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The dynamics of the unimolecular dissociation of formyl halides, HXCO (X) F, Cl), have been studied by
classical trajectory calculations at the MP2/6-31G(d,p) level of theory and have been compared to similar
calculations for H2CO. The calculated transition states are planar with elongated C-X and H-X bonds.
Trajectories were started from the transition state with 12 kcal/mol of energy above the potential barrier,
corresponding to the zero-point energy plus 2.25 and 2.87 kcal/mol of excess energy in the transition vector
of formyl fluoride and formyl chloride, respectively. The CO fragments are produced rotationally hot with
〈J〉 ) 40-50 but vibrationally cold with only 10-20% inV ) 1. The HX fragment shows significant vibrational
excitation with〈V〉 ) 1.0 for HF and〈V〉 ) 2.3 for HCl, compared to〈V〉 ) 1.16 for H2. The average rotational
quantum number for HCl,〈J〉 ) 12.8, is considerably higher than for HF,〈J〉 ) 9.5, or H2, 〈J〉 ) 3.3. Product
translation receives about 42% of the available energy in formyl fluoride and about 31% in formyl chloride
compared to 70% for formaldehyde. The results show good qualitative agreement with the available
experimental energy partitioning for HFCO; HF is observed to be vibrationally hot, but the distribution has
not been measured. No experiments are available for HClCO dissociation.

Introduction

The unimolecular dissociation dynamics of small molecules
is of interest to both experimentalists and theoreticians. The
mode specificity of the reactants, the reaction threshold, and
the distribution of energy in the products are some of the details
that are studied. In this respect, the photodissociation of form-
aldehyde (H2CO) has been studied extensively by experiment1-13

and theory.14-29 Formyl fluoride (HFCO)30-47 and formyl
chloride (HClCO)36,48,49 have received much less attention.
These fluorine- and chlorine-substituted analogues of H2CO are
formed in the degradation of hydrochlorofluorocarbons
(HCFC).50,51 The photodissociation of these halogenated mol-
ecules is of importance, as their degradation has important
consequences for the earth’s protective ozone layer.52-54 The
various dissociation routes for HXCO are

Of these pathways, the molecular dissociation channel (reaction
3) is found to be the lowest-energy path.

Studies by Choi and Moore30-33 have shown that stimulated
emission pumping can prepare formyl fluoride (HFCO) in a
specific dissociative level in the ground electronic state, where
it dissociates to HF+ CO. HFCO is excited to the S1 state and
is then stimulated to emit to a vibrationally excited level of the
ground state, which can dissociate.30,33 They observed that the

intramolecular vibrational redistribution (IVR) was mode-
specific in the energy region where it dissociates, with high
overtone states of out-of-plane bending being exceptionally
stable.31 Measurements of the unimolecular dissociation rates
showed that there is a large change in the rate for a small change
in the rovibrational state.32 The dissociation rate was found to
increase by a factor of 10 to 100 or more for a small increase
in the rotational quantum number fromJ ) 0 to J ) 4 and also
exhibited mode specificity. The barrier for the dissociation was
measured to be 49( 4 kcal/mol from these rates. Saito et al.
studied the thermal decomposition of HFCO in shock waves
and deduced a barrier height of 43 kcal/mol.43 Moore et al. have
also studied the CO rotational distribution and Doppler width.34

They found that the CO fragment is rotationally hot and that
the rotational distribution is significantly different for different
initial states. About 20% of the available energy goes into the
CO rotation, and 50% goes into product translation. The internal
energy of the HF fragment accounts for the remaining 30% of
the energy. As early as 1973, Klimek and Berry55 found that
photolysis of HFCO leads to HF laser emission. The average
vibrational energy of HF was estimated to be about 10( 3
kcal/mol, which is≈7% of the available energy. In an infrared
multiphoton decomposition (IRMPD) study of HFCO, Ishikawa,
Sugita, and Arai44 found that CO was produced in its ground
vibrational state while HF was produced vibrationally hot.

