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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, H2C0 +.H2'+ CO, on its ground state potential energy

.surface: Force constant matrices have also been calculated along the

. reaction path, making possibie a- reasonably quantitative treatment of

the tunneling dynamics of the reactinn within'the'recently»developed
reaction path Hamiltonian model. In the energy region of the: origin
of the SO - Sl absorption of formaldehyde the unimolecular decomposition

in SO is entirély by tunneling, with an average rate at this energy
6 -1

cof v 6 x 107 sec



I. Introduction.

 The photodissociation of formaldehyde has in recent years assumed
: ", n 1 ‘. 2-8 ) . . 9-17

. 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 process, a simplified £

version of the current picﬁure\is that after formaldehydé is excited

electronically from its ground electronic state (SO)~to a single

ro-vibrational state of the first excited singlet statek(Sl),
. : . _
HZCO(SO) + hv > H,00 (Sl) , - (1)

it decays either by ré—emitting the photon (i.e., fluorescence),

% ' ' ., : ,
H2C0 (Sl) > HZCO(SO) + hv , (2)
or by undergoing a radiationless tramsition to a highly vibrationally
excited state of SO’
H,C0*(S.) ~ H)CO' (S.) | (3a)
2 1/ 7 2 0 ’ ar

b

which then decomposes unimolecularly to molecular products,

£ 0
H,CO (S,) + H, + CO K : (3b)

Whether ‘S, decays via Eq. (2) or (3) depends priﬁérily on the near | »

1
coincidence of the energy of the particular ro-vibrational state of
S1 which is excited with that of one of the highly vibrational

- excited states of-Sb. (This pilcture appiies for laser energies hv



‘not too much above: the origin of the S

) excitation; at higher

-energies ‘radical products, H + HCO, become energetically possible

and -are seen6b.)"

~One of the particularly interesting.aspects of this picture is

. that it appears that unimolecular decomposition-in'Sog'reaction (3b),

occurs at energies considerably (Vv 5-10 kcal/mole) below the most

12,17

accurate ab initio calculation of the activation barrier for

the reaction; i.e., if one believes theiégfinitio calculations, one
must assume that reaction (3b) takes place entirely by -tunneling.
Though this is at first surprising--for tunneling effects -are rarely

. . . e e . .13
~thought to play such a prominent role in kinetics--earlier calculations

by one of us, based on the ab initio potential surface parameters of

. Goddard and Schaefer;zggnd.on a simple extension of the RRKM model18

.to incorporate tunneling, suggested that tunneling could indeed

provide unimolecular decay rates fast enough- to be ‘consistent with
the above picture (i.e., rates at least ten times faster than the
5 -1

radiative decay rate of v 2 x 107 sec ".)

The purpose of this paper is to report considerably more quantitative

* calculations of the unimolecular rate constant for reaction (3b)

)
)

‘based on (1) the more accurate ab initio calculations of Goddard,

- Yamaguchi and Schaefer17 for the ground state potential energy

surface, and (2) a more dynamically rigorous treatment of funneling
that is possibie within the reaction path Hamiltonian model developed
by Miller, Handy and Adams..19 In order to apply this reaction path

approach-iflis‘necessary to have the potential energy along the

s . 20 ‘ . : , .
reaction path, the steepest descent path (if mass-weighted cartesian



-codrdinates are used) down from the transition state of reaction (3b)

to reactants and products, and also thg harmonic force constants

along the reaction path. These quantities have beén calculated and

are also reported herein. It is also of interest to see how sensitive

the rate constant is to variéué/levels-of accuracy of the potential
surfaée caidulations.

' Seétion IT first summarizeé the pertinent properties of the
ground state potential energy surface of formaldehyde from the
ab-initio calculations, iﬁcluding the reaction path information.

The féte constants obtained at various levels of accuracy for the -
‘potential surface are.given in Section III, aiong with our best
estimates of the "true" rate coﬁstant for reaction (3b).

