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least-squares fitted straight lines for each of the solutes.
The correlation coefficients indicate a fairly good linear re-
lationship between In Dap and 1 /7. Examination of the AE
values shows that, for the straight chain phenones, the *“ac-
tivation” energy decreases as the chain length increases.
This can conceivably yield the contribution of a CH» group
to the *‘activation” energy. Figure 7 shows a plot of AE vs.
the carbon number of the alkane side chain. The general
features of Figure 7 are very similar to those shown in Fig-
ure 5, and the discussion made regarding the latter figure
might hold true here. To the advocate of the rate approach,
the data in Table VII and Figure 7 indicate that on the av-
erage, each CH» group contributes initially about 73 cal to
the “activation’ energy, and that the contribution decreases
as N increases. Ertl and Dullien’¢ reported a linear rela-
tionship between *“‘activation” energy and the log of the car-
bon number in the case of self-diffusion of some liquids,
provided the carbon number is large enough. Such was not
the case in the present study.

The similarities between Figures 5 and 7 are noteworthy.
Although at this point we cannot offer any explanations, we
feel that the resemblance is more than a coincidence. At
this point, additional data are needed, especially at low tem-
peratures where the fluidity approach should deviate from
the picture given here. In addition, to take full advantage of
the more rigorous hard sphere theories, data at a given tem-
perature but at varying pressures should be gathered. This
will help in adjusting the model for large nonspherical mol-
ecules diffusing in mixtures.
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All-Electron Nonempirical Calculations of Potential
Surfaces. III. Dissociation of
Ketene into CH, and CO
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Abstract: Ab initio calculations on the lower lying states of ketene have been performed using excited-state SCF and CI
methods. The ground-state and first excited-state surfaces were searched so as to nearly find the optimum theoretical molec-
ular geometry. Dissociations along both linear and bent paths departing from these geometries were then examined. The ex-
cited-state assignments of ketene and its controversial photochemistry are discussed in light of the calculated molecular or-
bital correlation diagrams, the SCF energies, the configuration interaction energies, and the weights of the configurations.

A qualitative and semiquantitative understanding of pho-
tochemical processes should be possible by quantum chemi-
cal calculations of the potential-energy surfaces involved in
these processes. The present work is a state of the art appli-
cation of quantum chemical methods to the primary photo-
chemical decomposition reactions of ketene (H,C=C=0).
While the reliability of SCF methods of calculation for
closed-shell, ground-state molecules in the vicinity of the
equilibrium internuclear geometry is reasonably well under-
stood, the situation is less clear for open-shell, excited-state
molecules or for geometries far from the ground-state equi-

*Author to whom correspondence should be addressed.

librium. In certain situations, the inadequacy of the va-
lence-shell atomic orbitals to describe low-lying Rydberg
levels has become apparent;! in other situations, the states
are simply not adequately described by a single-determi-
nant wave function;? this latter difficulty often becomes
particularly acute at asymptotic values of intermolecular
distances where the imposition of a particular occupation
precludes the SCF wave function from dissociating to the
correct molecular or atomic fragments. The present work
includes both an extended basis set and limited configura-
tion interaction calculation in order to be reasonably sure of
avoiding these possible deficiencies of a valence-shell SCF
calculation. There remains considerable controversy over
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Table I. Experimental Values of Vertical Excitation Energies?
Amax?  Excitation energyc Assignmentd
370 3.35¢ A,z ) and *B,CzH)
323 3.84 Az
213 5.82 'B,(*4Ay)
170 7.297 B,z
155 8.00f 'B,('mg)

a Reference 7 except as noted. » Nanometers. ¢ Electron volts.
dThe term symbols in parentheses refer to the states of linear Co,
with which these states would have correlated. € Reference 3.
SReference 9.

the photochemistry of ketene both with respect to the as-
signment of its spectrum?-? and with respect to the photoly-
sis.10 An attempt to contribute to the resolution of these
controversies and to contribute to the development and test-
ing of quantum chemical methods motivated the calcula-
tions reported here.

Techniques

The calculations were carried out within the framework
of performing a limited configuration interaction in an ex-
pansion set composed of the molecular orbitals obtained
from an SCF calculation of the lowest lying state of a given
irreducible representation. The basis set employed was the
Gaussian lobe basis.'!"'2 This was augmented by an approx-
imate oxygen 3s orbital.! The closed-shell SCF calculations
were performed in the conventional Hartree-Fock-Roo-
thaan'? manner as in previous work on formaldehyde pho-
tochemical reaction surfaces.? However, the open-shell SCF
calculations were treated differently from the earlier work
by employing a variant of the orthogonally constrained
method of Segal'4 which had been originally programmed
by J. L. Whitten and J. A. Horsley. The routine was revised
by the present authors to increase its applicability and to
adapt it to the Burroughs B6700 computer. All SCF results
reported have been checked to verify that an inadvertent
local minimum in the atomic orbital function space has
been avoided. This checking required some care in the re-
gions of the potential surface where changes in electronic
configuration were occurring, but did not constitute a major
difficulty in the work. Searches for the minimum-energy
geometry were carried out on both the ground-state surface
and the first excited state. The Rcc and Rco internuclear
distances and the OCC angle were systematically varied for
both states. The configuration interaction calculations were
performed using two separate programs. The four-index
transformation program has been reported elsewhere.'> The
output integral list from this program was then interfaced
with the configuration interaction program used in the pre-
vious work.? All changes required in this latter program
were checked by verifying exact agreement (to within the
numerical precision of the B6700 48-bit word) with results
obtained from the earlier version. While a complete exami-
nation of the potential surface for all degrees of freedom
would be desirable, compromises in the interest of economy
of both human and machine costs must be made. It was de-
cided to examine two different least motion dissociation
paths—a linear C,, dissociation departing from the lowest
energy geometry of the calculated ground-state SCF point
and a bent C; dissociation departing from the lowest energy
geometry of the calculated first excited state point.