Formyl fluoride has also been the subject of several theoretical
studies. Morokuma, Kato, and Hirao38 initially studied the
ground-state potential energy surface (PES) of HFCO by ab
initio methods at the HF/4-31G level of theory. They calculated
the transition state, barrier height, and intrinsic reaction
coordinate for the molecular dissociation of HFCO. The
transition state for the dissociation was found to be planar, with
a barrier of 58 kcal/mol. Subsequently, Morokuma and Kamiya37
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barrier height to be 46.9 kcal/mol at the MP4/6-311G**//MP2/
6-31G* level. They located other stationary points on the PES
including the transition state, complexes, and products for
rearrangement and dissociation. Goddard and Schaefer35 also
studied the unimolecular dissociation and rearrangement of
HFCO. Their estimate of the barrier height for the molecular
dissociation was 47 kcal/mol using the coupled-cluster single
and double method with the triple-ú plus double-polarized basis
set (CCSD TZ+2P). They confirmed the existence of singlet
cis and trans fluorohydroxymethylenes and calculated the
transition state for the isomerization reaction. Francisco and
Zhao36 studied the various reaction pathways for the decomposi-
tion of HFCO. At the PMP4/6-311++G(d,p) level of theory,
they calculated the barrier height for the molecular dissociation
(reaction 3) to be 43 kcal/mol compared to 94.4 kcal/mol for
the C-H bond dissociation (reaction 1), 109.5 kcal/mol for the
C-F bond dissociation (reaction 2), and 45 kcal/mol for
isomerization to fluorohydroxycarbene (reaction 4). The ther-
mochemistry of formyl halides has also been studied by
Glukhovstev and Bach using the G2 theory.47

A number of analytical global PESs for this molecular
dissociation have been constructed for use in dynamics calcula-
tions. Wei and Wyatt39 carried out calculations at the MP4-
(SDTQ)/VTZ level and fitted the energies of nearly 4000
different geometries to two types of analytical functionssa high-
order polynomial expansion using Simons-Parr-Filan (SPF)
coordinates and a many-body expansion function. Their estimate
of the barrier height was≈45 kcal/mol. Budenholzer and Yu46

performed classical trajectory calculations on a modified version
of the Wei and Wyatt potential surface. They integrated about
6000 trajectories starting from the equilibrium geometry of
HFCO by placing zero-point energy in each of the normal modes
and then exciting a single normal mode such that the total energy
was between 68.7 and 73.4 kcal/mol. They found clear evidence
of mode specificity as the excitation of different modes gave
significantly different reaction rates. Yamamoto and Kato40

developed a new and more accurate ground-state PES at the
MP2/cc-pVTZ level using about 4000 ab initio potential energies
and fitting it to an analytical function composed of three local
potential functions. Using this PES, they also carried out two
types of classical trajectory studies. First, power spectra were
calculated to investigate the intramolecular dynamics. Second,
to study the energy partitioning between the HF and CO
products, around 30 000 trajectories were initiated near the
transition state, with each trajectory having a fixed energy of
12 kcal/mol above the potential energy of the transition state.
The same authors also carried out a quantum dynamics study
of the dissociation rates41 and the mode specificity42 of the
unimolecular dissociation of HFCO on the modified PES. They
observed large fluctuations in the time-dependent rate coef-
ficients with the total energy and found that the coupling of the
out-of-plane bending state with other in-plane vibrational states
is weak.

Compared to the number of studies on H2CO and HFCO,
there have been very few studies on HClCO. The reaction
pathways for the dissociation of HClCO on the ground-state
PES have been studied by ab initio methods.36 The barrier height
was computed to be 37.8 kcal/mol at the PMP4/6-311++G-
(d,p) level of theory. Bent et al.48 have carried out quantum
chemistry and density functional calculations to compare with
the experimental value of the vertical excitation energy of
HClCO. The results of their density functional calculations
(using a double numerical basis set with polarization) were in
better agreement with experiment except for the most extensive

quantum chemistry method used. Fang and Liu49 have carried
out ab initio studies on the lowest three electronic states of
HClCO (S0, S1, and T1) using the complete active space self-
consistent field (CASSCF) and single- and multireference MP2
methods. The same authors have also carried out similar
calculations on HFCO45 and have found significant differences
in the dissociation mechanism of the two molecules. At 230-
320 nm, both HFCO and HClCO are excited to the S1 state
from which there are three possible routessinternal conversion
(IC) to the ground state, intersystem crossing (ISC) to the lowest
triplet state, and dissociation on the S1 surface. The C-Cl bond
cleavage on the S1 PES is the most probable mechanism for
the dissociation of HClCO at 230-320 nm. However, in case
of HFCO, ISC from S1 to T1 and subsequent dissociation to H
+ FCO on the T1 surface is the dominant route for dissociation
at 218-248 nm, whereas at wavelengths shorter than 233 nm,
the F-C bond dissociation on the S1 surface can also compete
with the H-C bond dissociation.

