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The thermal reaction between H and HCO was studied by classical trajectory calculations on an ab initio
potential. The formation of H2 + CO, the exchange of hydrogen atoms, and nonreactive encounters, proceeding
either via direct or via complex-forming pathways, were separated. The reaction H+ HCO f H2 + CO,
with direct and complex-forming components, was found to have a low-pressure rate coefficient of 2.0-
((0.15) × 10-10 cm3 molecule-1 s-1, being nearly independent of temperature between 200 and 1000 K.
This value is in agreement with the recent experimental value of 1.83((0.4) × 10-10 cm3 molecule-1 s-1.
Thermal lifetime distributions of H2CO* complexes formed in the reaction are only weakly temperature
dependent due to a compensation of energy and angular momentum effects.

Introduction

Formaldehyde is an intermediate of the oxidation of hydro-
carbons, and its high-temperature reactions have attracted
considerable attention (see, e.g., refs 1-6). Within the oxidation
mechanism, the pyrolysis of formaldehyde plays an important
role such as quantified, e.g., in ref 2. Except at very low
concentrations, it is known to proceed via a chain reaction which
is initiated by the dissociation

in competition with the elimination reaction

The short chain

finally is terminated by the reaction

This work focuses attention on reaction 4 and its relation to
reactions 1a,b. Reaction 4 has been studied experimentally over
the temperature range 300-2500 K, and the results are
summarized in Table 1. The data scatter over about a factor of
5, and a value ofk4 ) 1.5 × 10-10 cm3 molecule-1 s-1 over
the range 300-2500 K, with an uncertainty of(∆ log k4 )
0.3, was recommended in the evaluation of ref 6. The most
recent value ofk4 ) 1.83((0.4) × 10-10 cm3 molecule-1 s-1

over the range 295-820 K from ref 7 probably is the most
reliable, because the most advanced experimental techniques
were employed in its determination.

The considered reaction 4 takes place on the potential energy
surface of formaldehyde and, therefore, should be discussed in
relation to reactions 1a,b. A first approach in this direction was
undertaken by Harding and Wagner,8 who concluded that
reaction 4 mostly occurs via hydrogen abstraction rather than
via formation of H2CO with subsequent elimination (eq 1b).
Pressure dependences, due to a chemical activation mechanism
with the possibility of collisionally stabilizing H2CO, were
predicted not to be important up to several bar of gas pressure.
The treatment of ref 8 employed an ab initio potential together
with variational transition state theory (VTST) and RRKM
calculations. The recent more elaborate work on the potential
and its analytical representation9 calls for an extension of
Harding’s and Wagner’s calculations ofk4. The complicated
dynamics on the H2CO potential, such as identified in recent
years,10 suggests that treatments using VTST and simple RRKM
theory have to be modified. It is the aim of this work to proceed
in this direction and to provide a new theoretical calculation of
k4, analyzing its various components on the basis of the now
available information.

This study should be seen in connection with recent classical
trajectory (CT) calculations,10 on the ab initio potential from
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H2CO (+M) f H + HCO (+M) (1a)

H2CO (+M) f H2 + CO (+M) (1b)

H + H2CO f H2 + HCO (2)

HCO (+M) f H + CO (+M) (3)

H + HCO f H2 + CO (4)

TABLE 1: Low-Pressure Rate Coefficientsk4

T/K k4/10-10 cm3 molecule-1 s-1 origina ref

295-820 1.83((0.4) expt 7
298 2.4((1.0) expt 22
298 1.1((0.3) expt 23
298 1.4((0.4) expt 24
350 1.3((0.4) expt 24
418 0.96((0.3) expt 24
1200-1900 3.6((1.8) expt 25
285 5.5((3) expt 26
1800-2700 3.3((2) expt 27
298 4.0((1) expt (rel) 28
315-490 2.1((0.3) expt (rel) 29
200-1000 2.0((0.15) theor (CT) this work
300-1000 0.95 theorb (VTST) 8
1100 1.0 theorb (VTST) 8
2000 1.3 theorb (VTST) 8
3000 1.7 theorb (VTST) 8