‘Finally, one should bearvip'mind'that the rate constants which

are’ calculated and reported in this paper are the microcanonical

»réte-constants for reaction (3b), i.e., the averagé rate constant
for a»givén total energy E. This does not in any way preclude the
possibility that some vibratiénally exéited states of SO 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—specifiéity,vhowever, requires a more detailed'dynamicai

tredtment of the intramolecular vibrational dynamicé of formaldehyde

on its ground state potential energy surface.

W
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The "scaled" barrier height V

II. Transition State and Reaction Path Properties.

Tables I and II give the harmonic vibrational frequencies of

stable forméldéhyde, and the harmonic vibrational ffequencies and

barrier height_of the transition s£ate of reaction,(3b),‘respecfive1y,
obtained ffom.gh_initio calculationsl7vat various levels ofvsophistica-
tion. - DZ and DZP.refer to the size of the basis sé; used, "double
;eta" and_"double:zeta plus pola?ization"; re%pectivély, and SCF and

CI refer to the One~c;nfiguration sglf-consistent-fiél¢ apprbximation
and a large é;éle_configuration interaction (all single and double
excitations), respectively. The "experimeﬁtal" frequengiés in Table

i are the harmonic frequencies inferred frpm experimentzl (not the
experimental‘transition frequencies used in referencg 13), énd the

"scaled" frequencies of the transition state in Table II are the

following empirical modification of the best ab initio values

~ (DZP=CI),
) . . wE)Q
(o, SCALEDy _  DZP-CLy i
i TS i. TS ,, DZP=CI
i H,CO
TS = transition state o ]
H,CO = stable formaldehyde. , : - (&)

to provide a ''best gqess" at the true.transition state frequencies.
Ihe idea is that fesidual errors in the DZP~-CI resqlts‘should be

sim;lér>in>H2C0 and the tféqsition state on a moaefforjmodelbasis.
.in Table II is thelbestigstimaﬁe of

0

Goddard et a1.t’
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The new ab initio potential éurface»information reported in this
papé?vhas to do with the.reactiOn path and its properties. lCalcuia—v
tions were carried out at the most accurate (DzP-CI) ab iniﬁio level
using recently/developed anélytic CI gradient methods.22 "Second _ ~
defivatives of the eleétronic energy, necessary to determine the
force constants alpng the_feaction pafh, were evaluated by finite
difference of the‘first.derivatives (i.e., gradients); |

The feaction path is determined by starting at the saddle point
on the-potentiél sufface;_i.e., the tfansition state, and fbllowing
fhe steepest descent path (if mass-weighted cartesian.coordinates wefe
 us§d5 down to reactants and to products. - Calculations of this type
have_feéently been:carried out23'by us for the unimolecular isomerization

of hydrogen isoéyanidé;
HNC -+ HCN ,

and relaped calculatiéné have been reported by Morokuma24 éhd co—-workers,

valthough not at thé level of accuracy of the present resqlts.. The

spgcifics’of the calculations are essentially the same as before.23

Becduse the barrier is so high in this case and the steepest descent

‘path thus so steep, ﬁhere is no need to use the methéds of .Ishida,

Morokuma and Komornicki25 to stabilizeathe reaction path calculation.
Figureil shows the_poténtial energy profile along the reaction

path in the vicinity of thé saddle point, as givén by the‘DZP~Ci

gradient calculation; it has been determined beforehand that for

‘the tunneling calculatioﬁs éne only needé to cbﬁsidér.the region on

either side of the saddle point to where the potential has fallen to



\

" 8 kcal/mole below its value at the saddle point. The points in

v Figure 1 are the ab initio values, and the solid curve an Eckart

potential functionze;ghOSen to have the same curvature and barrier
height as»theqéh initio.valueé; The Eckart potential, which was ﬁsed
in thé earlief tunneling.calculations,13 is seen to provide an
excellent fit to the shape of ﬁhe_gg initio potential along the
reaction path.