In the present study, we have used ab initio trajectory
calculations to study the dynamics of the unimolecular dis-
sociation of HXCO on the ground-state potential energy surface.
Electronic structure theory is used to compute the PES directly
rather than fitting to an analytical form.56 In particular, classical
trajectories have been computed for HXCOf HX + CO at
the MP2 level of theory using the 6-31G(d,p) basis set.

Method

All of the calculations were carried out with the development
version of the Gaussian57 series of programs. The geometries
of the ground state and the transition state of formyl fluoride
and formyl chloride were optimized at the following levels of
theory: Hartree-Fock [HF/3-21G and HF/6-31G(d)], second-
order Møller-Plesset perturbation theory58 [MP2/6-31G(d),
MP2/6-31G(d,p), and MP2/6-311G(d,p)], Becke’s three-param-
eter hybrid density functional method59-61 [B3LYP/6-31G(d)],
and QCISD/6-311G(d,p) (quadratic configuration interaction
with single and double excitations62). Accurate heats of reaction
and barrier heights were calculated using the complete basis
extrapolation techniques of Peterson and co-workers63 using the
CBS-APNO method for HFCO and the CBS-QB3 method for
both HFCO and HClCO. The second-order method of Gonzalez
and Schlegel64,65 was used to calculate the mass-weighted
steepest reaction paths.

A Hessian-based predictor-corrector method66,67 was used
to integrate the ab inito classical trajectories. The Hessian was
updated for five steps before being recalculated analytically.
Step sizes of 0.5, 0.25, and 0.125 amu1/2 bohr were used for
the calculations. The trajectories were stopped when the
fragments were at least 8 bohr apart and the gradient of the
potential between the fragments was less than 1× 10-5 hartree/
bohr. The time taken for the trajectories to be completed was
about 90 fs for HFCO and about 110 fs for HClCO. The total
energy was conserved to about 1× 10-7 hartree in both cases
when step sizes of 0.25 and 0.125 amu1/2 bohr were used.

The initial conditions chosen for the trajectory calculations
were similar to those used by Yamamoto and Kato.40 The
trajectories were started at the transition state with 2.25 kcal/
mol of kinetic energy in the transition vector for HFCO and
2.87 kcal/mol of kinetic energy in the case of HClCO. Zero-
point energy was put in all of the other vibrational modes. This
corresponds to an energy of 12 kcal/mol above the transition-
state potential energy of both molecules. The total angular
momentum was set to zero. The phases of the vibrational
coordinates were chosen randomly. About 200 trajectories were

11624 J. Phys. Chem. A, Vol. 106, No. 47, 2002 Anand and Schlegel



computed for each molecule at the MP2/6-31G(d,p) level of
theory. Estimated error bars of one standard deviation were
included in the appropriate plots.

The rotational quantum numbers of the diatomic products
were calculated from the instantaneous angular momentum. For
the analysis of the vibrational energy of the products, a Morse
function was fitted to the potential energy at several distances.
The vibrational quantum number was then calculated by
integrating the momentum over one vibrational period according
to the Einstein-Brillouin-Keller (EBK) semiclassical quantiza-
tion condition.68

Results and Discussion

Structure and Energetics.The calculated geometric param-
eters for the ground states of formyl fluoride and formyl chloride
are presented in Tables 1 and 2, respectively. These are in good
agreement with previous calculations36,37,40,45,49and experi-
ments.69,70The C-O and C-F bond lengths at the MP2/6-31G-
(d,p) level are about 0.01 Å longer than those in the QCISD/
6-311G(d,p) calculations and the experimental values.69 The
C-O bond in HClCO is about 0.02 Å longer at the MP2/6-
31G(d,p) level than in the CAS(14,10)/cc-pVDZ calculations
and the experimental values.70

In Table 3 are collected the calculated geometric parameters
for the transition state of formyl fluoride. The transition state
is planar with long C-F and C-H bonds, in agreement with

the calculations of Morokuma and co-workers.38 At the transition
state, the H-F distance is about 50% longer than the equilibrium
HF bond length, suggesting that the product may be formed
with considerable vibrational excitation. Similarly, the transition
state for HClCO is also planar, and the H-Cl bond is about
48% longer than the equilibrium HCl bond length (see Table
4). The geometries of the transition states for HXCOf CO +
HX (X) H, F, Cl) are best described as a 1,2 shift of X across
the H-C bond of HCO. Population analysis shows that the
migrating group has a partial negative charge (even for X)
H), which is consistent with the greater stability of X- + HCO+

compared to X+ + HCO-. An alternative transition state
involving the 1,2 shift of H+ is disfavored because XCO- is
less stable toward dissociation than HCO+.

