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The thermal dissociation of formaldehyde proceeds on three channels, the molecular-elimination channel
H2CO f H2 + CO (1), the radical-forming bond-fission channel H2CO f H + HCO (2), and the bond-
fission-initiated, intramolecular-hydrogen-abstraction channel H2CO f H‚‚‚HCO f H2 + CO (3) which also
forms molecular products. The kinetics of this system in the low-pressure range of the unimolecular reaction
is shown to be governed by a subtle superposition of collisional channel coupling to be treated by solving a
master equation, of rotational channel switching accessible through ab initio calculations of the potential as
well as spectroscopic and photophysical determinations of the threshold energies and channel branching above
the threshold energy for radical formation which can be characterized through formaldehyde photolysis quantum
yields as well as classical trajectory calculations. On the basis of the available information, the rate coefficients
for the formation of molecular and radical fragments are analyzed and extrapolated over wide ranges of
conditions. The modeled rate coefficients in the low-pressure range of the reaction (neglecting tunneling)
over the range 1400-3200 K in the bath-gas Ar in this way are represented byk0,Mol/[Ar] ≈ 9.4 × 10-9

exp(-33 140 K/T) cm3 molecule-1 s-1 andk0,Rad/[Ar] ≈ 6.2 × 10-9 exp(-36 980 K/T) cm3 molecule-1 s-1.
The corresponding values for the bath-gas Kr, on which the analysis relies in particular, arek0,Mol/[Kr] ≈ 7.7
× 10-9 exp(-33 110 K/T) andk0,Rad/[Kr] ≈ 4.1 × 10-9 exp(-36 910 K/T) cm3 molecule-1 s-1. While the
threshold energyE0,2 for channels 2 and 3 is taken from spectroscopic measurements, the threshold energy
E0,1 for channel 1 is fitted on the basis of experimental ratiosk0,Rad/k0,Mol in combination with photolysis
quantum yields. The derived value ofE0,1(1) ) 81.2 ((0.9) kcal mol-1 is in good agreement with results
from recent ab initio calculations, 81.9 ((0.3) kcal mol-1, but is higher than earlier results derived from
photophysical experiments, 79.2 ((0.8) kcal mol-1. Rate coefficients for the high-pressure limit of the reaction
are also modeled. The results of the present work markedly depend on the branching ratio between channels
2 and 3. Expressions of this branching ratio from classical trajectory calculations and from photolysis quantum
yield measurements were tested. At the same time, a modeling of the photolysis quantum yields was performed.
The formaldehyde system so far presents the best characterized multichannel dissociation reaction. It may
serve as a prototype for other multichannel dissociation reactions.

I. Introduction

Thermal unimolecular reactions proceeding on two (or more)
competing channels (denoted byi) can have unusual properties.
The channels are characterized by specific rate constantski(E,J)
which may have quite different properties, particularly if they
involve transition states of different rigidity. Different depend-
encies ofki(E,J) on the energyE and on the angular momentum
(quantum numberJ) may lead to vibrational and rotational
“channel switching”; see, for example, ref 1. The branching ratio
of the rate coefficients in the high-pressure range of the reaction
corresponds to Boltzmann averages over the specific rate
constantski(E,J) of the channelsi and, thus, depends onki(E,J)
in a simple way. In the falloff range and, in particular, in the
low-pressure limit of the reaction, however, theki(E,J) values
are not sampled by Boltzmann but by nonequilibrium popula-
tions of excited states. These depend strongly on the character
of the collisional energy transfer involved, varying between
weak and strong collisions. The rate coefficients, thus, not only
reflect the properties ofki(E,J) but also reflect those of collisional
energy transfer, particularly of the ratio〈∆E〉/FEkT which
characterizes the efficiency of the collisions (〈∆E〉 ) average
total energy transferred per collision andFE ) factor character-

izing the energy dependence of the vibrational density of states2).
In this case, knowledge of the properties of rovibrational energy
transfer is required, and two-dimensional (2D) master equations
(in the variablesE andJ) have to be solved.2 In the absence of
detailed knowledge about rovibrational energy transfer, one
might hope that one-dimensional (1D) master equations will
capture the essential features of the problem. As the influence
of collisions will be the most pronounced in the low-pressure
limit of the reaction, one may first focus attention on this range
of the reaction and approach the intermediate falloff and the
high-pressure range only after the low-pressure limit is well
understood.