Molecular Energies

Although it is difficult to establish useful estimates of
error limits on calculated energy values, some feeling for
the reliability of the generated surfaces may be obtained by
comparing calculated quantities with their experimentally
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Table II. Calculated Values of Vertical Excitation Energies®

Excited configuration SCFb crb
A, 2.96 4.00
A, 3.16 4.27
’B, 7.95 9.42
B, 8.15 9.71
N 12.00

2 Electron volts. ® Results obtained at ground state theoretically
optimized geometry.

determined equivalents. Further comparisons with other
calculations permit an assessment of the relative reliability
of the present work among the hierarchy of available ap-
proaches.

The available experimental data with which comparison
is possible are excitation energies of ketene and methylene
and thermochemical differences between the heats of for-
mation of ketene and of methylene and carbon monoxide.
Table I lists the experimental values of apparent Franck-
Condon maxima as reported by Rabalais et al.” along with
the tentative assignments made by them to the upper elec-
tronic state of these bands. It must be remarked that the
maximum reported by them as observed by Dixon and
Kirby® at 370 nm is regarded as a continuation of the band
peaking at 323 nm by Laufer and Keller® because of the
similarities of the vibrational spacings and the apparent
smooth dependence of the extinction coefficient on wave
length throughout this region. These latter authors deferred
assignment of the bands until reliable, detailed molecular
orbital calculations were available.

The calculated vertical excitation energies obtained with
the SCF and CI wave functions are reported in Table Il
along with the nominal or dominant electronic configura-
tion of the calculated state. Ignoring the assignments for
the moment, there is reasonable agreement between the ex-
perimental and the calculated excitation energy patterns.
There are two states with excitation energies around 3-4 eV
above the ground state and then an appreciable energy gap
(experimentally about 2 eV, theoretically about S eV) be-
fore the appearance of a cluster of several states. There is
essential agreement in the assignment of the lower energy
band (bands) to the transition associated with the '-3A;
states of ketene. The assignments of Table I” were based
upon correlations with the lower excited states of CO; and
upon extended Hiickel calculations of CO,, H,CCO, and
H>CNN. Unfortunately Table I of ref 7 upon which the
correlations were based, although correct for the correlation
of CO; from Doy to Cyp, by bending the OCO angle (one of
the C, axes perpendicular to the C. axis of D.j, becomes
the principal C; axis of Cy,), does not apply for ketene and
diazomethane (the C. axis of D«y becomes the principal
C, axis of C3.). The important difference in correlation
which applies in this latter case is {w,; — b| + b} not {(m,
—a) + b)), (g — a2 + by)}. Consequently the designations
of the molecular orbitals and electronic states used for ke-
tene and diazomethane in ref 7 are not the conventional
Schoenflies notation and do not correspond with the present
results and notation. For the important states of usual near-
uv photolysis of ketene then the calculated excitation ener-
gies are in reasonable semiquantitative (£1 eV) agreement
with the experimental spectrum.

Although no careful optimization of methylene and car-
bon monoxide geometries was attempted, the asymptotic
values of the calculated potential surfaces may be compared
with energies of carbon monoxide and methylene. The re-
sults obtained from the bent dissociation path at Rcc =
10.0 are compared with the experimental quantities in
Table III. AE® refers to the reaction
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Table III. Experimental and Calculated Energies?
Related to Methylene
Exptl CI
AE° 81b 27b
°B,~-'B, <0.99 1.42
'A,~'B, 0.88 0.68

a Electron volts except where noted. b In kcal/mol.

OCCH; — OC + CH;

No attempt to account for the difference between the bot-
toms of the wells (calculated values) and the zero point
energies (experimental values) has been made. The experi-
mental value is obtained from compendium tabulations of
AH?®.'6.\7 There is a great deal of uncertainty in the experi-
mental singlet-triplet splitting energy for methylene and a
recent paper by Carr'® presents some evidence for a very
low value of 1.4 kcal/mol for this splitting. We prefer the
older estimates for reasons discussed below. The well-estab-
lished experimental excitation energy between the two low-
est methylene singlets is well represented by the calcula-
tions. The thermochemical energy differences are not, but
quantitative calculations of such severe electronic changes
normally require more extensive treatment of correlation
energy than is attempted here and consequently the poor
value obtained is not surprising. It is in the proper sense and
of the correct order of magnitude.

