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Abstract 

Classical trajectories for HICO+H2 + CO dissociation have been calculated directly from ab initio molecular orbital compu- 
tations at the HF/3-21G and HF/6-31G” levels of theory, without constructing a global potential energy surface. The classical 
equations of motion were integrated on local fifth-order polynomial surfaces fitted to the energies, gradients and hessians com- 
puted at the beginning and end points of each step along the trajectory. The calculated vibrational and rotational energy distri- 
butions and average impact parameter of the products are in very good agreement with experiment. The relative translational 
energy is higher than experiment because the barrier is overestimated at both levels of theory. 

1. Introduction 

The photodissociation of formaldehyde has been 
studied intensively for more than two decades [ l- 
171. The mechanism of photolysis below the thresh- 
old for the radical dissociation channel (H + HCO ) , 
e.g., photolysis of the 2’4’ band of S, state, is well 
known [l] 

H,CO+hv( x29500 cm-‘) 

+H2CO(SI, v2=l, ~4'1, J,K,,K,) 

+H&O(S$) 

+Hz(vH~, J~~)+co(vco, Ja,). (1) 

The electronically excited H&O ( S1 ) internally con- 
verts radiationlessly to highly excited vibrational lev- 
els of the ground electronic state (S,) where it then 
undergoes unimolecular decomposition over a steep 
barrier. The activation energy for this reaction is es- 

1 Current address: Department of Chemistry, Iowa State Univer- 
sity, Ames, IA 50011, USA. 

timated to be 79.2 + 0.8 kcal/mol [ 21. Experimental 
studies of the energy partitioning in the fragments, 
carried out mainly by Moore and co-workers, include 
translational energy distribution by time-of-flight 
(TOF) mass spectrometry [ 31, CO vibrational and 
rotational distributions by laser-induced fluores- 
cence (LIF) [ 41, and H2 vibrational and rotational 
distributions by coherent anti-Stokes Raman spec- 
troscopy (CARS) [ $6 ] and Doppler-resolved LIF 
[ 7 1. Quantum-state correlations [ 71 and vector cor- 
relations [ 8,9] have also been carefully investigated. 
Most recently, results suggest that a second fragmen- 
tation path, H,CO+H+HCO+H2+C0, may also be 
open [lo]. 

Considerable theoretical effort has been spent on 
finding the properties of the transition state and un- 
derstanding the molecular dynamics [ 12-171. The 
best predicted barrier height of the reaction is 
80.9 + 3.0 kcal/mol at the MCSCF level [ 151 and 
8 1.4 kcal/mol at CCSDT-1 level [ 16 1. Miller and co- 
workers [ 171 recently carried out classical trajectory 
studies by using the empirical valence-bond (EVB) 
model fitted to ab initio results at CCSD/TZ2P and 
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MP2/TZP levels of theory. Their calculations with 
this CCSD/EVB model potential give excellent 
agreement with experimental data for the product- 
state distributions of CO and HZ. 

The traditional approach to studying reaction dy- 
namics by classical trajectory calculations is to con- 
struct an analytical potential energy surface fitted to 
experimental data and/or ab initio molecular orbital 
energies [ 18-201. Another approach is to use ab ini- 
tio and semi-empirical molecular orbital calculations 
directly in classical trajectory studies [ 2 1,221 and this 
has become feasible [ 23,241 because of advances in 
computer speed and improvements in molecular or- 
bital software. If analytical first and second deriva- 
tives can be computed at a reasonable cost using 
standard electronic structure methods, the classical 
equations of motion can be integrated directly on a 
local quadratic surface for an appropriately small step 
size. Helgaker, Uggerud and Jensen [23,24] have 
used this approach to obtain classical trajectories for 
the elimination of H2 from H3 and CH20H+. Be- 
cause of the anharmonicity of the potential energy 
surface, the stepsize for integration on the local qua- 
dratic energy surface has to be rather small. In this 
Letter, we present a new algorithm that employs a 
fifth-order polynomial model surface fitted to the 
energies, gradients and hessians at the beginning and 
end points of each integration step. The cost for the 
trajectory calculations is reduced significantly, since 
considerably larger step sizes can be used without lost 
of accuracy in the integration of the classical trajec- 
tories. The methodology is demonstrated in a study 
of H2CO+H2 + CO calculated at the HF/3-2 1 G and 
HF/6-3 1 G” levels of theory. 