The calculated barrier heights and heats of reaction are shown
in Tables 5 and 6. The barriers computed for HFCO at CBS-
QB3, 50.3 kcal/mol, and at CBS-APNO (our best level of
theory), 49.2 kcal/mol, are both in good agreement with the
experimental value of 49( 4 kcal/mol. Whereas the Hartree-

TABLE 1: Optimized Geometries for the Ground State
of HFCOa

C-O C-F C-H F-C-O H-C-O

HF/3-21G 1.179 1.347 1.072 122.3 127.7
HF/6-31G(d) 1.164 1.314 1.081 123.0 126.9
B3LYP/6-31G(d) 1.186 1.345 1.097 123.3 127.3
MP2/6-31G(d) 1.195 1.354 1.094 123.2 127.6
MP2/6-31G(d,p) 1.195 1.354 1.090 123.2 127.6
MP2/6-311G(d,p) 1.184 1.346 1.094 123.2 127.9
QCISD/6-311G(d,p) 1.180 1.342 1.096 123.0 127.7
MP2/cc-pVTZb 1.184 1.348 1.085 123.0 127.9
CAS/cc-pVDZc 1.184 1.330 1.091 122.8 128.0
experimentd 1.183 1.341 1.100 122.7 129.0

a Bond lengths in angstroms, angles in degrees.b Reference 40.
c Reference 45.d Reference69.

TABLE 2: Optimized Geometries for the Ground State
of HClCOa

C-O C-Cl C-H Cl-C-O H-C-O

HF/3-21G 1.171 1.892 1.072 122.3 131.3
HF/6-31G(d) 1.165 1.756 1.083 123.2 126.1
B3LYP/6-31G(d) 1.185 1.797 1.098 123.7 126.9
MP2/6-31G(d) 1.200 1.769 1.096 123.7 126.3
MP2/6-31G(d,p) 1.200 1.768 1.092 123.8 126.3
MP2/6-311G(d,p) 1.188 1.774 1.097 123.6 126.7
QCISD/6-311G(d,p) 1.185 1.774 1.097 123.5 126.3
MP2/cc-pVTZb 1.189 1.768 1.092 123.7 126.5
CAS(14,10)/cc-pVDZb 1.187 1.808 1.090 123.4 127.9
experimentc 1.182 1.765 1.090 123.1 126.5

a Bond lengths in angstroms, angles in degrees.b Reference 49.
c Reference 70.

TABLE 3: Optimized Geometries for the Transition State
of HFCOa

C-O C-F C-H H-F O-C-F

HF/3-21G 1.131 1.782 1.135 1.345 122.8
HF/6-31G(d) 1.112 1.838 1.127 1.379 123.9
B3LYP/6-31G(d) 1.146 1.816 1.147 1.358 121.4
MP2/6-31G(d) 1.157 1.803 1.146 1.358 121.6
MP2/6-31G(d,p) 1.157 1.793 1.137 1.357 121.7
MP2/6-311G(d,p) 1.144 1.808 1.135 1.376 121.9
QCISD/6-311G(d,p) 1.136 1.823 1.133 1.392 122.2
MP2/cc-pVTZb 1.140 1.843 1.126 1.389 122.2

a Bond lengths in angstroms, angles in degrees.b Reference 40.

TABLE 4: Optimized Geometries for the Transition State
of HClCOa

C-O C-Cl C-H H-Cl O-C-Cl

HF/3-21G 1.116 2.552 1.104 1.982 126.6
HF/6-31G(d) 1.102 2.522 1.106 1.972 127.4
B3LYP/6-31G(d) 1.141 2.414 1.126 1.872 122.8
MP2/6-31G(d) 1.151 2.415 1.123 1.884 122.9
MP2/6-31G(d,p) 1.153 2.360 1.116 1.857 123.5
MP2/6-311G(d,p) 1.142 2.339 1.116 1.856 123.1
QCISD/6-311G(d,p) 1.133 2.355 1.116 1.876 123.7

a Bond lengths in angstroms, angles in degrees.