Several previous calculations on ketene have been re-
ported which enable comparison with other methods of elec-
tronic structure calculation. Letcher, Unland, and van
Wazer,'? using a (73/73/3) uncontracted basis set of ls
and 2p Gaussian functions, have reported a number of one-
electron properties; the total energy of their wave function
was —151.5077. The present approach calculated at the
same geometry gives —151.4790. The present SCF result at
the experimental ground-state geometry?0 is —151.4799.
Basch,?! using a 36-G basis set, obtained a SCF energy of
—151.6721 at the geometry of Moore and Pimentel.2? This
latter calculation employs a basis set nearly double that of
the present work. The judicious loss of 0.2 au in the total
energy compared with the most extensive calculation re-
ported is not severe in view of the greater geometric explo-
ration possible with the reduced basis size. The lowest ener-
gy for the CI calculations on the ground state obtained in
the present work is —151.5679 which is to be compared
with the six-configuration MC-SCF?' result of —151.6967.
In summary, although the present work has not obtained as
low a total energy as the best previously reported results,
the compromises made in basis-set flexibility are compen-
sated by the ability to perform a significant number of cal-
culations at various geometries.

Results and Discussion

Table IV presents the results of SCF calculations which
led to the partial optimization of the ground-state and first
excited-state geometries of ketene for the Rcc and R¢o in-
ternuclear distances and the in-plane OCC internuclear
angle (Rcy = 1.071 A and HCH angle = 122° 35’ were
held constant at all times). The minimum energy calculated
for the ground state was at Rcc = 1.31 A, Rco = 1.23 A,
and OCC angle = 180°. The minimum energy calculated
for the first excited triplet state was at Rcc = 1.59 A, Rco
= 1.35 A, and OCC angle = 138°. A similar geometry opti-
mization by Del Bene?? using a minimal STO-3G basis
yielded ground-state minimum-energy parameters of Rcc
= 1.30 A, Rco = 1.18 A, OCC angle = 180°, and excited-
state parameters of Rcc = 1.36 A, Rco = 1.26 A, OCC
angle = 127°. These are to be compared with the experi-

Table IV. Geometric Variation of SCF Energies

—E - 151¢
Rec? Rco? LCCOb X A,(A")
2.30 2.50 180 0.4598 0.3604
2.20 2.80 180 0.3830 0.3330
2.75 2.25 180 0.4905 0.4216
3.00 2.50 180 0.4662 0.4372
2.25 3.25 180 0.3407 0.3274
2.75 2.75 180 0.4614 0.4078
2.48 3.02 180 0.4191 0.3832
2.48 2.52 180 0.4924 0.4042
2.48 2.32 180 0.4967 0.3954
2.48 2.19 180 0.4799 0.3711
2.48 2.52 160 0.4854 0.4163
2.48 2.52 150 0.4764 0.4259
2.48 2.66 169 0.4732 0.4050
3.00 233 180 0.4712 0.4361
2.40 2.33 180 0.4867 0.3766
4.00 2.40 180 0.3528 0.3517
2.48 2.65 150 0.4636 0.4242
2.48 2.65 140 0.4525 0.4322
2.48 2.65 130 0.4372 0.4360
2.48 2.80 150 0.4433 0.4212
2.48 2.80 140 0.4345 0.4300
2.48 2,80 130 0.4220 0.4342
2.48 2.40 150 0.4802 0.4236
2.48 2.40 140 0.4651 0.4306
2.48 2.40 130 0.4454 0.4331
2.60 2.55 148.7 0.4789 0.4421
2.60 2.56 138.4 0.4652 0.4489
2.60 2.71 138.4 0.4505 0.4393
2.60 2.70 148.8 0.4624 0.4320
2.48 2.52 140 0.4633 0.4333
2.48 2.52 130 0.4245 0.4194
2.48 265 135 0.4455 0.4348
2.48 2.65 125 0.4276 0.4356
2.48 2.80 135 0.4288 0.4328
3.00 2.56 138.4 0.4366 0.4668

a Distances in bohrs. # Angles in degrees. ¢ Energy in hartrees.

mental values for the ground state?® of Rcc = 1.315, Rco
= 1.16, and Rcy = 1.075 A and HCH angle = 122°. There
is substantial agreement among the minimal STO-3G re-
sults, the present work, and the experimental values for the
ground state. There is qualitative agreement only between
the STO-3G results and the present work for the excited-
state geometry, in that increased bond lengths, especially
Rcc, and an in-plane bend are found in the excited state.
The present work also finds the excited-state and ground-
state surfaces to lie in closer proximity than did the minimal
STO-3G calculation as the adiabatic excitation energy
(BA”” < 'A)) was found to be 2.46 eV vs. 0.81 eV in the re-
sults reported here.