2. Method 

Molecular energies, gradients and second deriva- 
tives were calculated using the Gaussian series of ab 
initio molecular orbital programs [ 25 1. The integra- 
tion of a step along a classical trajectory is divided 
into two parts. A predictor step is taken by integrat- 
ing the classical equations of motion from Xi to xi + 1 
on a local quadratic model using the energy, gra- 
dients and second derivatives from the previous ab 
initio calculation at xi, near x,. A new set of energy, 

gradients and second derivatives are calculated at 
xi + , and a polynomial surface is fitted to the data at 
x,andx:+, (fifth-order parallel to x:+~ -x,, second 
order in the perpendicular directions). A corrector 
step is then taken on the polynomial surface, re-inte- 
grating the classical trajectory from Xi to x1+,. The 
integration time for the step is adjusted to yield a fixed 
distance between Xi and xi+ 1 (this distance is analo- 
gous to a trust radius used in geometry optimiza- 
tion). A trajectory is terminated when the distance 
between the fragments is greater than 13 bohr and 
the gradient for the separation of the fragments is less 
than 5x 10 -’ hartree/bohr. In the final product 
analysis, the rotational quantum numbers are ob- 
tained by equating the classical and quantum expres- 
sions for angular momentum. The vibrational quan- 
tum numbers are obtained by integrating the Bohr- 
Sommerfeld quantization condition using a Morse 
function fitted to the ab initio potentials for the 
diatomics. 

3. Discussion 

In order to simulate the experimental condition of 
photolysis of the 2’4’ band (29500 cm-‘), initial 
conditions were selected as described by Chang et al. 
[ 171 Trajectories were started by adding the corre- 
sponding excess energy, 5.1 kcal/mol, to the reaction 
coordinate at the transition state of H&O (note that 
the barriers computed at HF/3-2 1 G and HF/6-3 1G” 
are 25.8 and 26.0 kcal/mol higher than experiment). 
Zero-point energy was added to each normal mode 
with a suitable random distribution of initial vibra- 
tional coordinates and momenta. The total angular 
momentum was kept equal to zero, since the initial 
state of H&O ( S1 ) from the photolysis has a small 
rotational quantum number ( x 10) [ 4-71 and has 
only a small effect on the fragment rotational and vi- 
brational distributions [ 41. A total of 400 trajecto- 
ries were calculated at both the HF/3-21G and HF/ 
6-31G” levels of theory. With the stepsize of 0.32 
G bohr, each trajectory runs about 60 steps and 
requires about 7 min of CPU time for the HF/3-2 1 G 
calculations and 40 min of CPU time for the HF/6- 
3 1 G” calculations on an IBM RS/6000 590. 

The total translational energy distributions are 
shown in Fig. 1. Experimentally, the average of the 
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Fig. 1. Total translational energy distributions calculated at (a) 
the HF/3-2 1 G and (b ) the HF/6-3 1 Gm levels of theory. 

total translational energies is about 55 kcal/mol [ 31. 
For the HF/3-2 1 G and HF/6-3 1 GQ calculations, the 
average of the total translational energies are 75.4 and 
79.6 kcal/mol, about 20 and 25 kcal/mol higher than 
the experimental result, respectively. Since both the- 
oretical levels of overestimate the barrier by 26 kcal/ 
mol, it is apparent that most of the excess energy from 
overestimation of the barrier stays in the transla- 
tional degrees of freedom. The calculated partition- 
ing of translational energy is in accord with the ratio 
of the reduced mass of the fragments, i.e. Er(H*)/ 
Er(CO)=/f.co/Pn*k:l3.7. 