TABLE 5: Reaction Enthalpies and Barrier Heights for
HFCOa

level ∆Hq
forward,298 ∆H° r,298 ∆Hq

reverse,298

HF/3-21G 65.4 7 58.4
HF/6-31G(d) 68.4 1.3 67.0
B3LYP/6-31G(d) 54.1 18.1 36.0
MP2/6-31G(d) 54.1 7.2 46.9
MP2/6-31G(d,p) 52.8 4.3 48.5
MP2/6-311G(d,p) 50.3 -2.8 53.2
CBS-QB3 50.3 0.3 50.0
CBS-APNO 49.2 0.6 48.6
experiment 49( 4b -1.5c 50.5( 4

a Enthalpies at 298 K in kcal/mol.b Reference 32.c Reference 71.
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Fock level overestimates the barrier by about 16-19 kcal/mol,
at all of the post SCF levels the barrier height is in good
agreement with the experimental estimate. The MP2 level
overestimates the barrier by about 1-4 kcal/mol. The experi-
mental heats of reaction are calculated from the experimental
heats of formation reported in the JANAF tables.71 In the case
of HClCO, our best estimate of the barrier height is the CBS-
QB3 value of 37.4 kcal/mol. At all post SCF levels considered,
the barrier height is within about 3 kcal/mol of the CBS-QB3
value. On the basis of the energy released in going from the
transition state to the products, the MP2/6-31G(d,p) level of
theory was chosen for the trajectory calculations as the best
compromise between accuracy and affordability.

Potential Energy Profile. The potential energy profile along
the mass-weighted steepest-descent reaction path (intrinsic
reaction coordinate) of HFCO is shown in Figure 1. The energy
released is too large by about 10-20 kcal/mol at the HF level
of theory, about 12 kcal/mol too small at B3LYP, and differs
by about( 3 kcal at the MP2 level of theory when compared
to the CBS-APNO calculations. In the formaldehyde case,29 the
energy released is about 20 kcal/mol too large at the HF level,
about 1-3 kcal/mol too small at B3LYP, and about 10 kcal/
mol too large at the MP2 level. The formation of the H-F bond
is almost complete by abouts ) 1.0 amu1/2 bohr. This
corresponds to an H-F bond length of about 0.95 Å at MP2/
6-31G(d,p). About 45% of the energy has been released at this
point compared to 50% in the case of formaldehyde.29 Figure 2
shows the potential energy profile along the reaction path for
HClCO. At the HF level, the energy released is about 9-17
kcal/mol too large and about 14 kcal/mol too small at the
B3LYP level compared to the CBS-QB3 value. The energy

released at the MP2 level differs by about(4 kcal/mol. The
formation of the H-Cl bond is about 90% complete bys ) 1.0
amu1/2 bohr, corresponding to an H-Cl bond length of 1.36 Å
and an energy release of about 39% at the MP2/6-31G(d,p) level.

Effect of Step Size.At a step size of 0.5 amu1/2 bohr, the
trajectory calculations resulted in an energy conservation of only
about 1× 10-4 hartree. Because the reactions are complete in
the first 40-60 fs and the vibrational frequency of the HX
product is quite high, trajectory integrations with this large step
size might actually be missing the important dynamics of the
dissociation. In the case of HFCO, the vibrational population
of HF did not show the expected degree of excitation, and the
CO fragment was found to have more vibrational excitation than
expected (Table 7). Step sizes of 0.25 amu1/2 bohr and 0.125
amu1/2 bohr resulted in better energy conservation (1× 10-7

hartree) and gave product vibrational distributions in better
agreement with earlier calculations.40 At a step size of 0.25
amu1/2 bohr, the vibrational distribution is statistically the same
as the results from the 0.125 amu1/2 bohr step size at a
confidence level of 90%. In the case of HClCO, the vibrational
distribution of CO did not vary significantly with step size.
However, the HCl vibrational population peaked atV ) 2 for s

TABLE 6: Reaction Enthalpies and Barrier Heights for
HClCO a

level ∆Hq
forward,298 ∆H° r,298 ∆Hq

reverse,298

HF/3-21G 28.1 -10.4 58.4
HF/6-31G(d) 42.5 -10.2 67.0
B3LYP/6-31G(d) 37.9 7.4 36.0
MP2/6-31G(d) 42.7 1.5 46.9
MP2/6-31G(d,p) 40.9 -1.9 48.5
MP2/6-311G(d,p) 37.2 -6.4 53.2
CBS-QB3 37.4 -5.6 50.0

a Enthalpies at 298 K in kcal/mol

Figure 1. Potential energy along the reaction path for HFCOf HF
+ CO at HF/3-21G, HF/6-31G(d), B3LYP/6-31G(d), MP2/6-31G(d),
MP2/6-31 g(d,p), and MP2/6-311G(d,p).