a Expt ) experiment, rel) relative to O + HCO, and theory.
b Abstraction+ elimination.
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ref 9, of the branching ratio between channels (1a) and (1b),
with SACM (statistical adiabatic channel model)/CT calculations
of the absolute values of thermal and specific rate constants for
channels (1a) and (1b) from ref 11 and with the theoretical
analysis of experimental dissociation rate coefficients12,13 and
photolysis quantum yields.14 CT calculations on the ab initio
potential from ref 9 are performed and analyzed with respect
to all pathways of the reaction. There is the major contribution
from the direct abstraction process

but some formation of H2 + CO also proceeds via H2CO-
complex formation

This work also allows one to identify atom exchange processes
of the type

competing with direct exchange

Finally there are nonreactive processes which either proceed
directly,

or after complex formation

The reliability of the theoretical calculations is believed to
be now of the same order as that of the best experimental values
such that the quality of the data can be validated. The absence
of a temperature dependence ofk4 is confirmed, the approximate
ratio k4b:k4a ≈ 1:1.3 (at 500 K) from ref 8 is determined more
accurately, and the pressures effects onk4 are discussed.

Calculational Method

The present calculations were done on the ab initio potential
of H2CO in the electronic ground state from ref 9 and its
analytical representation from refs 10 and 15. Classical trajec-
tories (CT) on this potential were calculated starting from H+
HCO with center-of-mass (com) distances of 20 Å. Details of
the CT calculations were described in our series of SACM/CT
studies published previously; see, e.g., refs 16-18. To achieve
statistical errors of 1%, about 105 trajectories were run for each
individual result, i.e., for each rate constant at each temperature.
In this work initial conditions were sampled randomly from
thermal distributions which were classical for translations and
rotations but quantum for the vibrations of HCO. A temperature
range 200-1000 K was covered. Higher temperatures, because
of uncertainties in the potential, were not considered. The
vibrational zeropoint energy problem of CTs in our work was
handled as described in ref 18; i.e., all trajectories were rejected
which finally lead to products with vibrational energy below
their respective zeropoint energies. However, their contribution
was accounted for by a prorata increase of the results for
nonrejected trajectories. It should be emphasized that this
problem was of only marginal importance in this study.

The CT calculations led to thermal cross sections and
probabilities for the various competing processes which then

were converted to rate coefficients such as described in ref 16.
The processes resulting from H+ HCO encounters were
identified in the following way. There was a clear distinction
between trajectories which spent short (less than 0.1 ps) or much
longer times at com distances smaller than about 2.5 Å. The
former group was termed “direct”, and the latter, “complex-
forming”. Equivalently the potential energy was tracked along
each trajectory; complex-forming encounters then were identi-
fied by their exploring of configurations with small potential
energy. All trajectories were followed from the beginning to
the final separation of the products such that nonreactive
processes, atom exchange, and H2 formation could clearly be
separated.

While direct encounters were characterized by lifetimes of
less than 0.1 ps, complex-forming encounters had thermally
averaged lifetimes of about 5 ps. We determined lifetime
distributions for various temperatures such as illustrated in the
next section. We emphasize, however, that CT calculations,
because of their classical nature, do not lead to correct values
of the lifetimes. Instead, the classical results in a suitable way
have to be combined with quantum-statistical rate theory, e.g.,
within SACM/CT treatments such as elaborated in the forth-
coming publication.11 In this work, therefore, only qualitative
conclusions are drawn from the derived classical lifetime

H + HCO f H2 + CO (4a)

H + HCO f H2CO* f H2 + CO (4b)

Ha + HbCO f HaHbCO* f Hb + HaCO (4c)

Ha + HbCO f Hb + HaCO (4d)

Ha + HbCO f Ha + HbCO (4e)

Ha + HbCO f HaHbCO* f Ha + HbCO (4f)

Figure 1. Low-pressure rate coefficientsk4 ) k4a + k4b (b) for the
reaction H+ HCO f H2 + CO via direct processes (k4a, 0) and
complex formation (k4b, 9).