Table 1 lists the calculated and observed vibra- 
tional distributions for HZ and CO. For the CO vibra- 
tional distribution, both levels of theory show that 
only the v= 0 and v= 1 states are populated, in agree- 
ment with the experimental results [ 4,111. The cal- 
culations give a slightly higher populations for the 
v= 1 state ( 17% and 18% versus 12Oh for experi- 
ment). Since the experimental error bars are 4Oh, the 

calculated data are still in reasonable agreement with 
experiment. The H2 vibrational distribution calcu- 
lated at the HF/3-21G level yields higher popula- 
tions in high vibrational states than observed experi- 
mentally. About 20% of the excess energy due to the 
overestimation of the barrier appears as H2 vibra- 
tional energy. However, at the HF/6-3 1 G** level the 
calculated vibrational distribution agrees with the 
experimental data quite well and has a peak at V= 1. 

The vibrational state correlations between CO and 
H2 are found by analyzing the vibrational state pop- 
ulation of Hz as a function of the vibrational state of 
CO. The results are listed in Table 2. The results at 
both theHF/3-21GandHF/6-31G**levelsoftheory 
show that for vco = 1 the population of high Hz vibra- 
tional states is much less that for vco= 0. In the HF/ 
6-3 1 G” calculations, for example, the population of 
vHZ = 3 is 43 out of 329 trajectories for vco=O, but 
only 2 out of 7 1 trajectories for vco = 1. Table 3 shows 
the correlations between translational energies and 
vibrational quantum numbers. The total transla- 
tional energy is not affected by vco but decreases by 
x 25 kcal/mol as VnZ changes from 0 to 3. 

The HF/6-3 1 G” calculated CO rotational distri- 
butions for vco = 0 and 1 are shown in Fig. 2; the re- 
sults for HF/3-2 1 G are similar. The distributions for 
both levels with vco = 0 are clearly Gaussian-shaped 
with (J) = 42.8 and 46.2 and full width at half max- 
imum of 18.2f0.8 and 17.8f 1.0 at HF/3-21G and 
HF/6-3 1 G”, respectively. Although the data for 
vco= 1 are quite scattered, they still can be fit to a 
Gaussian with the standard deviations two to three 
time greater than those of vco=O. The quantum 
numbers of the most populated rotational state at the 
HF/6-3 1 G** are about 4 to 6 quanta higher than ex- 
periment (J= 42). This can be understood in terms 
of the ‘modified impulsive model’ [ 41, since the total 
available energy is higher in the theoretical calcula- 
tions. This effect is not as dominant at HF/3-21G 
because the higher population in the high vibrational 
states of H2 reduces the amount of the energy to 
translation and rotation. The widths of the calculated 
distributions are a little bit narrower than experi- 
ment (22-25) [4]. 

The calculated rotational distributions for each vi- 
brational state for Hz are shown in Fig. 3. The peak 
positions are at J= 3 for all vHZ at HF/3-2 1 G. At HF/ 

6-3 lG**, the peak positions are at 2 for vH2 = 0,3 for 
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Table 1 
The vibrational distributions a for photofragments CO and H2 

V co HZ 

HF/3-21G HF/6-31G” Exp b HF/3-21G HF/6-31G- Exp ’ 

0 83.2 82.2 88 11.0 22.8 24.2 
1 16.8 17.8 12 30.7 36.5 41.3 
2 29.5 27.0 24.6 
3 21.7 11.2 8.6 
4 6.8 2.5 0.3 
5 0.3 0.0 0.0 

* In percentage. b From Ref. [ 41. ’ From Ref. [ 61. 

Table 2 
Vibrational correlations a between photofragments CO and H2 

HF/3-21G 
v,=o 29 95 99 83 26 1 333 
v,=l 15 28 19 4 1 0 67 
total 44 123 118 87 27 1 400 

HF/6-31G” 
v,=o 65 111 100 43 10 0 329 
vco=l 26 35 8 2 0 0 71 
total 91 146 108 45 10 0 400 

8 Number of trajectories. 

Table 3 
Averages of total translational energy a as function of vibrational 

quantum numbers 

HF/3-21G HF/6-3lG” 

v,=o 75.0 79.2 
v,=l 77.4 81.6 
vm=o 90.4 91.5 
vn2=l 83.8 83.0 
an1 - -2 73.1 73.2 
r&=3 64.8 64.8 
Total 75.4 79.6 

a In kcal/mol. 

vH2 =-l and 3, and 4 for Vnz = 2. Because of the StIKt]] 

number of trajectories, it is diffkult to compare these 
results with those from experiment. 

