations
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reported here include both of these effects and yet lead to results that differ
significantly from those of Whitten. Whitten's conclusions are based primarily
on two CI calculations. In the first CI calculation only configurations of the
form (a)-(d),

Oy of T T
a) 2 0 2 0
b) 2 0 0o 2
c) 1 1 2 0
d 1 1 0 2
e 1 1 1 1

were included. In the caiculations reported here in which all configurations
resulting from single sigma excitations with any order = excitation were included.
It was found that configurations of the form (e), representi;ng o-7 interpair
correlation effects,are very important in the ground state wavefunction. These
configurations account for approximately 1.1 eV of the CI energy lowering.
Therefore calculations in which these configurations are excluded are expected
to lead to érroneoﬁsly low excitation energies. In the second of Whitten's CI
calculations the o* orbitals were chosen primarily to describe readjustments
resulting from a highly polarized 7 system, one with either a doubly-occupied
oxygen p orbital or a doubly-occupied carbon p orbital. It is certainly the case
that this choice strongly favors the 1(7r -m*) state over the ground state and
hence this calculation should also lead to an aixomalously low excitation energy.
A second point that has been discussed at length in the literature is the
possibility of mixing occurring between the Y -7*) state and the lower-lying
(n-—py) and (“"dyz) states of the same symmetry. The only reported calcu-

9

lations on the extent of this mixing are those of Mentall et al.” These
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calculations assume the (7 —7*) state to be purely valence in character and
hence are expected to overestimate greatly the amount of mixing. In our caleu-
lations the (7 —7*) state is not allowed to interact with the Rydberg *(n— 3py)
or'(n~ 3dy,) states. However, the Y@ —u*) state is allowed to interact with a
valence *(n~ Zp;;) "state" and, in fact, the resulting wavefunction is foux;d to

~ have ~ 1% (n- 2p;) character. We, however, interpret this CI effect as an

n-7 interpair correlation.
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Table I. Exponents and Contraction Coefficients for Diffuse d Functions.

The first three of each type are contracted together with the coefficients given.

Carbon ‘ Oxygen

Exponents Coefficients | Exponent Coefficient

0.2556 0.02175 0. 2951 0.03061

0.0752 0.10896 0.0984 0.1437
0.0250 0.92616 0.0328 0.8987 -

0.0083 1.000 0.0109 1.000
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Table II. Summary of CI Calculations.

States . Sym- Valemi‘?ol?: e Rydberg Orbitals %&ﬁ&%ﬂ%‘?
metYlocore n @ a, a b, b, | Singlet Triplet
G.S.(m A | N A N 447
n-a B, | N A N A 801 1125
n-a, - B, | N A N A 378 546
n=b, A, | N A N A 725 1040
n—b, Al N A N A | s60 768
n-wo B, | N A N 140
G.S.m/ A, | N N A | 434
7 -2, B, | N N A A 864 1251
7 -2, B, | N N A A 310 460
T-b, A ! N N A A 680 699
7 ~b, A, | N N A A 654 936
T-® - B, N N A 123

A - Active Set
N - Inactive Set
(blank) - not included in calculation
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Table M. Orbital ng yz, z® Expectation Values. Singlet states unless noted

otherwise.

n ~Rydberg States 7 —Rydberg States®

% v z° x* Y 2
3s 14.09  16.83  13.45 14,04  15.80  13.27
3p, 36.18 12,06 14,18 35,082  11,99% 13,262
3, 11,98  36.01  12.90 11.97  36.01  12.84
3p, 13.42  13.82  35.57 14.78 14,18 34,82
3dy, 37.32 24,49 51,62 47,47  24.95  37.94
3,5 s 39.94  20.76  47.18 28.29  30.38  61.11
3d,, 49.99  49.99  16.55 49.99  49.99  16.43
34, 48,61  16.20  48.32 47,73  15.91% 47,232
3dy, 16.42  49.27  49.00 16.29  48.89  48.00
o1 18.55 6.18 6.64
37 28. 45 9.48  17.69
a* 3.122  1,04% 2,052

2 These 7*, pr’ and 3dxz orbitals are from transitions out of the 7 orbital

with triplet pairing. (The 27 and 37 orbitals show the results for singlet

pairing.)
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Tablg IV. Vertical Excitation Energies (eV) for CH,0: n® States.

Experimental Present Work Other Theoretical Work
Character .~ State optical®  e-impact® | GvB-CI® 1vO¢ BF®  mF-ci® reaf  EomS
- A, 3.5 3.68 - 2.25 3.41 2.13 3.46
A, 4.1 4,09 5.51 2.62 3.81 3.47 4.04
*B, 7.09 7.08 6.03 7.32
n-de B, 7.091 7.18 7.16 7,56 6.07 7.38 7.28
n=3p B, 7.92 7.99 8.29
z 'B, 7.97 8.00 8.08 8.40 8.39 8.12
*A, 8.11 8.05 _ 6.93 8.09
n =3y A, 8.14 8.15 8.09 8.42 8.11 8.15
I~y A, (8.31) 8.31 9.08 ,
A, 8.32 8.71 9,07 8.35
B, 9.01
B =% B, 8.88 8.92 9.05 9.35
*B, 9.16
n =3 B, 9.17  9.45
3 °B, 9.21
Sy B, 9.21 9.47
A, 9.23
. A, 9.24 9.53
s A, 9.17
e ‘A, 9.03 9,07 9.23 9,50
n-o *B, 10.87 10.87 10.55 9.47

2 Reference 9.

P Qur assignment of unpublished spectra by A. Chutjian.

