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Table ITI. Summary of OS Values (kcal/mol) of Bridged
Bicyclic Bridgehead Olefins®

bridge length where double bond is located

S  bicyclic
no. system? 1 2 3 4 5
3 111 21.0
4 211 33.2 25.0
5 221 38.5 349
311 39.1 28.9
6 222 40.4
321 36.7 27.2 28.6
411 37.8 35.0
7 322 20.6 19.5
331 48.2 15.2
421 21.6 9.1 14.1
511 14.5 17.5
8 332 18.9 4.7
422 7.9 8.2
431 22.0 3.0 2.5
9 333 3.9
432 1.4 -17.2 -54
441 22.3 -1.5
10 442 5.0 -13.0
11 444 -14.1

% Ordered according to the S number of the system and the
length of the bridge in a bicyclo[x.y.z]alkene in which the double
bond is located. S=x+y + z Y Shorthand notation, xyz, to
designate a bicyclo[x.y.z]alkene.

and enhanced reactivity. In contrast, the stability of zero-bridged
olefins is not related directly to their OS values but depends on
the degree of out-of-plane deformation imposed by incorporation
into rigid cage structures.

Qualitative rules such as those of Kobrich do not predict
bridgehead olefin stabilities accurately. Wiseman is correct, all
observable bridgehead olefins do have the trans double-bond
moiety in an eight numbered or larger ring. However, some

systems which meet this criterion are not observable and the
relative stability of isomers are not predictable. Quantitative
calculations provide the best guide for the experimentalist who
wishes to investigate a new system.

The “hyperstable” olefins, which we have examined calcula-
tionally, deserve experimental investigation. Such olefins are
stabilized rather than destabilized because of their location at a
bridgehead and should be thermodynamically more stable than
any of their positional isomers. Hyperstable olefins should be
remarkably unreactive.

Highly strained trisubstituted bridgehead olefins offer an as
yet unexplored opportunity for stabilization: replacement of the
vinyl hydrogen by bulky groups or substituents which provide
electronic stabilization might result in observable species. We
are examining such systems both experimentally and calcula-
tionally. Of course, our OS generalizations for trisubstituted
olefins are not directly applicable to such tetrasubstituted analogs.

It is of interest to recalculate the systems reported in this paper
by using new and more accurate empirical force fields. This will
be facilitated greatly by the results reported here. Since the
minimum energy conformations we have located, often with
considerable effort, are not expected to be force field dependent,
new calculations need to be carried out only on the most stable
conformer (or conformers, where more than one form is compe-
titive in energy) of each system. Coordinates of all conformers
we have examined are available as supplementary material to this

paper.
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Abstract: Large scale ab initio configuration interaction calculations have been carried out for the reaction path of the unimolecular
decomposition of formaldehyde, H,CO — H, + CO, on its ground-state potential-energy surface. Force constant matrices
have also been calculated along the reaction path, making possible a reasonably quantitative treatment of the tunneling dynamics
of the reaction within the recently developed reaction path Hamiltonian model. In the energy region of the origin of the S
— S absorption of formaldehyde, the unimolecular decomposition in Sy is entirely by tunneling, with an average rate at this

energy of ~6 X 106571,

I. Introduction
The photodissociation of formaldehyde has in recent years

assumed the role of a “case study”,! both experimentally?® and
theoretically,®” in the reaction dynamics of small polyatomic

molecules. Restricting attention to the collisionless limit of the

) ' Department of Chemistry and Materials and Molecular Research Divi-
sion,
tDepartment of Chemistry and Institute for Theoretical Chemistry.
§ Department of Chemistry, University of California, Berkeley, CA 94720.

process, a simplified version of the current picture is that after
formaldehyde is excited electronically from its ground electronic

(1) For example, the recent U.S.-CECAM discussion meeting
“Photodissociation of Polyatomic Molecules”, Dec 3-4, Veldhoven, Holland,
was restricted to the formaldehyde problem.

(2) P. Avouris, W. M., Gelbart, and M. A, El-Sayed, Chem. Rev., 77, 794
(1977).

(3) A. C. Luntz, J. Chem. Phys., 69, 3436 (1978).

(4) J. R. Sodeau and E. K. C. Lee, Chem. Phys. Lett. 57, 71 (1978).