The correlation between vibrational and rotational 
quantum states are shown in Table 4. As seen exper- 

imentally, the calculations show that higher vibra- 
tional quantum numbers for Hz are associated with 
lower rotational quantum numbers for CO. For ex- 
ample, the differences in (Joe) between vnz = 1 and 
3 are 6.5 and 6.4 at HF/3-21G and HF/6-31G” re- 
spectively, which agree with the measured difference 
of about six quanta [ 7 1. 

Distributions of the impact parameter, b, are shown 
in Fig. 4. The average impact parameters are 0.82 and 
0.85 A with full width at half maximum of 0.35 f 0.01 
and0.33k0.01 AatHF/3-21GandHF/6-31G+*,re- 
spectively. These data are in good agreement with the 
experimental value of about 0.9 A for an average b 
[ $61. The variations in (b) with vibrational quan- 
tum numbers are listed in Table 5. The impact pa- 
rameter is not affected significantly by uco but de- 
creases slightly with increasing v~. 
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Fig. 2. CO rotational state distributions at the HF/6-31G- level 
of theory in the CO vibrational quantum state v,=O (a) and 
uco= 1 (b). 

4. Conclusions 

This study has illustrated the feasibility of using ab 
initio classical trajectories to investigate product en- 
ergy partitioning in the unimolecular dissociation of 
polyatomic molecules. A new fifth-order polynomial 
model was developed, which allows the integration 
stepsize to be increased and, thus, reduces the re- 
quired computer time. The trajectories are initiated 
at the potential barrier to mimic experimental con- 
ditions and the effect of the exit channel potential on 
the product energy partitioning [ 26-29 ] can be in- 
vestigated. Previous studies [ 301 have indicated that 
trajectories give accurate and valuable information 
for such direct dissociation processes where prob- 
lems associated with unphysical zero-point energy 
flow [ 3 I-35 ] are of no or minor importance. 

In the ab initio trajectory calculations presented 
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Fig. 3. H2 rotational state distributions at (a) the HF/3-2 1G and 
(b) the HF/6-31G” levels of theory in the various CO vibra- 
tional quantum states. 

here, the HF/3-21G and HF/6-3 1G” levels of the- 
ory are used to determine the product energy distri- 
bution for H2CO+H2 + CO dissociation. These the- 
ories overestimate the potential barrier by 26 kcal/ 
mol. However, most of the excess energy from the 
overestimated barrier goes to product translation and 
the calculated product vibrational and rotational 
energies are in good agreement with experiment. For 
the HF/6-3 lG** calculations, this agreement is near 
quantitative. Calculated correlations between vibra- 
tional and rotational states agree with experiment, as 
does the calculated distribution of the product im- 
pact parameter. Thus, the HF level of theory appears 
to describe accurately all experimentally measured 
properties of H2CO+H1 + CO dissociation except for 
product translational energy. The overestimation of 
the potential energy barrier by HF theory only affects 
this latter property and the HF theory apparently de- 
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Averages of rotational quantum numbers as a function of vibrational quantum number 

JCO J Hz 

HF/3-21G HF/6-31G” HF/3-21G HF/6-31G” 

v,=o 42.8 46.2 3.3 3.2 
v,=l 44.3 48.4 2.6 2.5 
vru=o 48.8 51.5 3.2 3.1 
v,=l 45.8 47.5 3.0 3.0 
v,=2 42.4 44.1 3.6 3.5 
v,=3 39.3 41.1 3.2 2.7 
total 43.1 46.6 3.2 3.1 

HF/3-21G 
0.180 

3 . 

Table 5 
Averages of calculated impact parameters (b) a 

HF/3-21G HF/6-31G” 
0.135 J 

8 

5°.m : 
o.ws - 

0.m - 

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 

vco=o 0.817 0.847 
l&)=1 0.816 0.861 
vr.n=o 0.856 0.879 
vm=l 0.823 0.843 
an, - -2 0.826 0.840 
t+r* - -3 0.790 0.826 
total 0.817 0.850 
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