Figure 2. Potential energy along the reaction path for HClCOf HCl
+ CO at HF/3-21G, HF/6-31G(d), B3LYP/6-31G(d), MP2/6-31G(d),
MP2/6-31 g(d,p), and MP2/6-311G(d,p).

TABLE 7: Vibrational Population of the Fragments at
Various Step Sizes

vibrational
population in HFCO

vibrational
population in HClCO

step size CO (%) HF (%) CO (%) HCl (%)

V ) 0 74( 3 64( 3 V ) 0 89( 2 2 ( 0.9
V ) 1 26( 3 36( 3 V ) 1 11( 2 31( 3

0.5 amu1/2 bohra V ) 2 V ) 2 41( 3
V ) 3 V ) 3 19( 3
V ) 4 V ) 4 8 ( 2
V ) 0 81( 3 29( 3 V ) 0 88( 2 0
V ) 1 19( 3 42( 3 V ) 1 12( 2 27( 3

0.25 amu1/2 bohra V ) 2 28( 3 V ) 2 30( 3
V ) 3 1 ( 0.5 V ) 3 33( 3
V ) 4 V ) 4 10( 2
V ) 0 82( 3 30( 3 V ) 0 88( 2 1 ( 0.6
V ) 1 18( 3 49( 3 V ) 1 12( 2 20( 3

0.125 amu1/2 bohrb V ) 2 19( 3 V ) 2 35( 4
V ) 3 2 ( 1 V ) 3 38( 4
V ) 4 V ) 4 6 ( 2

a Two hundred trajectories each for HFCO and HClCO.b One
hundred ninety trajectories for HFCO and 167 trajectories for HClCO.
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) 0.5 amu1/2 bohr and atV ) 3 for s ) 0.25 and 0.125 amu1/2

bohr. At the 90% confidence level, the distributions for the two
smaller step sizes are the same.

Figures 3 and 4 show the effect of the step size on the product
rotational distributions for HFCO and HClCO dissociation. The
widths of the distributions are similar, but the means vary with
the step size. For HFCO, the average rotational quantum
numbers are 51.1, 47.1, and 46.6 for CO and 11.8, 9.6, and 9.4
for HF at step sizes of 0.5, 0.25, and 0.125 amu1/2 bohr,
respectively. Likewise, for HClCO,〈JCO〉 ) 42.2, 40.9, and 40.5
and 〈JHCl〉 ) 12.8, 12.9, and 12.6, respectively. As with the
vibrational populations, the rotational distributions obtained with
s ) 0.25 and 0.125 amu1/2 bohr are statistically equivalent at
the 90% confidence level. Since both the vibrational and
rotational distributions are the same at the two smaller step sizes,
we have pooled the results to obtain smaller standard deviations
for the discussion of the dynamics.

Comparison of Dynamics.The distributions of the rotational
populations for CO and HX obtained from the trajectory
calculations are shown in Figure 5. For H2CO, HFCO, and
HClCO, the average rotational quantum numbers〈J〉 for CO
are 46, 47, and 41, respectively (corresponding to an average

energy of about 11, 12, and 9 kcal/mol, respectively).24,29In all
three molecules, the CO fragment shows a similar rotational
distribution. The rotational distribution for the HX fragments
is narrower and the average quantum numbers are much smaller
than for CO. As the HX fragment becomes heavier (from H2 to
HF to HCl), its rotational distribution becomes broader and〈J〉
increases: 3.3 for H2, 9.5 for HF, and 12.8 for HCl (corre-
sponding to an average energy of about 4.1, 6.3, and 6.5 kcal/
mol, respectively).24,29 In formyl fluoride, about 22% of the
available energy is partitioned into CO rotation compared to
only about 12% in HF rotation. The calculated CO rotational-
energy partitioning agrees well with the experimental value of
20%.34 In the formyl chloride case, 18% of the energy goes
into CO rotation, and 12%, into HCl rotation.