Ab initio force constant matrices are calculated at the DZP-CI

. o
level at values of mass-weighted cartesian coordinate s =it 0.21 Yamu A;

these are points at which Vo(s) has fallen to v 8 kcal/mole below its

- value at the saddle point. Frequencies for vibration normal to the

reaction path were obtained by diagonalizing the projected force
constant matrix,lggand these values are given in.Table4iII,»along with

the values at the saddle point s = 0. Due to the additional computatiohal

- effort involved, out-of-plane calculations were not carried out at

tﬁese two ﬁoints aiong the :eactibn path, so that the but4of—piane
bending frequency wé was not determined at these points away from
the saddle point. - Since it is one of the lower frequencies, however,
onevdoes not expect its variation with s to have a significant effect
on the rate constant. .

The reaction pa_th'Hamiltonian19 involves coupling elements Bk k,(s)
. 3

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



N L, () : ,
B ) =»i§ 5 L ® : (5)

where L,
) 1

. . th , .
k(S) is the i cartesian component of the kth eigenvector
4 .

of the projected force constant matrix, as a function of §. 1In practice
the force constant matrix (and thus its eigenvectors) is determined
at discrete values of the reaction coordinate {Sj}, and the coupling

elements are obtained via a finite difference approximation,

3N »
5 +s, D A TS L T
B (=1 . 1=l (6a)
k,k' 2 (s,~s. ) T
j i-1
or in the explicitly antisymmetric form
3N ) '
ts, DR 57 - L
| sits. g .Z: ( i,k(Sj) Li,k'<Sj-l)' Li,k(sj—l) Ly g (sj)]
Bk k.'( 2 )_—l—l - ! .
‘ ’ 2(s,~s, )
Il S

Because initial estimates of the coupling elements indicated
their effect on the tunneling rate constant to be small (cf. the
resﬁlts in Section IIIb), a highly accurate determination of them
was not necessary. for present purposes., The finite difference
approximation, Eq. (6), was thus used with the three values of-

s ='—0.21, 0, +0.21 Vamu Z, and estimates are that this gives an
accuracy -of v £ 0.003 me”;i ao_l in the coupling elements. Within
this uncertainty the largest coupling elements were found to be

= 0.010, B, , = 0.015, B, _ = 0.005, and B

3,4 1,F 3,F

where the mode k = F denotes the reaction coordinate. Modes 1 and

B3

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).



I

(S

I1I. 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 &arlier, 3ibut with the ab initio potential

surface parametérsfin Tables T and II. For a giveﬁ.total energy E
the rate of reaction (3b) is extremely sensitive to the barrier height
VO’ especially fér the lower energies that are below the.ciassical
threshold. To:remove this sensitivity in comparing the rate constants
givéﬁ by the various ab initioumodeié, ﬁhe fesults in Table IV are

coﬁpared as a function of E—VO,'although V, is itself different (cf..

0
TablevII) for the five different columns in Téble IV, The rate
conétants under the DZ-SCF column in Table iV, for éxémple; result
from u;ing the.DZ—SCF freqﬁengies for H,CO and:fo? tge ffansition
state as.given in Tables I and II; respecti&gly;kﬁhe fiféﬁ colﬁmn
in Iable v (sééled), which uses the experimeﬁtal'ﬁzéo ffequencies,

and the scaled transition state frequencies, is thus the best estimate

vof the rate given by'this model.

The main conclusion to be drawn from the cémpariséns'in Table IV
is that ;he uhimolecular.rate‘édnétant is relatively insénéitive to
the uncertainty in f?equencieé given by the various levglé of ab initio
caiculation; e.g., for the enérgy region for which the réﬁe constant
is ’\4.105 sec ! or-larger, ;here is less than a factor 3 difference
betweén Fhe rété éonstant given by the various seté‘of ffequencies.

For a given set of frequencies the rate constant changes by about this

samelgmount with a change of only 1 kcal/mole in V0 (for fixed E),
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0

various ab initio calculations is much greater than this.

and one sees in Table II that the variation in V. given by the

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

accurately.