(5) H. L. Selzle and E. W, Schlag, Chem. Phys., 43, 111 (1979).
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state (So) to a single ro-vibrational state of the first excited singlet
state (S;) (eq 1), it decays either by reemitting the photon (i.e.,

H,CO(Sy) + v — H,CO*(S)) )
fluorescence)
H2CO*(Sl) - H2CO(So) + b (2)

or by undergoing a radiationless transition to a highly vibrationally
excited state of Sy

H,CO*(S,) = H,CO*(Sp) (3a)
which then decomposes unimolecularly to molecular products.
H,CO*S,) — H, + CO (3b)

Whether S, decays via eq 2 or 3 depends primarily on the near
coincidence of the energy of the particular ro—vibrational state
of S, which is excited with that of one of the highly vibrational
excited states of Sq. (This picture applies for laser energies iy
not too much above the origin of the Sy — S, excitation; at higher
energies radical products, H + HCO, become energetically possible
and are seen.?)

One of the particularly interesting aspects of this picture is that
it appears that unimolecular decomposition in Sg, reaction 3b,
occurs at energies considerably (~ 5-10 kcal/mol) below the most
accurate ab initio calculation!?!7 of the activation barrier for the
reaction; i.e., if one believes the ab initio calculations, one must
assume that reaction 3b takes place entirely by tunneling. Though
this is at first surprising—for tunneling effects are rarely thought
to play such a prominent role in kinetics—earlier calculations!?
by one of us, on the basis of ab initio potential surface parameters
of Goddard and Schaefer'? and a simple extension of the RRKM
model'® to incorporate tunneling, suggested that tunneling could
indeed provide unimolecular decay rates fast enough to be con-
sistent with the above picture (i.e., rates at least 10 times faster
than the radiative decay rate of ~2 X 10° s71),

The purpose of this paper is to report considerably more
quantitative calculations of the unimolecular rate constant for
reaction 3b on the basis of (1) the more accurate ab initio cal-
culations of Goddard, Yamaguchi, and Schaefer!” for the
ground-state potential-energy surface and (2) a more dynamically
rigorous treatment of tunneling that is possible within the reaction
path Hamiltonian model developed by Miller, Handy, and Ad-
ams.'® In order to apply this reaction path approach, it is nec-
essary to have the potential energy along the reaction path,® the
steepest descent path (if mass-weighted Cartesian coordinates are
used) down from the transition state of reaction 3b to reactants
and products, and also the harmonic force constants along the
reaction path. These quantities have been calculated and are also
reported herein, It is also of interest to see how sensitive the rate
constant is to various levels of accuracy of the potential surface
calculations.

Section II first summarizes the pertinent properties of the

(6) (a) J. C. Weisshaar and C. B. Moore, J. Chem. Phys., 70, 5135 (1979);
72, 2875 (1980); (b) J. H. Clark, C. B. Moore, and N. S. Nogar, ibid., 68,
1264 (1978).

(7) M. Diem and E. K. C. Lee, Chem. Phys., 41, 373 (1979).

(8) Th. Just and J. Troe, to be published.

(9) D. F. Heller, M. L. Elert, and W. M. Gelbart, J. Chem. Phys., 69, 4061
(1978).

(10)) R. R. Lucchese and H. F. Schaefer, J. Am. Chem. Soc., 100, 298
(1978).

(11) M. J. H. Kemper, J. M. F. van Dijk, and H. F. Buck, J. Am. Chem.
Soc., 100, 7841 (1978); J. Chem. Phys., 70, 2854 (1979).

(12) J. D. Goddard and H. F. Schaeffer, J. Chem. Phys., 70, 5117 (1979).

(13) W. H. Miller, J. Am. Chem. Soc., 101, 6810 (1979).

(14) S. Carter, I. M. Mills, and J. N. Murrell, Mol. Phys., 39, 455 (1980).

(15) L. B. Harding and J. A. Pople, to be published.

(16) G. F. Adams, to be published.

(17) J. D. Goddard, Y. Yamaguchi, and H. F. Schaefer, to be published.

(18) See, for example, P. J. Robinson and K. A. Holbrook, “Unimolecular
Reactions”, Wiley, New York, 1972; Wendell Forst, “Theory of Unimolecular
Reactions”, Academic Press, New York, 1973.

(19) W. H. Miller, N. C. Handy, and J. E. Adams, J. Chem. Phys., 72,
99 (1980).