Starting from the geometry of the minimum-energy cal-
culation for the ground state, a linear least-motion dissocia-
tion path to the products CH; and CO was calculated. A
similar bent-least-motion dissociation path to the same
products was followed from the calculated minimum-energy
geometry of the A’ state; the separation along the linear
pathway proceeded maintaining the geometrical parameters
of each fragment fixed at their original values and main-
taining Ca, symmetry as the Rcc distance was increased.
The bent pathway similarly maintained the original geo-
metrical parameters of the fragments fixed while the meth-
ylene was pulled away from the carbon monoxide such that
the line bisecting the HCH angle always intersected the
carbon monoxide axis at the same point with an angle of
138.4°.

Figure | displays the molecular orbital one-electron ener-
gies calculated for the linear dissociation pathway. The cal-
culated points are shown as small solid circles imbedded in
the line connecting energies of corresponding molecular or-
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Table V. Molecular Orbital Occupations
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bitals. The curves are labeled on the left with molecular or-
bital designations for the C;, point group.2* The orbitals of
ground-state ketene are occupied through the 2b; orbital.
These orbitals correlating with carbon monoxide are con-
nected with dashed lines to the appropriately labeled point
on the extreme right. Those not so connected correlate to
orbitals of methylene with the same C,, irreducible repre-
sentation. The ketene 7a; orbital correlates to the carbon
monoxide 5o orbital, while the ketene 1b; and 1b; orbitals
become the degenerate carbon monoxide l# orbitals. The
2b, and 3bs orbitals of ketene correlate to the carbon mon-
oxide 2 orbital and 9a; to 6s. Particularly noteworthy is
the precipitous drop in energy of the 8a; orbital between 4
and 5 bohrs while the 2b; orbital undergoes an equally dra-
matic rise in energy. The magnitude of the changes is of
course exaggerated because of the change in occupation
which occurs at this value of Rcc. Careful examination of
the curves, however, will show that there is an a, orbital
rapidly descending in energy as one moves to larger values
of Rcc which starts as the 9a, orbital off scale on the left,
produces an avoided crossing between 9a; and 8a, at about
4 bohrs, becomes the occupied 8a; at 5 bohrs and eventually
correlates with the 3a; orbital of methylene. It is because of
this rapid change in energy and subsequent change in mo-
lecular orbital occupation that the ground-state potential-
energy surface is able to correlate with the lowest singlet
state of methylene 'A|. Table V summarizes the molecular
orbital occupations: the first row gives the ketene designa-
tions; and the second gives the CO or CH, orbital to which
these correlate. Configuration I is the ground-state occupa-
tion of ketene; configuration II is the configuration which
takes over at Rcc = 5 bohrs; configuration V correlates
with the accepted ground-state configuration for methylene
and carbon monoxide; configurations III and IV will be dis-
cussed below. As is apparent from the second row of the
table, the ground-state ketene occupation would dissociate
to an ionic configuration of CH»?* and CO,2~ without the
change in occupation.

The correlation diagram for the bent dissociation has not
been presented because of its morphology similar to that for
the linear dissociation. The only differences arise because
both a| and b, irreducible representations transform as a’
under C; symmetry with the result that more avoided cross-
ings separate the two clusters of orbital energies involving
Ib, through 2b; and the higher virtual orbitals 3bs, 3b,,
and 9a). Also in the bent geometry, the change in molecular
orbital occupation occurs between 3 and 4 bohrs rather than
between 4 and 5. The important molecular orbital occupa-
tions are summarized in the right-half of Table V, where
the second row again gives the orbitals of CO and CHj; to
which the ketene orbitals correlate. Each row designates the
same configuration under both C,, and C; point groups.

The SCF programs used in this investigation permit the
rigorous determination of upper bounds for the lowest sin-
glet and triplet states of each irreducible representation of
the molecular point group. The data obtained for the linear
dissociation are displayed in Figure 2 for the lower states of

E(ou)
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Figure 1. Molecular orbital correlation diagram. The one-electron
energies of the molecular orbitals for ground-state ketene are plotted as
a function of the OC-CH, distance. Labels on the left are the ketene
orbitals. Those which correlate to CO orbitals are connected with
dashed lines to a point labeled with the CO orbital designation. Those
not so connected correlate to methylene orbitals of the same irreducible
representation label as the ketene. Only the orbitals with negative one-
electron energies are occupied.

ketene. The ground state 'A| has the configuration I of
Table V which has asymptotic limits of COx2~('m),
CH22*(A}), until Rcc = 5 bohrs, where it takes on config-
uration II with asymptotes CO2('Z+), CHa('A;). The 3A,
state has configuration III of Table V, which has asymptot-
ic limits of CO,~(?x), CH2*(?B)); the !3A, states are ob-
tained by the promotion 2b; — 3b, from configuration I,
and the 3B states are obtained by the promotion 2b; —
8a; from configuration I. ':3B; states could be derived from
configuration I by the double promotion (2b;)2 —
(8a))!(3by)'. These states have not been examined in the
present work since, being double excitations of the ketene
ground configuration, they are expected to lie higher than
the configurations examined. The !-A, states have only
been followed to Rcc = 4.0 bohrs because with no change
in occupation these states will dissociate to CH,* + CO,~
as may be determined from the correlation diagram in Fig-
ure 1. More will be said about the A state when discussing
the configuration interaction results below. The minimal
STO-3G calculations also found this state to be low lying in
the SCF approximation.?? The 3B, state correlates properly
to the ground states of CH, and CO, the 'B, state to the
second excited state of CH3 and ground state CO, while the
ketene ground-state surface after change of occupation at
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Figure 2. SCF calculated energies for the linear dissociation of ketene.

