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Abstract

o

The reaétion path (the minimum enefgy path in mass-weighted
cartesian coordinateé), and all the coupling functioné which fuily
characterize the reaction path Hamiltonian of Miller, Handy, and Adams
(J. Chem. Phys. 72, 99 (1980)], have been calculaﬁed for the uni-
molecular dissociation of formaldehyde (H2C0‘+ H, + CO) in its ground
electronic state. The reaction coordinate and the four other in-plane
vibrational modes are strongly coupled to each other, but the cut-of-
plane vibration is coupled direétly only to the reaction coordinate,.
Calculations of the type of Waite and Miller (J. Chem. Phys., 73, 3713
(1980); 74, 3910 (1981)] for the state-specific unimqlecular rate
constants are carried out for a two-mode model consisting of the
reaction coordinate and the out-of-plane vibration, and one observes
a significant degree of mo&e4specificity;‘i.e., the unimolec&lar rate
constant for a given metastable state is not a smootﬁ function of the
energy of the state. It is suggested that this mode-specificity may

persist in the complete six-mode system.

This manuscript was printed from originals provided by the authors.



I. Introduction

We have recently carried out several theoretical investigations
concerning mode~specificity in unimolecular reactions. In one set of
studiesltwo of us have calculated the energies and lifetimes of the
"eigenmetastable states' for a series of model‘pfoblems consisting
of two coupled oscillators, one of which can dissociate. By mode-
specific, 'or conversely, statistical character in the dynamics we
mean simply whether or not the unimolecular rate constant (the
inverse of the lifetime) of a given state is a function only of the
energy of the state. Not surprisingly, we have found that the degree
of mode-specificity depends very much on the potential energy surface
that defines the syétem: other things being equal, the stronger the-
coupling between the two degrees of freedom the less modew=specificity
there is in the.state—specific unimolecular rate constants.’

Independent of the coupling strength, we have also found that if
the reaction path for the process possesses a geometrical symmetry,
then this can induce mode-specificity in the rate constants%b For the

unimolecular dissociation of formaldehyde,

H,CO > H, + CO , (1.1)
for example, the reaction path (the minimum energy path in mass-
wéighted cartesian coordinates) on the ground state potential energy
surface is planarz(CS symmetry), and one of us has recently discussed
how this leads to mode-specificity in this reaction; i.e,, even if the
dynamics is as strongly coupled (and statistical) as it can be, there

is nevertheless no interaction between A' and A" (the two irreducible
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representations of Cs) states and thus a separate rate constant for
A' and A" states. A statistical (i.e., microcanonical transition
state theory) calculation3 separately for the A' and the A" rate

constants showed this symmetry-induced mode-specificity to be substantial

" (a factor of Vv 20 difference between the rate constants at the same

total energy) in the tunneling region relevant for reaction (1.1).

The formaldéhyde dissociation (1.1), which has assumed somewhat
the role of a benchmark4 both experimentally and theoretically in
polyatomic reaction dynamics, is also the subject of the present paper.
As noted above, planér symmetry of the reaction path implies mode-
specificity between A' and A" states, but here we wish to investigate
the degree of mode—specificity within the A' and A" manifolds of
states themselves, and this requires the kind of detailed statewspecific
calculation of energies and lifetimes of the type mentionéd above.
Formaidehyde,.hoﬁever, has six vibrational degrees of freedom, so this
is not feasible without simplifying assumptions, 1In this paper we
consider a model of formaldehyde that consists of only two modes,
the reaction céordinate and the out+9fvplane bend, Since the out-of~
plane ﬁode is the one most weakly coupled to the reaction coordinate
and also since it is the degree of freedom which leads to the symmetry-
induced mode-specificity between A' and A" states, it seems té be the
most likely candidate for displaying mode—specifiéity in the unimolecular
rate constants,