4

b. More Rigorous Dynamical Treatment of Tunneling

With the informatioﬁ éboﬁt'the reactioﬁ-path, the variation of
the frequencies aloﬁg it, and tpe 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 b;en_deﬁeloped and applied'before in our
treétment23 of the HNC - HCN isomerizatioﬁ, ahd.the appropriate
formulae are given there. |

Table V compares ﬁhe'ra§é constants given by various levels of
approximation to the tunnelipg dynamics, all with the DZP;CIvgg initio
pqtential éurface.v Column'A is the éimﬁle RRKM plus tunneling model
of the pfeyiOus sectiqn (Edkarﬁ barrier, constant tranéition state |
) frequencies; and-no éoupling); i.e., the DZf-CI columh of Table IV;
column B ié the same as A with the Eckart potential replaced by the
ab initio ppten;ial Vo(s), and with the WKB approximation fdr the
tﬁnnéling prObability;‘column C is the same.as B but éllowipg for «

variation of the frequencies along the reaction path (this is the

"vibrationally adiabatic zero-curvature" aéproximétion);27’19
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well studled H + B

-11~

column D includes the effect of coupling between the vibrational
modes, with -the eoupling elements obtained from the ab -initio

reaction path calculation as described in Section II; and column

LE 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 columms C, D, andpE,the frequency variation was treated

_by quadratic¢ interpolation from the values in Table III, and the coup-

~ling constants were taken as constant over the region.)

. 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 207 at
: .

energies  for which the rate is'larger than 10 sec_l. We. recall
that a similar insensitivity to non-separable coupling effects

23 o et
_ was seen 3 for the rate of HNC -~ HCN isomerization, but one must be

cautious in eoncluding that this will always be the case,_ For the

5 > HZ + H reaction, for example, these coupling

effects change the rate by one to two orders of magnltude in the

19, ,
tunnel;ng region. 7 For the present system, however, it appears

that the very simplest treatment of tunneling is reasonably accurate.

c. Best Estihates.

We summarize here our best estimates of the microcanonical rate
of reaction (3b) at the energy of the origin of the S0 > 8 excitation,

80 6 kcal/mole The zero p01nt energy of ground state H,CO is

16.8 kcal/mole (using the experimental harmonic frequencies. rather

than the transition frequencies), so that!the total energy E = 97.4

kcal/mole. The best theoretical estimate for V. is that in the -last

0

- 7
/
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column of Table II, 92 kcal/mole, so that E-V, = 5.4 kcal/mole;

0
interpolation from the last column of Table IV then gives

k =5.9 x 10° sec™t | (N

which includes a factor of 2 due to the 2-fold rotational symmetry | ‘)
of H,CO that has hefetofore been omitted. (Note that since the éero
point energy of the “séaled" transition state is 11.8 kcal/mole,
this energy E is N‘6.4 kcal/mole below the claséical threshold of
_ the réaction.) | |

'Were the barrier height VoréxaCtly correct, we would exﬁect thé‘
above value to be correct to v 20%, but a change of 1 kcal/mole in
Vovwiil change the rété by‘a factor of v 2.75 in this ehergy region.
it'is thus probably not realistic fo cléim the above value tb be closer
‘than a factor of 2 to the "true" microcanonical rate. "It is -amusing
to note that aithoughvthe'Various pbténtial parametersAused in this
'papér différ in some sigﬁificanf ways from those ased in the earligr13
estiﬁate of ‘the tunneling raté, the value given above is in

6 sec-l estimated

fortuitously goo& agreement with the value 5.8 x 10
before.
The above rate is for total angular momentum J = 0. Unimolecular

» T o 13
decay rates for non-zero values of J can be computed as before.’
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IV. Concluding Remarks.

' Unimolecular décompbéition'of forméldehydé thus appears to be

one of the fortunate reactions for which the ‘simplest treatment of

‘the tunneling dynamics is accurate to v 20% or so, which is probably

less than the error caused.by‘uncertainty of thé preéise valﬁes of che
tfansition state frequencies., In‘the tunne;ing region, however, the
rate 1s extremely sensitive to the barriér height--e.g., a change

in it of 1 kcal/mole changes the rate by a féctér of v 2-3--so that
an accurate calcu1ation of the-raterat a given energy E requires its
precise determinatioﬁ. ,The recent ab initio calculations17 arg of
sufficient accuracy that the rate given by Eq. (7) is believed to
be'accurate_tc a factor of 2. Since the rateé in Tables IV and V

are given és a.function of energy relative to the barrier height,
however, and should be accufate as such to " 20-30%, they can be uéed
to determine more accurate values of the rate when more precise
values of tﬁe‘barrie; height become available.