(20) K. Fukui, S. Kato, and H. Fugimoto, J. Am. Chem. Soc., 97, 1
(1975); H. F. Schaefer, Chem. Br. 11, 227 (1975).
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Table I. Harmonic Vibrational Frequencies® of H,CO

DZ-  DZP-
SCF® SCF  DZ-CI DZP-CI exptl

w,@,) 3223 3149 3028 3074 2944
w,(@,) 1878 2006 1703 1869 1764
wsla,) 1651 1656 1544 1596 1563
w,(b) 1324 1335 1194 1243 1191
wid,) 3315 3226 3112 3158 3009
we(b,) 1349 1367 1263 1306 1287

@ Units for frequencies are cm™!. Y Various column headings
refer to the various ab initio basis sets and extent of configuration
interaction included in the calculations, ¢ The experimental har-
monic frequencies given in ref 21,

Table Il. Transition-State Parameters®® for H,CO - H, + CO

DZP-
DZ-SCF  SCF DZ-CI DZP-CI scaled®

w,@) 3156 3243 3159 3263 3125
w,@) 1948 2092 1764 1939 1830
w,(@) 1371 1526 1310 1555 1523
w,@) 800 829 803 876 839
w,(@) 23200 23051 19971  2124i  2026i
wel@’) 1015 1024 889  ~950 936
Vokeal 1137 1059 1003 98.1  92¢

@ Same as footnote @, Table I. b Same as footnote b, Table 1.
¢ Scaled frequencies, as defined by eq 4, @ Barrier height relative
to vibrationless H,CO. ¢ The best estimates of Goodard et al. (ref
17) of the classical barrier, with a probable error of +1 kcal/mol.

ground-state potential-energy surface of formaldehyde from the
ab initio calculations, including the reaction path information.
The rate constants obtained at various levels of accuracy for the
potential surface are given in section III, along with our best
estimates of the “true” rate constant for reaction 3b.

Finally, one should bear in mind that the rate constants which
are calculated and reported in this paper are the microcanonical
rate constants for reaction 3b, i.e., the average rate constant for
a given total energy E. This does not in any way preclude the
possibility that some vibrationally excited states of Sy with this
energy may react faster than this average rate and others with
essentially the same energy react slower. To address this question
of mode specificity, however, requires a more detailed dynamical
treatment of the intramolecular vibrational dynamics of form-
aldehyde on its ground-state potential-energy surface.

I, Transition State and Reaction Path Properties

Tables I and II give the harmonic vibrational frequecies of stable
formaldehyde and the harmonic vibrational frequencies and barrier
height of the transition state of reaction 3b, respectively, obtained
from ab initio calculations! at various levels of sophistication.
DZ and DZP refer to the size of the basis set used, “double zeta”
and “double zeta plus polarization”, respectively, and SCF and
CI refer to the one-configuration self-consistent-field approxi-
mation and a large-scale configuration interaction (all single and
double excitations), respectively. The “experimental” frequencies
in Table I are the harmonic frequencies inferred from experiment?!
(not the experimental transition frequencies used in ref 13), and
the “scaled” frequencies of the transition state in Table II are the
following empirical modification of the best ab initio values
(DZP-CI)

wf’"’“
(0 s = (wiDZP_Cl)Ts( —pzp<l C))
Wi H,CO

TS = transition state, H,CO = stable formaldehyde

to provide a “best guess™ at the true transition-state frequencies.
The idea is that residual errors in the DZP—CI results should be
similar in H,CO and the transition state on a mode-for-mode basis.

(21) J. L. Duncan and P. D. Mallinson, Chem. Phys. Lett., 23, 597 (1973).
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Figure 1. Potential energy along the reaction path, as a function of
mass-weighted reaction coordinate. Points are the ab initio (DZP-CI)
results and the solid curve an Eckart potential function fit to the ab initio
curvature at 5 = 0.

Table IIl. Frequency Variation along Reaction Path

5, amul/? A
-0.21 0 +0.21
w, 3517 3263 2642
w, 1932 1939 1981
W, 1594 1555 1648
W, 953 876 738
w? (~950) ~950 (~950)

¢ The out-of-plane bending frequency.

The scaled barrier height V; in Table II is the best estimate of
Goddard et al.'?

The new ab initio potential surface information reported in this
paper has to do with the reaction path and its properties. Cal-
culations were carried out at the most accurate (DZP—CI) ab initio
level by using recently developed analytic CI gradient methods.?
Second derivatives of the electronic energy, necessary to determine
the force constants along the reaction path, were evaluated by
finite difference of the first derivatives (i.e., gradients).