. . . . .5
Section II first summarizes the reaction path Hamiltonian~ for

. the complete description of the formaldehyde system (i,e,, all six

vibrational degrees of freedom for J=0). The functions which couple

=



the various modes to the reaction coordinate and to each other are
displayed, and one sees explicitly that the five in-plane degrees of
freedom and indeed strongly coupled. This also suggests that the
out-of-plane mode is the best prospect for showing mode-specific
behavior. The state-specific unimolecular rate constants calculated
for the two-mode model are presented and discussed in Section III, and
one sees that there is indeed a significant degree of mode-specificity
present within the A' and A" manifolds themselves., Section IV
concludes by discussing several aspects of how these energies and
lifetimes for unimolecular decay on the ground state potential energy
sufface, i.e., electronic state SO’ are related to the experimental

a,b

4 - . . e . .
measurements of collisionless lifetimes of specific rovibrational

states in the electronically excited state Sl'



II. The Reaction Path Hamiltonian

The reaction path Hamiltonian5 for a polyatomic reactive system
models the potential energy surface as a harmonic valley (in many
dimensions) about the minimum energy path (in mass-weighted cartesian
coordinates) from the saddle point (i.e., transition state) on the
potential energy surface down to products and back to reactants; it
is essentially a polyatomic generalization of Hofacker6 and Earcus’7
natural collision coordinates.8 If s and P are the reaction coordinate
(the distance along the reaction path) and its conjugate momentum, and

(Qk’Pk)’ k=1,..., F~-1 the coordinates and momenta for the vibrational

modes orthogonal to the reaction path (F = 3N-6 = the total number of

vibrational modes in the system, N = number of atoms), then the
classical Hamiltonian for. the system in.terms of these variables is
given by Miller, Handy and Adams5 (for total angular momentum J=0)

as

F-1
H(p,,s,{P,Q },k=1,...,F-1) = % sz + %wk(s)z Q?
k
k=1
F-1 F-1
+U(s) + 2 [p - z QP B, ,(s)1%/11 + ‘Z_ Q.B, (s)1°
0 2 ‘Ps Kk'k,k' K k,F
. k,k'=1 . k=1

k#k!
(2.1)

where Vo(s) is the potential energy along the reaction path, {wk(s)}
the frequencies for the transverse vibrational modes (as a function of

reaction coordinate), and {B (s)}, k,k' = l;...,F(k#k'), are the

k,k'

elements which couple the vibrational modes to each other and to



the reaction coordinate (labeled as mode k=F). These coupling
elements are given explicity by

‘agk(S) ‘
B k'8 = e "L (s 2 (2.2)

where Ek(s) is the 3N-dimensional eigenvector of the projected

force constant matrix for mode k at distance s along.the reaction

path. (EF(S) is the normalized gradient vector which, by definition,

points along the reaction path.) The elements Bk,F(S)’ k=1,...,F-1,.

depend on how the curvature of the reaction path couples into mode

k, and the elements Bk,k'(s) (k,k')Y = 1,.,.,F=1,k#k', are coriolis~-

like coupling elemen;s that arise because the transverse eigenvectors

may spiral abdut the reactioﬁ path. A more detailed discussion of

the reaction péth Hamiltonian its generalization to non-zero total

angular momentum, and its applications are given in previous papers.z’s’9
Earlier work of two of us with Yamaguchi and Schaefer2 determined

the reaction path, the frequencies, and the coupling elements which

characterize the reaction path Hamiltonian for the formaldehyde

reaction in the close vicinity of the transition state, and we have

now extended these calculations along the entire reaction path. The

results given below are all ét the double-zeta self-consistent field

(DZ-SCF) level of approximation. A total of 28 steps were taken along

the reaction path between HZCO (s=0) and HZCOT (the transition state),

and 10 steps from H2C0+ toward H2 + CO. The force constant matrix was

evaluated at 30 points along the reaction path by taking finite

differences of the analytically calculated gradients, Other aspects
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of the calculations are essentially the same as before.2

~Figures 1-5 show the.potentiai profile.VO(s), the transverse
frequencies {wk(S)}, the curvature coupling elements {Bk,F(S)}’ and
the coriolis coupling element {Bk’k,(s)}; all as a function of the
reaction cOordinate. The barrier height of 117 kéal/mole at the
DZ SCF level (cf. Fig. 1) is rather poor, but it is a simpleAmatter
to scale the values to obtain more realistic barrier of 92 kcal/mole
given by more accurate CI calculations.4d The freqﬁencies {wk(s)}
have been calculated previously by Yamashita, Yamabe, and Fukui,lo
and there is excellent agreement between their wvalues and ours in
Figure 2.