¢ Ground state E = -113.95686.

d Experimental ionization potential minus IVO orbital eigenvalue,

€ Reference 10.

f . H. Dunning, Jr., and V. McKoy, J. Chem. Phys., 48, 5263 (1968).

€ Reference 14,
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Table V. Vertical Excitation Energies (eV) for CH,0: #* States.

Experimental Present Work Other Theoretical Work
Character State
e-impact® | GvB-c® 1vO® #rd  mrc! RPA®  EoMf
A, 6.0 5.958 7.56 | 4.17 5.56 5.29
W =%
A, 10.7 10.77 11,30 11,41 11,22 10. 30
*B, _ 10.68
7 =38
B, 10.7 10.73 11,02 11.2
. *B, 11,57
W =
Pz 'B, 11.6-11.9 | 11.66 11.96 : 12.2
A, 11.63
w -»:*!py N
A, 11.78 11,93
A, 11.77 12.08
g = 3px N
A, 11.6-11.9 12.00 12.58
°B, 12.57
7 =34
y* ', 12.5-12.8 12,58 12.86
B, 12.68
7 =34
Z#-x* g | 12.5-12.8 12.70 12.96
: °B, 12,75 12,98
"y 'B 12.5-12,.8 12.75 12,98
’ ° s &0 ° o . °
. @ ~3d,, A, 12,76 13,02
3
A, . 12,74
7-3d,, .
Ay _ : 12.88 13,02
) B, 14.4 14,14

2 our assignment of unpublished spectra by A. Chutjién. )

® Ground state E = -113. 98763,

¢ Experimental ionization potential minus IVO orbital eigenvalue,

d Reference 10. :

€ T, H. Dunning, Jr., and V. McKoy, J. Chem. ths.l, 48, 5263 (1968).

f Reference 14.

€ This value is GVB-~CI using GVB ‘orbitals for the triplet state. Use of the IVO orbitals plus ground
state GVB orbitals as in the rest of the states in this table leads to AE = 8.08 eV.
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Table VI. Oscillator Strengths for CH,0.

State fca.lc fca.lca fobs«jb
#1 #2

n - 3s 0.006 0. 007 0.038
n - 3p, 0.015 0.014 ©0.017
n- 3py , 0.030 0.031 0.038
n- 3%2 0.005 0.007 .0.010
n~3d, . 0.0004 ~0.0 -
n - 3clyz 0.0002 0. 0005 0.012
n - 3dxy 0. 0001 0.0002 -
T - 38 0.026 == =
T - ln* ) 0.256 0. 255 o=
T = 27% 0.036 -=
T = 3pz 0.026 - o=
™~ 34, 0. 0001 - -
T=3d,,_yo 0.015 C - ==
T - 3@“ == -

2 The results of a more accurate calculation using two sets of diffuse d functions.

b Reference 9.
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Table VII. GVB-CI Dipole Moments for CH,O (ground state geometry, GVB-CI).

Positive sign indicates electrons moved from O end to H end.

Q.U Debye
G.S. -0.93% -2,362
S(n =1%) | -0.600® -1,52
Yp =7*) -0.665% -1.69
Yn - 3s) ~ +1.207 - 3,068
(n ~3p,) -0.718 -1.825
*n - 3p,) +0,151 0. 384
Y(n ~3p,) 0. 149 -0. 379
Yo - 3d,,) -1.172 -2.979
‘(n ~3d,_.) -2.441 -6.204
o - 3d, ) © -0,014 -0.036
Y(n ~3d,,) -0.161 -0. 409
*n = 3d.,.) -0.433 -1.101
S(r ~1%) -0.523% -1.33
Ya - 3s) 1.175 2,986
Yo ~a%) -0,130 -0. 330
( ~3p,) -0. 749 -1.904
Yo - 3py) 0.264 +0, 671
(x ~3p,) -0. 259 -0.658
Y(m ~3p,) -2. 350 -5.973
Yo - 3d.,) 0.123 0.313
Yo ~ 3d,,_y0) -2.261 -5.747
Yo - 3d, ) +0. 075 0.191
r ~3d,.) ~ +0.455 1.156
Yo - 3d,,) -0.104 -0. 264

2 From ref 2.
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Table VIII. Overlaps of Singlet and Triplet (7 =7) IVO Orbitals.

Triplet State Orbitals

2 (7*) 3m (3py) 4w (3%2) - Other
27 ' 0.812 0.534 -0,171 0.162
Singlet ,
’ K 0.429 =0. 808 =0. 384 0,125
State
: 4w - =0.319 0.240 -0.903 0.288
Orbitals

Other 0.234  0.066 0.089
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Figure Captions

Figure 1. The Rydberg IVO's (singlet state) resulting from excitation out of
the n orbital. The 3%!3’ is not shown. Long dashes indicate zerc amplitude;

the spacing befween contours is 0.01 a.u. The same conventions are used in
am plots. The molecule is in the yz plane. ‘

Fim re 2, The Rydberg IVO's resulting from excitation out of the # orbital.
The 3%y is not shown. The 7%, 3p,, and 3d,, are taken from triplet state
calculations (see Figure 3 for the singlet orbitals); the remainder are singlet
state orbitals.

Figure 3. The valence and Rydberg IVO's resulting from 7 -7 singlet and
triplet excitations.
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EXCITED STATE ORBITALS OF HyCO
FROM EXCITATION OUT OF THE n ORBITAL

Figure 1.
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EXCHED STATE ORBITALS OF H»CO
FROM EXCITATION OUT OF THE w7 ORBITAL

Figure 2.
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EXCITED STATE ORBITALS OF CH»O
mT— 17 STATES

a) TRIPLET STATES

12

Figure 3.