Rcc = 5 bohrs correlates correctly to the A state of CH»
and ground state CO.

Figure 3 presents the SCF results for the bent dissocia-
tion pathway. The points on the extreme left are the ener-
gies obtained for the labeled states at the geometry found
for the ground state. These are connected to the bent geom-
etry surfaces to which they correspond with dashed lines.
As both A, and B, irreducible representations of C,, trans-
form as A” under C;, the 3A, and 3B, surfaces do not cross
in the bent geometry but merge into the curve displayed for
3A”. Similarly the corresponding singlets 'A, and !B
merge into the curve displayed for 'A”. The calculated
points are indicated by solid circles imbedded in the solid
line connecting them.

Unlike many molecular dissociation processes, the disso-
ciation of ketene into CH;, and CO is correctly represented
by the SCF-MO approximation for the lower states of the
molecule. The ground state of ketene is accommodated by a
change in occupation of the molecule between 4 and 5
bohrs. The first excited open-shell singlet state can correlate
to the correct asymptote along the bent path because the
lowest singlet state of methylene is an open-shell singlet and
because the A, and B, irreducible representations both
transform under A”. Similarly the first excited open-shell
triplet can obtain the correct asymptote along the bent path
because the ground state of methylene is the triplet and be-
cause of the coalescence of the A, and B, irreducible repre-
sentations into A”’. Figures 2 and 3 then are very reasonable
qualitative representations of the potential surfaces impor-
tant for photolytic processes in ketene. However, there were
a few disquieting features of these curves which necessi-
tated a somewhat more thorough consideration of effects
beyond the SCF-MO approximation. The low-lying triplet
A state of Figure 2 and the apparent minimum in the 'A’
surface at about 5 bohrs are perhaps the two most outstand-
ing. Further, if the important qualitative features of the
SCF curves are retained in a modest treatment of correla-
tion effects, then it may be reasonably expected that these
features will also remain in the true molecular potential sur-
face.

The choice of configurations to be included in the CI cal-
culations was limited so as not to exceed 100 Slater deter-

-15130 [ T -
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Figure 3. SCF calculated energies for the bent dissociation of ketene.
The leftmost points connected with dashed lines provide a visual com-
parison of the energy of the Cy, states of the molecule with which the
solid curves connect. The curves are labeled with both the C;, designa-
tions and the C; designations.

Table VI. Configurations Used in Ground-State CI Calculations
1. 1 19. 1b,*— 8a,?
2, 2b,>—2b,3b, 20. 1b,*—3b,4b,
3. 2b,?— 3b,? 21. 1b,*2b,? = 1b,2b,3b,3b,
4. 2b,*—8a,9%a, 22. 1b,2-3b,?
5. 2b,>—8a,? 23, 1b,*2—8a,?
6. 2b,2—3b,? 24, 1b,*—3b,?
7. 2b,2—9a* 25, 1b,>— 10a,?
8. 2b,>—4b,? 26. 1b,>—>4b,?
9. 2b,*2b,2—2b,2b,3b,3b, 27. 7a,*—3b,?
10. 2b,%2b,*— 2b,2b,3b 4b, 28. 7a,*—3b?
11. 2b,2~3b,? 29, 7a,*—9a?
12. 2b,*— 8a,? 30. 6a,>— 3b,?
13. 2b,2—3b,? 31. 6a,>—3b,?
14. 2b,2—9a? 32, 6a,2—9a?
15. 2b,2—4b,? 33. 6a,>—10a,?
16. 2b,*— 3b,4b, 34, 5a,2>9aj?
17. 1b,*—3b,? 35. 35a,>—10a,?
18. 1b,*~3b,? 36. 5a,>—>9a,10a,

minants. Al CI calculations were performed in the expan-
sion set of molecular orbitals obtained for the lowest state
of that irreducible representation. For the excited states,
only doubly excited configurations of the type (¢)? —
(¢x)? were considered using only the first seven virtual or-
bitals and only the six highest doubly occupied orbitals.
Table VI gives the configurations used in the ground-state
CI calculations expressed as excitations from configuration
I of Table V. Excitations involving the seven highest occu-
pied molecular orbitals to the first six virtuals are shown.
Since numerous configurations among this set of occupied
and virtual orbitals are possible, truncation to the set of
configurations shown was achieved by a series of prelimi-
nary CI calculations at the geometry of the ground-state
minimum SCF energy retaining only those with weighting
coefficients exceeding 1073 in the ground-state vector.