It is worthwhile noting a few qualitative features in these
results. As discussed before,3 the curﬁature and coriolis coupling
elements involving the out-of-plane mode k=5 are all zero by symmetry;
this mode is coupled to the reaction éoordinate only by virtue of the
s-dependence of its fréquency, ws(s). The in~plane vibrationalimodes
k=1,...,4 are strongly coupled to each other (cf. Figures 4,5) and
to the reaction coordinate (cf., Figure 3). Analogous to potential
curves for different electronic states of diatomic molecules, there
is a '"mon-crossing rule" for frequencies {wk(s)} (the square roots
of the eigenvalues of the projected force constant matrixs) ofvthe same
symmetry. (The oﬁt—of—plane mode k=5 is of A" symmetry, so its frequency
is allowed to (gnd does) cross frequencies of the in-plane (A') modes.)
Also analogous to diatomic potential curves, one sees in Figure 2 several
examples of '"avoided crossings" between in-plane (A') modes, e.g.,
that between modes 3 and 4 at s z 0.5 Yamu Z. Corresponding to this
avoided crossing there is a sharp peak in the coupling element 83,4(3)

: o .
at s ¥ 0.5 vVamu A (cf. Figure 4). When dealing with avoided crossings



of electronic potential curves it is often useful to switch from an
adiabatic electronic representation to a '"diabatic" electronic

. 11 . . . . .
basis; this effectively takes the coupling out of the kinetic
energy and puts it into the potential energy, and in many cases
this is easier to deal with. An analogous ''diabatic" representation
of the transverse vibrational modes has been defined by one of us

. . . 9 . L -
for the reaction path Hamiltonian; this eliminates the coupling
elements Bk k,(s) from the Hamiltonian, but introduces a non-diagonal
3

coupling into the potential energy: the potential energy term
F-1
1 2 2
Y tu@iol (2.32)
k=1

in the Hamiltonian of Eq. (2.1) is replaced by

F-1 .
Z 3 0, /\k’k.(s) Q . (2.3b)

k,k'=1

The ‘''diabatic'" frequencies, i.e., the diagonal elements {Ak k(s)},
b
may now cross, i.e., go through a local Fermi resonance, and their

coupling is determined by the term A (s) Qka!. We expect that

k,k'
many of the useful approximations (e.g., Landau-Zener) for treating
electronic curve crossing problems will also be useful in describing

the dynamics of the reaction path Hamiltonian, but this is a topic

for future research.



I1I. The Two-Mode Model

Since the out-of-plane mode (k=5 in the present labeling> is
the one most weakly coupled to the reaction coordinate (mode k=6)
and its coupling to the other in-plane modes k=1-4 vanishes, it is
t;e most likely candidate to display mode-specificity. How energy in
the out-of-plane mode exchanges with that in the reaction coordinate
is also extremelyvrelevant to the experimental situation, for non-
planarity of the electronically excited state Sl means that the
radiationless transition Sl,* SO should prodqce So states with a
significant amount of excitation initially in the outeof—plaﬂe mode.
As noted in the_Introduction, we have already shown that there is a
symmetry—indﬁced mode-spécificity for this mode, i.e., even (A")
and on a") §ibrational states of the out-of-plane modes are uncoupled
(for J=0), but now we wish to carry out calculations like those of
Wéite and Millerl to see if there is any significant mode-specificity
within the A' and the A" manifolds of states themselves.