The product vibrational distributions for the three reactions
are compared in Table 8. The results for H2CO have been
discussed previously and are in good agreement with experi-

TABLE 8: Vibrational Distribution of the Products

CO HX

reaction method V ) 0 V ) 1 V ) 0 V ) 1 V ) 2 V ) 3 V ) 4

H2CO f H2 + CO MP2/6-311G(d,p)b 87 13 30 34 27 10
experiment 88 12 24 41 25 9

HFCOf HF + CO MP2/6-31G(d,p)a,c 81 19 29 45 24 1
Yamamoto and Katod 83 17 17 45 33 5

HClCO f HCl + CO MP2/6-31G(d,p)a,c 88 12 0 24 32 35 8

a Data from step sizes of 0.25 and 0.125 amu1/2 bohr pooled.b Reference 29.c Present work.d Reference 40.

Figure 3. Rotational populations for CO and HF computed at MP2/
6-31G(d,p) at three different step sizes.

Figure 4. Rotational populations for CO and HCl computed at MP2/
6-31G(d,p) at three different step sizes.

HXCO f CO + HX (X ) F, Cl) J. Phys. Chem. A, Vol. 106, No. 47, 200211627



ment. The calculations on formyl fluoride show that HF has a
significant amount of vibrational excitation with an average
vibrational energy of 11.4 kcal/mol. These results are in good
agreement with the observations of the IRMPD studies by
Ishikawa et al.44 and the studies by Klimek and Berry.55

However, there are no direct observations of the HF vibrational-
energy distribution. In agreement with experiments34 and
previous calculations,40 no CO was observed inV g 2 states-
during the dissociation of HFCO. For HClCO, there are no
experimental or computational data available for comparison.
The average vibrational energy of HCl is calculated to be 20
kcal/mol, corresponding to an average quantum number of〈V〉
) 2.3. The energy deposited in HCl vibration is significantly
greater than for HF, despite the fact that the energy release and
the percent bond elongation for HX in the transition state are
very similar for both HFCO and HClCO.

In the dissociation of HFCO, the average translational energy
of the CO fragments is calculated to be 9.4 kcal/mol, and that
of the HF fragments is 13.2 kcal/mol. Thus, about 42% of the
available energy goes into product translation during the
dissociation. This agrees well with the experiment34 and previous
theoretical calculations.40 During the dissociation of HClCO,
about 31% of the available energy is calculated to go into
product translation (9.1 kcal/mol for CO and 7.1 kcal/mol for
HCl).

Conclusion

Direct classical trajectories for the unimolecular dissociation
of HXCO have been computed at the MP2/6-31G(d,p) level of

theory. The product energy distributions are affected by the step
size. Values of 0.25 and 0.125 amu1/2 bohr produce statistically
equivalent distributions, but 0.5 amu1/2 bohr is too large and
gives inaccurate results, especially for HF. With smaller step
sizes, the results show good qualitative agreement with the
available experimental observations. The product translation in
the dissociation of HFCO receives about 42% of the available
energy, which is in good agreement with the experiment. For
both HFCO and HClCO, the rotational and vibrational energy
distribution for CO is similar to that seen in the photodissociation
of formaldehyde. The CO is produced primarily inV ) 0, with
10-20% inV ) 1 and none inV ) 2. The rotational distributions
are broad and peak in the range ofJ ) 40-50. The average
vibrational quantum numbers calculated for HCl (〈V〉 ) 2.3)
are significantly larger than for HF (〈V〉 ) 1.0) or H2 (〈V〉 )
1.16). The average rotational quantum number is calculated to
be 〈J〉 ) 12.8 for HCl, which is higher than〈J〉 ) 9.5 for HF,
which in turn is higher than〈J〉 ) 3.3 for H2. Comparing the
dissociation of HFCO and HClCO to that of H2CO, since HF
and HCl are respectively about 10 and 18 times heavier than
H2, a smaller fraction of the available energy goes into product
translation (70% in H2CO vs 42% in HFCO vs 31% in HClCO),
and more goes into CO rotation (13% in H2CO vs 22% in HFCO
vs 18% in HClCO) and HX vibration (16% in H2 vs 22% in
HF vs 39% in HCl). There are no experimental or theoretical
data available on the dynamics of the molecular dissociation of
HClCO. Our present trajectory calculations provide the first
theoretical description of the dissociation dynamics of HClCO,
and the predicted results should be similar in quality to our
calculations on H2CO and HFCO.
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