The results of the CI calculations for the linear and bent
dissociations are displayed in Figures 4 and S, respectively.
Only those roots of the CI hamiltonian matrices which fell
below —151.10 au for some part of the pathway are dis-
played. Calculated points are shown as solid circles imbed-
ded in the lines connecting them. The curves are labeled on
the left with the appropriate state of ketene and on the right
with the state of methylene to which they correlate. The
energies of the states at the ground-state geometry are plot-
ted in the figure and connected to the appropriate state with
a dashed line. Several features about the curves must be
mentioned. Although the solid lines connecting the calculat-
ed points are believed to represent the trends in the data, it
is clear from the number of solid circles in the figures that a
considerable amount of interpretation regarding the loca-

Journal of the American Chemical Society | 98:3 | February 4, 1976



-15110

-151.20

-151.30 F 5, -
E(ou)
34, -
-151.40 [~ 'a, -
3,
-151.50 = -
-1y, -
1 i L 1 L 1 1 L 1
20 30 40 50 60 70 80 %0 100
Reclao)

Figure 4. CI calculated energies for the linear dissociation. Only those
roots of the CI hamiltonian which came below —151.10 hartrees for
some value of the Rcc distance are plotted.

tions of these curves between calculated points was re-
quired. Consequently although the rough form of the sur-
faces is established, no succinct location of maxima or mini-
ma is possible. The asymptotic limits of the curves on the
right all correspond to some state of methylene and the
ground =%t state of carbon monoxide. While the figures
bear the term symbol of the appropriate methylene state on
the right, the corresponding term symbol for carbon monox-
ide is suppressed. The qualitative similarity of the lower en-
ergy curves of Figure 4 and the MCSCEF results of Basch?!
for the linear dissociation is striking. There are some inter-
esting avoided crossings in the singlet manifold of states
which can be identified in the CI results. The more com-
plete data are available for the bent dissociation and, in
Figure 5, a 'A’ state which begins in the lower left corner
and rises toward the upper right corner crosses two 'A’
states which start in the upper left corner and drop toward
the lower right. Avoided crossing produces the maximum in
the ketene ground state 'A’ and a minimum in the second
'A’ state at 4-5 bohrs. A second avoided crossing is experi-
enced hy the second 'A’ state which produces the apparent
maximum in this state between 7 and 8 bohrs. Secondary
effects of singlet interactions in this region may produce the
maximum depicted for the ground state also. If so, the min-
imum thereby produced in this state at about 6 bohrs may
be significant and may be indicating the existence of a rela-
tively stable geometry in some related molecular distortion
such as the oxirene intermediate postulated by Rowland et
al.!%25 to account for their results of '4C exchange from
14CH2 to 14CO.

These changes in character of the lowest two singlet roots
of the A’ CI may be further explored by examination of the
contributions of the major components to the CI wave func-
tion. Table VII presents a selection of the major compo-
nents of the first and second singlet roots as the Rcc dis-
tance increases. The configurations of these components are
as given in Table V, the Roman numerals corresponding
with the occupation given there. The change in character
from 1 to II of the ground state between 3 and 4 bohrs has
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4
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Figure 5. CI calculated energies for the bent dissociation of ketene. The
leftmost points connected to the solid curves with dashed lines provide
a visual comparison of the energy of the C, states of the molecule with
which these surfaces connect.

Table VII. Weights of Major Components
in the Bent CI Dissociation

3.0 4.0 5.0 7.0 10.0
Lowest 'A’

I 0.9355 0.0703 0.1225 -0.0006 0.0000
11 -0.0047 -0.9660 -0.9610 -0.9392 0.9506
11 —0.0424
v -0.2425 0.0283 0.0019 0.1430 -0.1828

Second 'A’

I -0.1637 -0.9472 0.8845 0.0075 0.0000
11 -0.3414 -0.0608 0.1294 -0.1286 0.1706
111 -0.5613
v -0.2986 0.2165 -0.2299 -0.9814 0.9802

been discussed as being the change which enables the
ground-state surface of ketene to dissociate to the lowest
energy 'A| state of methylene. The expected first excited
singlet state of ketene, configuration III, is the dominant
configuration of the state at Rcc = 3.0 but, even this close
to the ground-state ketene geometry, has very significant
contributions from other configurations. By 4 bohrs, the
configuration which was formerly ground-state ketene has
now almost completely taken over the first excited singlet
surface. At 5 bohrs it remains dominant, but configuration
IV, the double excitation (2b;)? — (3b))? from ketene
ground state, has begun to be significant; at Rcc = 7.0, it
has taken over the representation of the surface. From the
second row of Table V, it is clear that configuration IV has
asymptotic limits of CO(*Z*) and 'A* doubly excited
methylene. The interaction of this state with the ground-
state surface at 7 and 10 bohrs is evident by the 0.1 weight
of configuration IV in the ground-state CI vector. This lat-
ter configurational weight in the ground-state CI vector
lends credence to the interpretations of the lower singlet
root energies discussed above.

The presence of a low-lying quintet root in both the linear
and bent dissociations with a minimum at about 5-7 bohrs,
although well above the usual photolytic energies employed,
may lead to interesting phosphorescent effects at higher
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energies with the possibility of unusually strong spin inter-
actions. The quintet is a member of the jumble of states ac-
cessible to ketene at higher energies which provide numer-
ous possibilities for decay channels.