To make these calculations feasible we consider a system that
consists of only the reaction coordinate and the out-of-plane mode
itself. The reaction path Hamiltonian for this two-mode system is

H(ps,s,P,Q) = % psg + % P2 + Vo(s) + % w(s)2 Q2 s (3.1)

where the subscript ''5" has been dropped from P and Q. The functions

Vo(s) and w(s) are also approximated by the following polynomials,

2 4 .
VO(s) = azs + a,s (3.2a)
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5
w(s) = Z b2ns2“ . (3.2b)
n=0

and Figures 6 and 7 show the comparison of the ab initio results for
Vo(s) (scaled to a barrier height of 92 kcal) and w(s) and these
polynomial approximatiqns. The constants {an} and {bn} of
Eq. (3.2) are given in Table I.

The calculation of the energies and lifetimes of the metastable
states for this system using the cohplex scaling'method proceeds
as before.1 One scales the dissociative coordinate s = seid, and

the scaled quantum mechanical Hamiltonian operator is

W oo bt o2ie 22 n?oaf o e
o 2 332 2 3QZ 0
+ %—w(s eia)2 Q2 . (3.3)

The complex-symmetric matrix of Ha (using a harmonic oscillator basis
for both degrees of freedom) was diagonalized to obtain complex
éigenvalues En - i Fn/2; the energy of the state is En and its
unimolecular decay rate Fn/h.

The two-dimensional potential surface Vo(s) + % m(s)zQ2 is not
only invariant to Q + -Q (the planar symmetry) but also to s > -s.
(A consequence of this latter symmetry is the two equivalent. transition
states at s > 0 and s < 0; the decay rate I'/h is the toﬁal decay rate
for s + +° or s + -».) The complete symmetry of the potential surface

is thus C with irreducible representations Al’ Bl’ A2, and 82,

2v’
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which are even-even, even-odd, odd-even, and odd-odd on the operations
(Q » -Q) and (s * -s), respectively. The matrix of Ha is thus block
diagonal, and the diagonalization can be carried out separately for
each irreducible representation.

Figure 8 shows the results obtained, the unimolecular decay
rates ofvthe various metastable states as a function of their energy.
Due to precision limiations as well as basis set size, values stable
with respect to variation of & and to basis set could be obtained only
for energies above v 70 kcal/mole, but fortunately this is the region
of interest experimentally. The Al and Bl states are shown in Figure
8 by solid squares and circles,.respectively, and the Ay and B2 states
by the open squares and circles. Thus ;he solid points representf
even states in the out-of-planes mode (i.e., With-respect to Q + -Q)
and the §pen points odd states; i.e., for the C; symmetry that is
maintained along the reaction path, Al and Bl are A', A2 and B2 are
A" |

The results in Figure 8 show the symmetry-induced mode specificity
discussed earlier--i.e., for a given energy the open points (A" states)
fall on the average below the solid poiﬁts (A' states)--but even
more striking is that there is substantial mode specificity even
within the A' and A" manifolds of states. For a given total energy
the unimolecular rate constant ranges over about two orders of magnitude.
By examining the wavefunctions obtained from the matrix diagonalization
one can see that the mode-specificity results from a lack of complete
mixing of the out-of-plane staies; i.e., for a given total energy the

fastest decaying states correspond to the lowest quantum number of the

out-of-plane mode, and the states decaying more slowly to the highest
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quantum number of the out-of-plane mode. As expected, one observes
no mode-specificity associated with the even or odd symmetry of the
reaction coordinate mode, i.e., between A states and B states.

It is also of interest to note how this degree of mode-specificity
in the state-specific unimolecular decay rates cor;elates with the
quasiperiodic or chaotic nature of the classical trajectories of
the system. Using the séme two~dimensional potential energy surface,
Poincare surfaces of section were generated in the usual manner.12
Chaotic trajectories were observed over the entire energy region shown
in Figures 8, i.e., for all energies greater than v 75 kcal/mole.