The reaction path is determined by starting at the saddle point
on the potential surface, i.e., the transition state, and following
the steepest descent path (if mass-weighted Cartesian coordinates
were used) down to reactants and to products. Calculations of
this type have recently been carried out®® by us for the unimo-
lecular isomerization of hydrogen isocyanide, HNC — HCN, and
related calculations have been reported by Morokuma® and co-
workers, although not at the level of accuracy of the present results.
The specifics of the calculations are essentially the same as be-
fore. Because the barrier is so high in this case and the steepest
descent path thus so steep, there is no need to use the methods
of Ishida, Morokuma, and Komornicki® to stabilize the reaction
path calculation.

Figure 1 shows the potential-energy profile along the reaction
path in the vicinity of the saddle point, as given by the DZP—CI
gradient calculation; it has been determined beforehand that for
the tunneling calculations one only needs to consider the region
on either side of the saddle point to where the potential has fallen
to ~8 kcal/mol below its value at the saddle point. The points
in Figure 1 are the ab initio values, and the solid curve is an Eckart
potential function?® chosen to have the same curvature and barrier
height as the ab initio values. The Eckart potential, which was
used in the earlier tunneling calculations,!? is seen to provide an
excellent fit to the shape of the ab initio potential along the reaction
path.

(22) B. R. Brooks, W. D. Laidig, P. Saxe, J. D. Goddard, Y. Yamaguchi,
and H. F. Schaefer, J. Chem. Phys. 72, 4652 (1980).

(23) S. K. Gray, H. M. Miller, Y. Yamaguchi, and H. F. Schaefer, J.
Chem. Phys., 73, 2733 (1980).

(24) K. Morokuma, results presented at the Seventh Canadian Symposium
on Theoretical Chemistry, Banff, Alberta, June 1980.

(25) K. Ishida, K. Morokuma, and A. Komornicki, J. Chem. Phys., 66,
2153 (1977).

(26) H. S. Johnston, “Gas Phase Reaction Rate Theory”, Ronald Press,
New York, 1966, pp 40-44.
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Table IV, Rate Constants via Simple RRKM + Tunneling Model
logk,s™

E-V, DIZ-  DZP-
kcal/mol SCF SCF DZ-CI

DZP-CI  scaled

-2 3.57 3.41 291 2.99 2.95
0 4.41 4.26 3.90 3.92 3.92
2 5.24 5.10 4.87 483 4.88
4 6.06 5.93 5.83 5.74 5.81
6 6.88 6.76 6.77 6.63 6.75
8 7.68 7.57 7.71 7.51 7.67

10 8.43 8.34 8.57 8.36 8.5§

12 9.02 9.00 9.17 9.0 9.21

Ab initio force constant matrices are calculated at the DZP—CI
level at values of mass-weighted cartesian coordinate s = £0.21
amu'/? A; these are points at which V,(s) has fallen to ~8
kcal/mol below its value at the saddle point. Frequencies for
vibration normal to the reaction path were obtained by diago-
nalizing the projected force constant matrix,'® and these values
are given in Table III, along with the values at the saddle point
s = 0. Due to the additional computational effort involved,
out-of-plane calculations were not carried out at these two points
along the reaction path, so that the out-of-plane bending frequency
wg Was not determined at these points away from the saddle point.
Since it is one of the lower frequencies, however, one does not
expect its variation with s to have a significant effect on the rate
constant.

The reaction path Hamiltonian'® involves coupling elements
By 1(s) which cause energy transfer between motion along the
reaction coordinate and the various transverse vibrational modes
and between one vibrational mode and another. These coupling
elements are defined by eq 5, where L; x(s) is the ith Cartesian

3N OL;(s)
Buxl) = L —5— Lix(s) )

i=1 s
component of the kth eigenvector of the projected force constant
matrix, as a function of 5. In practice the force constant matrix
(and thus its eigenvectors) is determined at discrete values of the
reaction coordinate {s}, and the coupling elements are obtained
via a finite difference approximation

3N

5; + 54 E Lip(s)Lijo(8)-1) = e

) =- (62)
§;— Sii

By

]

or in the explicitly antisymmetric form

3N
5; + S E [Li,k(sj)Li,k’(sj—l) - Li,k(sj—l)Li,k’(sj)]
Bip\ — ~

2(s; = $p-1)
(6b)