Focusing attention on the three lowest energy surfaces
which are involved in the usual photolyses of ketene, there is
very little change between the CI and SCF calculated sur-
faces as is apparent when comparing Figures 2 and 4 and
Figures 3 and 5. The SCF approximation in this particular
case is capable of a semiquantitatively correct representa-
tion of the surfaces from the vicinity of ground-state ketene
all the way to dissociated CH; + CO. This is unusual for
molecular processes involving bond rupture and comes
about because the ground state of methylene is a triplet.
Consequently the closed-shell singlet molecular orbital con-
figuration for ground-state ketene is capable of correctly
representing the dissociation of that state to the excited
closed-shell singlet state of methylene. To do so, a change in
orbital occupation must occur, but the SCF wave function
can easily accommodate that change in description of mo-
lecular electronic structure. The open-shell singlet and trip-
let configurations are then quite capable of representing
their respective dissociations to the corresponding states of
methylene. There is an appreciable difference between the
SCF and CI results in the relative placement of the lowest
3A surface, the SCF results placing it below the '3A, sur-
faces while the CI results place it above them. It is possible
that, because the configurations were chosen to maximally
lower the ground-state energy, the lowest triplet state
emerging from the resultant CI is held at a higher energy
than it would be if the CI had been chosen to improve its
energy as well. However countering this argument is that,
in the SCF calculations, the *A state would be expected to
lie lower relative to the ground state because of the so-
called Fermi correlations between the parallel spins and, to
balance this, additional treatment of the Coulomb correla-
tions for the ground state are required. The placement of
this state must remain in doubt.

Ketene Photochemistry

The electronic spectrum of ketene was first studied by
Lardy,? and the photochemical production of ethylene and
carbon monoxide was initially reported by Norrish, Crone,
and Saltmarsh.4 The photodissociation mechanism was sug-
gested to consist of the following reactions:?6

CH,CO + hy — CH, + CO I

CH, + CH,CO — C,H;4 + CO (I1)
CH,CO + hy — *CH,CO,, (I11)
*CH,COy — CH; + CO (IV)

*CH>COp, — CH,CO V)
*CH,COp, + CH,CO — 2CH,CO (VD)

*CH,CO,, represents an electronically and vibrationally
excited ketone molecule. The reactions

CH; + CH,CO — C,H4CO
CH>CO + xCH,CO — CO + polymer

(VII)
(VIID)

were proposed?6:27 to explain CO quantum yields in excess
of 2 from short-wave-length (<270 nm) irradiation, where
the ratio of CO yield to CyH,4 yield is 2.2. The present work
bears directly only on the essentially unimolecular processes
in this mechanism, reactions I, III, IV, and V, and can only
make arguments of inference about intermolecular pro-
cesses.

Ketene photolysis at 365 nm gave low quantum yields
which was interpreted as being caused by collisional deacti-
vation and internal conversion of electronically excited ke-
tene molecules.?® A subsequent study?® found that in-
creased ketene pressure decreased the quantum yield. Such
pressure dependence was taken to indicate that the excited
state is long-lived as compared with the mean time between
collisions.

Considerable evidence that triplet as well as singlet meth-
ylene is formed during the photolysis is available. That trip-
let dominance can be inferred at the longest wave lengths
used in the photolyses is taken as evidence that triplet ke-
tene must be the precursor of triplet methylene.3%3! The
ratio of triplet to singlet methylene produced at various
photolysis wave lengths as determined by the stereospecific-
ity of methylene addition to double bonds has been summa-
rized by Calvert and Pitts.32 However, the observation of
ketene (triplet 2.65 eV above ground state) quenching of bi-
acetyl emission® (triplet 2.39 eV above ground state)
implies that triplet ketene is either not a long-lived interme-
diate state of the photolysis®? or that the triplet state of ke-
tene lies closer to the ground state than does that of biace-
tyl. The placement of the ketene triplet state at 2.65 eV
above the ground state is based on the upper limit to the
lower dissociation energy given by Dixon and Kirby.® As
this was an upper limit estimate and as the assignment itself
has been questioned,® it is difficult to accept the quenching
of biacetyl emission by ketene as conclusive evidence for the
absence of a ketene triplet intermediate state.