By an energy of 92 kcal/mole essentially 100% of the trajectories were
chaotic. In spite of this, though, we see that the state-specific
uniﬁolecular rate constants show a significant degree of mode-
specificity, so it appears that chaotic classical trajectories do

not necessarily rule out the possibility_of such mode-specificity.

Finally, there is the very pertinent question of how the results
for this two-mode model relate to 'real" formaldehyde with its six
degrees of freedom. As seen in Figures 3-5, the coupling elements
which couple the four in-plane modes k=1-4 to each other and to the
reaction coordinate (k=F=6) are large and strongly varying functions
of s, suggesting that these five in-plane degrees of freedom may behave
statistically among themselves. As noted in Section II, the out-of-
plane mode (k=5) is coupled directly only to the reaction coordinate,
so the question is: does the strong coupling of modes k=1-4 to mode

N
6 destroy the less-than-complete statisitcal behavior seen in Figure 8

between modes 5 and 6? To get some indiation of the answer we have

carried out preliminary calculations for a three-mode system--the
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third mode being strongly coupled to the reaction coordinate (k=6)
but with no direct coupling to the out-of-plane mode (k=55--and the
rate constants for this system display roughly the same degree of
mode—sﬁecificity as that in Figure 8. The indication, therefore, is
that the mode-specific behavior of the out-of-plane bend may persist

in real formaldehyde (atvleast for J=0).
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IV. = Concluding Remarks

We conclude with some remarks on how the state-specific

unimolecular decay rates of S, (the ground electronic state) are

0
related to the experimentally observed4a’b decay rates of individual
states of Sl (the first excited singlet electronic state). The
situation is the usual picture of a radiationless transition:

The initial state in Sl is prepared by optical excitation from SO’

and then Sl decays either by spon;aneous emission of a photon (i.e.,
fluorescence) or by making a radiationless transition to a state SO

that can dissociate. Observation of the fluorescence from S1 determines

the time-dependent populatibn of the initially excited state of Sl,

P(t). Standard theory gives this as13

P(t)

|s(c)|2 , (4.1a)

where

e—th/h|O>

s(t) = <0

(2mi)~? de e’lEt/h<o{(E—H)‘l|o>
c

(4.1b)

Here |0> is the initially excited state of Sl’ H is the complete
Hamiltonian involving Sl’ SO, and their coupling, and the contour

C runs from +» + i€ to - + ie, and encloses the lower half complex

E plane.
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1f {Ek,Fk} are the energies and widths of the states of SO——

the quantities that we have been calculating in Sections II and III--

k 1

state k of S

and V, the non-adiabatic coupling elements of state ‘0> of S, to
0’ then one can readily show that
r, v

ofEm o> = fegyg 12 -y —E— T (4.2)

where E0 is the energy of state |0> of S

1 and FO/h ifs radiative

decay rate. The most rigorous theoretical calculation would thus

take energies and lifetimes of SO’

for example, and the non-adiabatic coupling elements V

{Ek,Fk}, computed by our method,

K 28 computed,

for example, by van Dijk, et al.;la and then use Eqs. (4.1) and (4.2)

to determine P(t).

In the perturbative limit Eq. (4.2) is approximated byl3_

2
. r .
<Ol (E-#) "}[0> * [E-E. + i =2 - Z k 1
I A R
(4.3)
and it is not hard to show that Eq. (4.1) then gives
-t/T
p(e) e (4.4a)
where
2
v, ([ -TJ)
h/r =T _ + Z k k 0 . (4.4b)
0 , T To )
k (B -E)" + (5 - 357
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) . ' . ba ,
This expression has been used by Weishaar and Moore to interpret
their measurements of the electric field dependence of lifetimes of

Sl states.
Another limit in which Egqs. (4.1) and (4.2) can be evaluated

explicitly is if the state |0> interacts significantly with only one

state in SO' One thus approximates Eq. (4.2) by the following
2
r v »
<0 (e-0) 0> = [E-Ey + i o - —F—— 17 (4.5a)
.k
E—Ek + 1 2