Because initial estimates of the coupling elements indicated their
effect on the tunneling rate constant to be small (cf. the results
in Section IIIB), a highly accurate determination of them was
not necessary for present purposes. The finite difference ap-
proximation (eq 6) was thus used with the three values of s =
-0.21, 0, +0.21 amu!/? A, and estimates are that this gives an
accuracy of ~=0.003m,'/2a5™ in the coupling elements. Within
this uncertainty the largest coupling elements were found to be
B3 = 0.010, B;, = 0015, B;p = 0.005, and Byr = —0.009
m.%ay™!, where the mode k = F denotes the reaction coordinate.
Modes 1 and 3 are both C—H stretches, so it is not unexpected
that they are coupled relatively strongly with each other and to
the reaction coordinate (which is itself mostly C-H motion).

III. Unimolecular Rate Constants

A. Simple RRKM Plus Tunneling Model. We first present,
in Table IV, the results of the simple “RRKM plus tunneling”
model used earlier,!® but with the ab initio potential surface
parameters in Tables I and II. For a given total energy E the
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Table V. Effect on Rate of More Rigorous Dynamical Model
—-10a
E-V, logk,s
kcal/mol A B C D E

-2 2.99 3.14 3.17 3.14 2.98
0 3.92 4.00 4,03 4.00 3.86
2 4.83 4.86 4.89 4.86 4,74
4 5.74 5.72 5.75 5.72 5.62
6 6.63 6.58 6.61 6.58 6.50
8 7.51 7.50 7.52 7.49 7.41

10 8.36 8.34 8.35 8.33 8.25

12 9.05 9.04 9.04 9.02 8.97

@ See text for a description of the theoretical models correspond-
ing to columns A-E.

rate of reaction 3b is extremely sensitive to the barrier height ¥,
especially for the lower energies that are below the classical
threshold. To remove this sensitivity in comparing the rate
constants given by the various ab initio models, the results in Table
IV are compared as a function of E — ¥, although Vj is itself
different (cf. Table II) for the five different columns in Table IV.
The rate constants under the DZ-SCF column in Table IV, for
example, result from using the DZ-SCF frequencies for H,CO
and the transition state as given in Tables I and II, respectively;
the fifth column in Table IV (scaled), which uses the experimental
H,CO frequencies and the scaled transition state frequencies, is
thus the best estimate of the rate given by this model.

The main conclusion to be drawn from the comparisons in Table
IV is the unimolecular rate constant is relatively insensitive to the
uncertainty in frequencies given by the various levels of ab initio
calculation; e.g., for the energy region for which the rate constant
is ~10° s7! or larger, there is less than a factor 3 difference
between the rate constant given by the various sets of frequencies.
For a given set of frequencies the rate constant changes by about
the same amount with a change of only 1 kcal/mol in ¥, (for fixed
E), and one sees in Table II that the variation in ¥, given by the
various ab initio calculations is much greater than this.

Within this microcanonical transition state (i.e.,, RRKM) model,
the most important single parameter needed to determine the
unimolecular rate constant for a given total energy E is thus the
barrier height. Unfortunately, this is also the most difficult
quantity to calculate accurately.

B. More Rigorous Dynamical Treatment of Tunneling. With
the information about the reaction path, the variation of the
frequencies along it, and the coupling elements of the reaction
path Hamiltonian, it is possible to treat the tunneling dynamics
more rigorously than via the simple model in Section IIIA. These
dynamical models have been developed and applied before in our
treatment? of the HNC — HCN isomerization, and the appro-
priate formulas are given there.

Table V compares the rate constants given by various levels
of approximation to the tunneling dynamics, all with the DZP-CI
ab initio potential surface. Column A is the simple RRKM plus
tunneling model of the previous section (Eckart barrier, constant
transition-state frequencies, and no coupling), i.e., the DZP-CI
column of Table IV; column B is the same as A with the Eckart
potential replaced by the ab initio potential ¥,(s) and with the
WKB approximation for the tunneling probability; column C is
the same as B but allowing for variation of the frequencies along
the reaction path (this is the “vibrationally adiabatic zero-
curvature” approximation);?”»'? column D includes the effect of
coupling between the vibrational modes, with the coupling elements
obtained from the ab initio reaction path calculation as described
in Section II; column E is the same model as D but with the
coupling elements multiplied by 2, to see the effect of this larger
amount of coupling on the rate constant. (For columns C, D, and
E the frequency variation was treated by quadratic interpolation
from the values in Table III, and the coupling constants were taken
as constant over the region.)