These calculations give considerably more confidence ﬁo the
earlier suggestion that tunneling can yield rates for reaction (3b)
that are fast enough td be consistent with the picture of formaldehyde
photodissociation described in the Introduction. Pérhaps the most
interestiné questioﬁ now is that of mode-spécificity; i.e., do all
vibrational states of HZCO(SO) With'essentially the same total energy
E dissociate unimolecularly at the average rate k(E), or do some
react faster and some slower. This ;s a’quéstion'of whether or not

the intramolecular vibrational energy of HZCO(SO) randomizes before
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unimolecular reaction bcéurs, and to answer it requires a more detailed
theoretical model of the intramolecular vibrational dynamics of-H2C0

on its ground state potential energy surféce. SuCh treaﬁments of
simpler systems have been carried out,28 and the goal.is to extend -
ﬁﬁése treatments to deal‘with formaldeﬁyde.«

-t
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“Table I. Harmonic Vibrational Frequenciesa'of HZCOg

Dz-SCF® DZP-SCF  DZ-CI  DZPCL et ¢
wl(al)'. 3223 3149 3028 - 3074 2944
wy(a)) 1878 " 2006 1703 1869 1764
wyla)) 1651 1656 1544 1596 1563
w,(b)) 1324 1335 1194 1243 1191
wg (b)) 3315 3226 »'_ 3112 3155 3009
wg (b)) 1349 1367 1263 1306 1287

Co . . -1
LUnits for frequencies are cm .

b . . ' . : . s e ..
Various column headings refer to the various ab initio basis
sets and extent of configuration interaction included in the

calculations.

d

c ' . . - . : ]
The experimental harmonic frequencies given in reference 21 ..

w



Table II.
_ DZ~SCF
¢ w @) 3156
‘wz(a") 1948 v
w3(a') 1371
: w4(a') 800
w5(a') 23201
: wé(a") 1015
keal,d ,
VO(mole) 113.7 -
a’b‘See Table I.
c

e

“Scaled frequencies, as defined by Eq. (4).
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Transition State Parameters

' DZP—SC?’
3243'
2092
1526

829
23051
1024

105.9

%V 0r H.CO + H. + CO.

Barrier height relative to vibrationless HZCO.

2 2
DZ-CI DZP-CI SCALED®
3159 3263 3125
1764 1939 1830
1310 1555 1523
803 876 839
19974 21241 20261
© 889 A 950 936
100.3 98.1 92°
\

The best estimates of Goddard et al. (reference 17) of the

classical barrier,. with a probable exror of

* 1 kcal/mole.
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Table III. Frequency Variation along Réaction Path.

Lo £0.21
w 3517 3263 2642 |
w, 1932 1939 1981
W, 1594 1555 1648
W, 953 876 738
we (v 950) " 950 (v 950)
a

The out-of-plane bending frequency.
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Table IV. Rate Constants via Simple RRKM + Tunneling Model. .

-1
log le(_sec )

E-VC(RCal/mole)" hv (bz—scf»  DZP-SCF 'bé;ci DZPACI fiSCAL;;\
-2 3057 3.41 2.91 2.99 2.95
0 asl 46 13.90 3.92 - 3.9

2., 5.24 5.10 4.87 483 4.88.
4 - ' 6.06 _5v93 5.83 . 5.74 -‘ 5.81
6 . 6.88 6.76  6.77 6.63 6.75
8 | 7;68‘ .57 7.71 751 7.67

0 8.43 8.3 .57 8.36  g§.55

12 - 9.02 9.00 9.17 9.05 9.21
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Table V. Effect on Rate of More Rigorous Dynamical Model.

~1.2
log klésec ) -
D — - A —
E-V (kcal/mole) 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 . 4.8 - 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  °8.3%  8.35  8.33  8.25
12 9.05 9.04 9.04 9.02 8.97

33ee text for a description of the theoretical models correspbnding

to columms A-E.
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‘Figure Caption

Potential energy élqng 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 X

function fit to the ab initio curvature at 's=0.
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