The contour integral in Eq. (4.1b) can then be evaluated (there are

now two poles) and one obtains

-i(E0+Ek)t/2h —(Fk+F0)t/4h

S(t) = e e [cos(Rt)
r r
. 0 .k
e N T A
- i ( R Ysin(Rt) ] (4.5b)
where
E -E
0B i op a2, 23172
R = (5= - 7 -TH1% + v %)

In P(t) this leads to bi-exponential decay with two lifetimes T,

and T_,

(Ty+0) * /2 [/a2+b2 - a]l/2 , (4.6a)

N | b

h/t, =

with an oscillatory structure (i.e., quantum beats) of frequency
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W =v/7 ST et  (4.6b)
where
2 - Re(Rd) - (E0;Ek)2 .\ sz _ (Fk;ro)z
b = Im(R) = (E6;Ek)<rk;ro)

Equation_(4.6a),-for example, shows that
hit, +h/T_ =Ty +T 4.7

so that if the radiative rate (Fo/h) is known, then Fk’ the width

of the S, level, can be determined. If the two-state approximation

0

(i.e., Eq. (4.5a)) is valid, then determination of the two exponential

decay constants and the beat frequency would allow one to use Eq.

(4.5b) with Eq. (4.1) to determine the three unknown parameters

Ek’ Fk, and Vk’ assuming that E. and FO are known.

0

To address the question of mode~-specificity in S experimentally,

0

however, it would clearly be desirable to excite an individual state

k of S, directly and observe its unimolecular decay ratedrk/h,

0

1

15
The recent report by Reisner et al.,

without having to go through S. with non-adiabatic transitions to

perhaps many states in SO.

of selective vibrational excitation in S0

by stimulated emission

pumping may offer a way of doing this.



-18-

Acknowledgments

SKG would like to thank Dr. Michel Dupuis for assistance with
the electronic structure calculations and the NSERC of Canada for
partial support. This work has been supported by the Director,
Office of Energy Research, Office of Basic Energy Sciences, Chemical
Sciences Division of the U.S. Department of Energy under Contract
Number DE-AC03-76SF00098. All calculations were performed on a
Harris H800 minicomputer supported.by the National Science Foundation

under grant CHE-~79-20181.



-19-

References

Present address: Department of Chemistry, U.S. Naval Academy,

Annapolis, MD.

Present address: Theoretical Chemistry Department, 1 South Parks
. Road, Oxford, 0X1 3TG, England.

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

(b) ibid. 74, 3910 (1981).

S. K. Gray, W. H. Miller, Y. Yamaguchi, and H. F. Schaefer,

~

J. Am. Chem. Soc. 103, 1900 (1981).

W. H. Miller, J. Am. Chem. Soc., in press.

(a) J. C. Weisshaar and C. B. Moore, J. Chem. Phys. 72, 5415
(1980); (b) H. L. Selzle and E. W. Schlag, Chem. Phys. 43; 111
(1979); (c) D. F. Heller, M. L. Elert, and W. M. Gelbart,

J. Chem. Phys. 69, 4061 (1978); (d) J. D. Goddard and H. F.

Schaefer III, J. Chem. Phys. 70, 5117 (1979); and many other

references contained in these papers.

W. H. Miller, N. C. Handy, and J. E. Adams, J. Chem. Phys.

72, 99 (1980).

G. L. Hofacker, Z. f. Naturforsch., 18a, 607 (1963); S. F.

~

Fischer, G. L. Hofacker, and R. Seiler, J. Chem. Phys. 51,

3951 (1969). -

R. A. Marcus, J. Chem. Phys. 75, 4493, 4500 (1966); 49, 2610

(1968); 53, 4026 (1976).
Many other workers have also contributed to the development of
the reaction path description of chemical dynamics, for example

(a) S. F. Fischer and M. A. Ratner, J. Chem. Phys. 57, 2769




10.

11.

12.

13.