(27) R. A. Marcus, J. Chem. Phys., 46, 959 (1967); R. E. Wyatt, ibid.,
51, 3489 (1969); D. G. Truhlar and A. Kuppermann, ibid., 56, 2232 (1972).
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One sees in Table V how relatively insensitive the rate constant
is to the level of rigor used to describe the tunneling dynamics,
i.e., the simplest model, column A, differs from the most rigorous
and presumably most accurate one, column D, by less than 20%
at energies for which the rate is larger than 10° s™'. We recall
that a similar insensitivity to nonseparable coupling effects was
seen? for the rate of HNC — HCN isomerization, but one must
be cautious in concluding that this will always be the case. For
the well studied H + H, — H, + H reaction, for example, these
coupling effects change the rate by 1-2 orders of magnitude in
the tunneling region.'>? For the present system, however, it
appears that the very simplest treatment of tunneling is reasonably
accurate.

C. Best Estimates. We summarize here our best estimates of
the microcanonical rate of reaction 3b at the energy of the origin
of the Sy — S, excitation, hr = 80.6 kcal/mol. The zero-point
energy of ground-state H,CO is 16.8 kcal/mol (using the ex-
perimental harmonic frequencies rather than the transition fre-
quencies), so that the total energy E = 97.4 kcal/mol. The best
theoretical estimate for ¥y is that in the last column of Table II,
92 kcal/mol, so that E — ¥, = 5.4 kcal/mol; interpolation from
the last column of Table IV then gives

k=59X 1065 (N

which includes a factor of 2 due to the 2-fold rotational symmetry
of H,CO that has heretofore been omitted. (Note that since the
zero-point energy of the “scaled” transition state is 11.8 kcal/mol,
this energy E is ~6.4 kcal/mol below the classical threshold of
the reaction.)

Were the barrier height ¥, exactly correct, we would expect
the above value to be correct to ~20%, but a change of 1 kcal/mol
in Vg will change the rate by a factor of ~2.75 in this energy
region. It is thus probably not realistic to claim the above value
to be closer than a factor of 2 to the *“true” microcanonical rate.
It is amusing to note that although the various potential parameters
used in this paper differ in some significant ways from those used
in the eariler'? estimate of the tunneling rate, the value given above
is in fortuitously good agreement with the value 5.8 X 106 s7!
estimated before.

The above rate is for total angular momentum J = 0. Uni-
molecular decay rates for nonzero values of J can be computed
as before.!?

IV. Conclusion

Unimolecular decomposition of formaldehyde thus appears to
be one of the fortunate reactions for which the simplest treatment
of the tunneling dynamics is accurate to ~20% or so, which is
probably less than the error caused by uncertainty of the precise
values of the transition-state frequencies. In the tunneling region,
however, the rate is extremely sensitive to the barrier height—e.g.,
a change in it of 1 kcal/mol changes the rate by a factor of
~2-3—so that an accurate calculation of the rate at a given
energy E requires its precise determination. The recent ab initio
calculations'” are of sufficient accuracy that the rate given by eq
7 is believed to be accurate to a factor of 2. Since the rates in
Tables IV and V are given as a function of energy relative to the
barrier height, however, and should be accurate as such to ~
20-30%, they can be used to determine more accurate values of
the rate when more precise values of the barrier height become
available.

These calculations give considerably more confidence to the
earlier suggestion that tunneling can yield rates for reaction 3b
that are fast enough to be consistent with the picture of form-
aldehyde photodissociation described in the introduction. Perhaps
the most interesting question now is that of mode specificity; i.e.,
do all vibrational states of H,CO (S;) with essentially the same
total energy E dissociate unimolecularly at the average rate k(E)
or do some react faster and some slower. This is a question of
whether or not the intramolecular vibrational energy of H,CO
(S¢) randomizes before unimolecular reaction occurs, and to
answer it requires a more detailed theoretical model of the in-
tramolecular vibrational dynamics of H,CO on its ground-state
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potential-energy surface. Such treatments of simpler systems have
been carried out,?® and the goal is to extend these treatments to
deal with formaldehyde.