Figure 2. Low-pressure rate coefficients of encounters H+ HCO
proceeding through complex formation and leading to the formation
of H2 + CO (k4b, 9), atom exchange (k4c, 2), and nonreactive encounters
(k4f, 1). Sums: k4c + k4f ([); k4b + k4c + k4f (f).
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distributions. In contrast to the lifetimes, the rate coefficients
are probably only slightly influenced by performing CT calcula-
tions since the zeropoint energy problem has been handled such
as described above.

Results

The results of our CT calculations of thermal rate coefficients
are illustrated in the following section. Figure 1 shows the
temperature dependence ofk4a andk4b as well as of the sumk4

) k4a + k4b which characterizes the low-pressure rate coefficient
of reaction 4. Over the considered temperature range 200-1000
K there is hardly any temperature dependence and a value of

is determined with a ratiok4a:k4b ≈ 3:1. Our value agrees well
with the most recent experimental value of 1.83((0.4)× 10-10

cm3 molecule-1 s-1 from ref 7 but is about a factor of 2 larger
than the low-pressure value ofk4 from ref 8. At the same time
a larger abstraction/elimination ratiok4a:k4b is obtained than
derived in ref 8. The sources of the differences of the present
results and ref 8 are probably multiple, partly being due to an
improved potential and partly to the use of CT instead of VTST
calculations.

Figure 2 summarizes low-pressure thermal rate coefficients
of all processes which proceed through the formation of long-
lived H2CO*, i.e. values ofk4b, k4c, and k4f. This includes
processes leading to H2 + CO, to atom exchange, and to
redissociation without atom exchange. The temperature coef-
ficients again are minor, but they are not negligible. In the
presence of collisions, a complicated chemical activation
situation arises where part of the complexes are collisionally
stabilized and part dissociate to H2 + CO or H + HCO. At
infinite pressure, all of the processes (4b), (4c), and (4f) will
lead to collisional stabilization of H2CO and only direct
formation of H2 + CO via reaction 4a will contribute tok4.
We, therefore, expect a decrease ofk4 from the low-pressure
value ofk4 ) k4a + k4b to k4 ) k4a at infinite pressure. Whether
a temporary increase ofk4 at intermediate pressures, due to
additional contributions from the complex-forming processes
(4c) and (4f), is to be expected would require a more detailed
analysis involving a master equation treatment and the use of
specific rate constantsk(E, J) for H + HCO and H2 + CO
formation from H2CO*. This treatment is beyond the scope of
this work.

Figure 3. Rate coefficients of encounters H+ HCO proceeding via
direct processes and leading to the formation of H2 + CO (k4a, 0),
atom exchange (kd, 4), and nonreactive encounters (k4e, 3).

Figure 4. Low-pressure rate coefficients for H+ HCO f H2 + CO
(k4a + k4b, b), Ha + HbCO f Hb + HaCO (k4c + k4d, right-pointing
solid triangle), and Ha + HbCO f Ha + HbCO (k4e + k4f, left-pointing
solid triangle).

k4 ) 2.0((0.15)× 10-10 cm3 molecule-1 s-1 (5)

Figure 5. Low-pressure rate coefficientsk4 (theoretical values from
CT calculations of this work (;) and VTST calculations from ref 8
(- - -). Experimental values are from ref 7 (‚‚‚, b), ref 22 (2), ref 23
(4), ref 24 (3), ref 25 (1), ref 26 (0), ref 27 (9), ref 28 (O), and ref
29 (- ‚ -, [); see Table 1. The relative rate measurements from refs
28 and 29 were calibrated withk(O + HCO) ) 1.0 × 10-10 cm3

molecule-1 s-1 from ref 6.

Figure 6. Example of a direct trajectory H+ HCO (upper right)f
H2 + CO (lower right).
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While Figure 2 illustrated complex-forming components of
the reaction, Figure 3 characterizes direct components. One
observes that there is practically no direct exchange (eq 4d).
Instead, the direct processes are dominated by direct abstraction
(eq 4a). About 20% of all direct processes lead to atom exchange
(eq 4c). Figure 4 gives total low-pressure rate coefficients for
H2 + CO formation (k4a + k4b), H atom exchange (k4c + k4d),
and nonreactive processes (k4e + k4f).