14.

15.

-20-

(1972); (b) P. Russegger and J. Brickmann, J. Chem. Phys. 62,

1086 (1976); 60, 1 (1977); (c) M. V. Bailevsky, Chem., Phys. 24,

81 (1977); (d) K. Fukui, S. Kato, and H, Fujimoto, J. Am. Chem. "

Soc. 97, 1 (1975); (e) G. A. Natanson, Mol. Phys. 46, 481 (1982).

(a) S. K. Gray, W. H. Miller, Y. Yamaguchi, and H. F. Schaefer,

J. Chem. Phys. 73, 2733 (1980); (b) W. H. Miller, in Potential

Energy Surfaces and Dynamical Calculations, ed. D. G. Truhlar,

Plenum, N.Y., 1981, p. 265; (¢) C. J. Cerjan, S.-h. Shi, and

W. H. Miller, J. Phys. Chem. 86, 2244 (1982).

K. Yamashita, T. Yamabe, and K. Fukui, Chem. Phys. Lett. §f, 123
(1981).

See, for example, F. T. Smith, Phys. Rev, }Zg, 111 (1969).

See, for exémple, D. W. Noid, M. L.’Koszykowski, and R. A.

Marcus, Ann. Rev. Phys. Chem, 32, 267 (1981).

See, for example, W. M. Gelbart, K. F. Freed, and S, A. Rice,

J. Chem. Phys. 52, 2460 (1970), P, Avouris, W. M. Gelbart, and

M. A. El-Sayed, Chem. Rev. 7Z, 793 (1977), or many of the other

references given in these papers.

J. M. F. van Dijk, M. J. H. Kemper, J. H. M. Kerp, and H. M. Buck,

J. Chem. Phys. 69, 2462 (1978).

D. E. Reisner, P. H. Vaccaro, C. Kittreel, R. W. Field, J. L.

Kinsey, and H.-L. Dai, J. Chem. Phys. 77, 573 (1982).




-21-

(a)

Table I. Coefficients for Polynoﬁial Fits to Vo(s) and w(s).

. an(b) bn(C)
0 | 1191

2 93.87755 -511.755
4 ~23.94835 ~343.317
6 | 520.867
8 ~159.227
0 . 14.186

8ct. Eq. (3.2). Units for s are Yamu A.
bUnits for'Vo(s) are kcal/mole.

“Units for w(s) are cm-l.
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Figure Captions

Potential energy along the reaction path for reaction (1.1),

H2CO > H2 + CO, on the ground state potential energy surface. »
Frequencies for the vibrational modes (labeled by k=1-5)
orthogonal to the reaction path, as a function of the reaction
coordinate s, for reaction (1.1). s=0 corresponds to HZCO,

and the verticle dashed line indicates the iocation of the
transition state;

Curvature coupling elements which couple vibrational mode k to
the reaction coordinate (mode k=F); the curves ére labeled by k.
See Eqs. (2.1) and (2.2) for their definition and the way these
coupling elements (and those shown in Figures 4, 5) enter into the
reaction path Hamiltonian. |

Coriolis-1like coupling elements which cauple vibrational modes

k and k'; the curves are labeled by (k,k').

Same as Figure 4.

Comparison of the ab initio potential along the reaction path
(solid curve), scaled to a barrier height of 92 kcal/mole, to the
polynomial fit (dashed curve), given by Eq. (3.2a) and Table I.
Comparison of the ab initio frequency along the reaction path
(solid curve) for the out-of-plane mode (k=5) to the polynomial
fit (dashed curve) given by Eq. (3.2b) and Table I.
State-specific unimolecular decay rétes for the two~mode model w
of reaction (1.1); see Section III. Each point corresponds to a
complex eigenvalue En - iFn/Z; the energy of the metastable state

is En and its unimolecular decay rate kn = Fn/h. The solid
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squares and circles are states of A, and Bl symmetry,

1

respectively, and open squares and circles are A2 and

B2 ;ta;es.
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