Acknowledgment. We have enjoyed numerous stimulating
discussions with Professor C. B. Moore regarding the photo-
chemistry of formaldehyde. This work has been supported in part

(28) B. A. Waite and W, H. Miller, J. Chem. Phys., 73, 3713 (1980).

by the Division of Chemical Sciences, Office of Basic Energy
Sciences, U.S. Department of Energy, under contract W-7405-
Eng-48. Y.Y.and H.F.S. acknowledge support of the National
Science Foundation and the Robert A. Welch Foundation. The
quantum chemistry calculations were carried out at the University
of Texas computing center and the rate constants on the Berkeley
minicomputer supported by the National Science Foundation
(Grant CHE 79-20181). S.K.G. has been supported in part by
a National Sciences and Engineering Research Council of Canada
Scholarship.

Vinylidene: A Very Shallow Minimum on the C,H, Potential
Energy Surface. Static and Dynamical Considerations

Yoshihiro Osamura, Henry F. Schaefer, III,* Stephen K. Gray, and William H. Miller

Contribution from the Department of Chemistry and Institute for Theoretical Chemistry,
University of Texas, Austin, Texas 78712, and the Department of Chemistry and Material and
Molecular Research Division of the Lawrence Berkeley Laboratory, University of California,
Berkeley, California 94720. Received September 19, 1980

Abstract: The potential energy surface for the singlet vinylidene — acetylene rearrangement has been investigated by using
nonempirical molecular electronic structure theory. A double-{ plus polarization basis set was used in conjunction with configuration
interaction (CI) including single and double excitations, a total of 13861 configurations.> Newly developed analytic CI gradient
techniques were used to locate precisely the vinylidene and acetylene minima and the transition state connecting them. Single
point calculations were carried out with a larger triple-{ plus polarization basis. The classical barrier height is calculated
to be 6.4 kcal or 5.4 kcal after correction for the effects of higher excitations, and our best estimate of the true classical barrier
is 4 kcal. Harmonic vibrational analyses were carried out about each of the three stationary points, and zero-point energy
effects lower the effective barrier by 1.8 kcal. Even for energies below this, however, tunneling through the barrier is found
to be extremely rapid; for example, with no vibrational excitation energy (above its zero-point energy) the lifetime of vinylidene
with respect to rearrangement to acetylene is calculated to be only ~107!! s, and with 2 kcal of excitation energy this decreases
to ~107'2 s, These predictions appear to be consistent with the experimental findings of Skell (1972) and Steinfeld (1980).

As the simplest unsaturated carbene,'? vinylidene (the H,C=C:
molecule) plays a special role in the organic chemistry of reactive
intermediates. As such there have been a number of theoretical
studies®>*? of vinylidene. From the experimental perspective, the
key question is whether vinylidene in fact exists as a discrete
chemical entity. It is certainly established'*"!? that in the cir-
cumstances under which the 1,2 hydrogen shift has been observed
(eq 1), it is rapid. To be more blunt, reaction 1 is so fast that

H<

LSC=C T He=cH (1)
vinylidene has never been identified spectroscopically. Of course,
in the limit of zero activation energy for (1), vinylidene is no longer
a relative minimum on the C,H, potential energy surface. The
singular laboratory evidence for the existence of H,CC: comes
from Skell’s trapping experiments,'* which suggest a lifetime of
the order of 10710,

The only reliable theoretical study to date of the singlet vi-
nylidene rearrangement (1) yielded a barrier height of 8.6 kcal.!
From this the true classical barrier was estimated to be 5-8 kcal.!®
However recent experiments by Steinfeld and co-workers!®!? have
challenged this theoretical prediction. Steinfeld demonstrated that
multiple infrared photon excitation of chioroethylene by intense
CO; laser pulses leads to elimination of HCl. Deuterium-labeling
studies's showed that the reaction proceeds mainly via a three-
center elimination, suggesting that H,C=C: is the initial product.
Since acetylene is the only hydrocarbon product observed, however,

*To whom correspondence should be addressed at The University of
California, Berkeley.

the nascent vinylidene must rearrange to acetylene before it has
the chance to collide with other species and react to give other
hydrocarbon products. Steinfeld et al.'” then argue that the barrier
for this rearrangement should not be more than the internal energy
with which the vinylidene intermediate is born. Using an impulsive
half-collision model and the data on translational energy release
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