Figure 5 compares the low-pressure rate coefficients for H2

+ CO formation with experimental values such as given in Table
1. The most recent and most sensitive measurements from ref
7 agree well with the present results. The considerable deviations
both toward smaller and larger values from earlier studies mostly
must be attributed to the difficulties in unraveling the chain
mechanism with an incomplete understanding of the primary
processes (1a) and (1b).

The CT calculations provide valuable insight into the dynam-
ics of direct and complex-forming encounters. Figures 6 and 7
show two examples for H2 + CO formation via the two
pathways which illustrate that the processes (4a) and (4b) can
well be distinguished. Considering only the group of complex-
forming encounters, we analyzed the distributionP(τ) of
trajectories spending times longer thanτ in the complexes
characterized byRcom < 6 au. Thermally averaged distributions
of these lifetimes are illustrated in Figure 8. At first sight, the
only small temperature dependence of the average lifetimes

appears surprising. However, a more thorough analysis provides
the explanation: while the lifetimes decrease with increasing
energy, they increase with increasing overall angular momentum
of the complexes11,19such that the two trends partly compensate.
One should note, however, that the CT calculations of lifetimes
because of their classical nature provide incorrect absolute
values. This statement corresponds to the well-known differ-
ences between classical Kassel theory and quantum RRKM
theory of unimolecular reactions. More correct lifetime calcula-
tions, therefore, require an SACM/CT calculations of the specific
rate constantsk(E, J) such as given in refs 11 and 19, in
combination with CT calculations of branching ratios for H+
HCO vs H2 + CO formation such as described in refs 10, 13,
and 14. Thermal averaging of the corresponding results then
leads to lifetime distributions which are distributed around
approximately 10 times longer average lifetimes than shown in
Figure 8. It is not the aim of this study to inspect the pressure
dependence ofk4 when reaction 4 under high-pressure conditions
becomes of chemical activation nature. This treatment requires
a thorough account of the relevantk(E, J) and collisional energy
transfer properties which appears premature at this stage.
However, the fact that specific rate constants11,19above threshold
soon exceed 1010 s-1 indicates thatk4 should remain close to
its low-pressure value up to gas pressures of several bar. This
is confirmed by the absence of the observation of a pressure
dependence in the measurements ofk4 from Table 1. Similar
conclusions were drawn in the preliminary treatment of ref 8.

Conclusions

The present classical trajectory calculations of H+ HCO
encounters allowed us to distinguish reactive and nonreactive
processes. Thermal rate coefficients for formation of H2 + CO,
in the low-pressure range of the reaction, between 200 and 1000
K were found to be nearly temperature independent and equal
to

This value agrees well with the recent experimental value ofk4

) 1.83((0.4) × 10-10 cm3 molecule-1 s-1 from ref 7.k4 was
shown to have an about 75% contribution from direct and a
25% contribution from complex-forming encounters. Rate
coefficients for H atom exchange and for nonreactive encounters
were also documented.

The thermally averaged lifetime distributions showed an only
weak temperature dependence which is attributed to compensat-
ing effects of the increase of specific rate constantsk(E, J) with
increasingE and the decrease with increasingJ (at constantE).
The absolute values of the average lifetimes from classical
trajectory calculations because of quantum effects need to be
modified. This can be done by SACM/CT calculations such as
elaborated in ref 11. The then derived values ofk(E, J) suggest
that major pressure dependences ofk4 should not be expected
up to gas pressures of several bar.

Besides lifetime distributions, CT calculations also provide
information on the energy distributions of H2 + CO products
from H + HCO encounters. Calculations of this type have been
performed in ref 20, and the results can be compared with the
corresponding distribution from formaldehyde dissociation such
as initiated by photoexcitation.10,21 It will be interesting in the
future to study the effects of different initial conditions of the
considered trajectories.
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Figure 8. Thermally averaged lifetime distributions of H2CO* at 200
(upper curve) and 1000 K (lower curve) from CT calculations.
(Quantum lifetimes are longer; see text.)

k4 ) 2.0((0.15)× 10-10 cm3 molecule-1 s-1
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