Although the calculations reported here can not resolve
the controversies in ketene photochemistry, it is worthwhile
to see to what extent they are consistent with existing inter-
pretations of photochemical mechanisms and what possible
additional interpretations they may suggest. The energies of
the calculated vertically excited states have been included
in Figures 4 and 5 to assist in providing an approximate vi-
sual impression of the energy immediately available for the
primary photo processes. A ketene molecule vertically excit-
ed to the 'A, state of Figure 4 appears to have nearly
enough energy to dissociate directly on its own surface
along the bent dissociation pathway, the curve labeled 'A”
in Figure 5. It could collisionally deactivate to the 'A’ sur-
face anywhere along the dissociation pathway and would
have greatest probability of doing so at those values of Rcc
where these surfaces appear to come into closest proximity.
The resultant singlet methylene could collisionally deacti-
vate to the triplet. If the spin-orbit terms of the hamilto-
nian, which have been neglected in these calculations, are
large enough to produce significant contamination of the
singlet with triplet, the vertically excited molecule would
appear to have more than ample energy to overcome the
much smaller energy barrier along the A’ pathway. The
frequency of this event would of course be limited by the
small amount of such contamination which is likely, but this
would be a possible means for singlet ketene to be precursor
to triplet methylene. Alternatively if the vertically excited
molecule were collisionally deactivated to a lower lying vi-
brational level on its own A’ surface, intersystem crossing
would be more probable and there does appear to be the
possibility of a long-lived triplet existing in a well, as shown
in Figure 5, with the molecule bent at the central carbon.
The calculated curves would then be consistent with both
singlet and triplet ketene as precursor to the triplet meth-
ylene. A somewhat bizarre and highly speculative alterna-
tive to both of these is suggested by the near coincidence of
the 'A, and 3A; surfaces in Figure 4 at Rcc = 4.0. Such
close proximity of the surface would suggest relatively effi-
cient intersystem crossing in this region of the potential sur-
face. If, because of the large difference in geometry be-
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tween the minimum-energy 'A” state and the ground state
'A|, a resulting low Franck-Condon overlap would make
the 'A” state relatively long-lived and, if the energy of this
state were so low as to preclude dissociation to !A; meth-
ylene, the photolytic process most energetically possible
would be to *B; methylene. Further, such dissociations, al-
though uncommon and therefore with anticipated low
quantum yield, could be collisionally activated to the linear
geometry where intersystem crossing might proceed more
efficiently. Although certainly not investigated in the range
of molecular geometries considered here, such a long-lived
bent intermediate might also find an accessible pathway to
an oxirene-like geometry on the ground-state surface. This
speculation could be immediately dismissed if the meth-
ylene 3B|-'A| splitting could be established as being as low
as 1-2 kcal/mol!®33 since such a small energy difference
could be easily overcome from available thermal energies.
Because of the discrepancy between this value for the sin-
glet-triplet splitting in methylene and the best available
theoretical, computational estimates of 10-20 kcal/
mol,34:35.36 it is worthwhile to recall the methods of estima-
tion which resulted in the lower value. By observing the
product ratio of [C2He]/[n-CaHjo] as a function of total
pressure formed in mixtures of ketene-NO-CH,4 and C;Hg
photolyzed with 313-nm light at low percentage conversion,
assuming a mechanism, applying steady state conditions,
assigning an overall scale factor to the product ratio plot,
assuming RRKM theory, and fitting the theoretical curve
to their plot, Halberstadt and McNesby?? were able to ex-
tract a value for the quantity {¢*), the energy of the excited
complex above the critical value required for reaction at ab-
solute zero. This quantity, along with known thermochemi-
cal quantities and a 2-kcal/mol estimate of available ther-
mal energy, leaves 2.5 kcal/mol which can be interpreted as
the methylene singlet-triplet splitting energy. In the more
recent report,'® the product analysis of ketene photolysis at
350 nm yielded an estimate of singlet methylene production
as 13 + 2%. Argument that a low quantum yield and a high
pressure dependence would suggest thermal equilibration of
the intermediate methylenes justified the assumption of a
Boltzmann distribution for them. Conversion of the 13%
singlet to an energy difference between singlet and triplet in
a Boltzmann distribution led Carr'® to the value 1.4 kcal/
mol for the singlet-triplet splitting. While both of these re-
ports are very sophisticated and ingenious utilizations of
available data to obtain an estimate for a quantity which is
difficult to determine, because of their extensive utilization
of theoretical interpretation they can not be considered as
direct experimental determination of the singlet-triplet
splitting.

Conclusion

Reported here are the results of SCF and CI calculations
undertaken to examine the energy related properties of the
lower lying states of ketene. Partial optimization of the mo-
lecular geometric parameters were carried out for the SCF
surfaces for the ground and first excited singlet state sur-
faces. Reasonable agreement with experimental values for
the ground-state molecular geometry, keteme excitation
energies, methylene excitation energies, and thermochemi-
cal values of ketene dissociation have been obtained. Both
linear and bent least-motion dissociation pathways have
been examined and the resulting curves discussed with re-
spect to the inferences which can be made about the photo-
chemical dissociation of ketene into carbon monoxide and
methylene. The changes in electronic structure during the
course of dissociation have been discussed with the aid of
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the calculated SCF one-electron energies and the weighting
coefficients for the dominant components in the configura-
tion interaction. Substantial agreement with previous SCF
and MCSCEF results were obtained along the linear disso-
ciation pathway. No previous results along the bent path-
way were available. A 3A; state found low lying in the SCF
approximation was found to be raised to significantly high-
er energy in the CI calculations. The calculated curves were
found to be consistent with either singlet ketene or triplet
ketene as a precursor to triplet methylene. An unusual in-
terpretation of a long-lived intermediate was suggested by
the calculated curves which could conceivably accommo-
date the existing, apparently conflicting evidence regarding
the long-wavelength formation of triplet methylene, but its
highly speculative nature at this time must be stressed.
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