For the low-pressure limit, the master equation can be solved
relatively easily. It can even be obtained in analytical form2 if
an exponential collision model is employed. Since the results
of detailed experimental studies of energy transfer were very
similar to exponential collision models,3-6 the analytical solu-
tions of the master equation for exponential models from ref 2
appear sufficiently realistic and adequate for many practical
purposes. We have implemented these solutions, for example,
into a treatment of two-channel thermal unimolecular reactions
in part 1 of this series.7 It was shown that the upper of the two
channels, in the case of weak collisions and in the low-pressure
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limit of the reaction, is highly underpopulated in comparison
to single-channel reactions, because nonequilibrium effects
deplete the populations below and above the threshold energy
of the lower channel to a stronger extent than those in the case
of strong collisions. The low-pressure rate coefficient for the
upper channel, thus, is predicted to be much smaller than that
expected for a situation in which the lower channel would be
absent. Practical examples could not be analyzed realistically
at the time of publication of part 1, since neither sufficiently
accurate experiments nor sufficiently detailed information on
the relevant molecular data were available. The situation now
has changed, and in selected cases, one can proceed toward a
more quantitative analysis. Previous evaluations of experimental
two-channel rate coefficients often neglected the strong coupling
between the two channels and, therefore, appear unsatisfactory;
see below. The present article tries to overcome these short-
comings. We chose the thermal dissociation of formaldehyde
as a particularly well-characterized example for which inter-
esting new insight into the dynamics is just becoming avail-
able.

For a long while, the rate coefficients for the thermal
decomposition of formaldehyde and the nature of its products
were uncertain.8 The situation today has improved considerably,
see the review in ref 9, and results from about the last 25 years
now appear to converge10-22 such that a detailed analysis can
be made. At the same time, the photodissociation dynamics has
been studied in great detail23-30 and photolysis quantum yields
have been measured.31-38 It has also become clear26,29,36,37,39

that the system is not a two- but a three-channel system, with
the “normal” molecular-elimination channel

having the lowest reaction threshold, the radical-forming channel

proceeding as a simple bond fission with a higher threshold
energy and an additional, “unusual”, intramolecular-hydrogen-
abstraction channel producing molecular fragments, although
it follows the radical pathway in its initial stage.26,29,39

Detailed ab initio calculations of the potential energy surface
of the electronic ground state of H2CO have been extended into
the dissociation range,40-44 and precise spectroscopic and

thermochemical parameters of relevance for the thermal dis-
sociation27 are also available now. One should even think about
a fourth channel involving electronically excited triplet form-
aldehyde H2CO(S0) f H2CO(T1) f H + HCO which has been
demonstrated to contribute to formaldehyde photodissocia-
tion.24,28,42However, the threshold energy of this channel is too
high for a contribution to the thermal dissociation.

On the basis of the given pieces of information today one
can approach a more realistic modeling of the thermal dissocia-
tion rates of formaldehyde than was possible previously. This
is the goal of the present article. One may use this approach
for an extrapolation of the experimental results into wider and
not easily accessible ranges of conditions. Earlier modeling, for
example of tunneling contributions of the molecular channel
(1) to the thermal dissociation rates,45 of specific rate con-
stants46,47 ki(E,J) for the molecular channel (1) and the radical
channel (2), of isotope effects,45,46 and of falloff curves7,19,45

are helpful for this task, but they need to be adapted to the
improved database available today. An important aspect of the
analysis is the relation between thermal and photochemical
activation experiments, such as elaborated in detail in the present
work. The following article first focuses attention on the thermal
dissociation in the low-pressure range (neglecting tunneling).
The question25,44 of the threshold energy of channel 1 is
investigated again, and a new value is fitted from the thermal
branching ratio. The article only briefly considers the transition
to the high-pressure limit which has not been accessed experi-
mentally as of yet. Earlier modeling of the reaction in the
transition range to the high-pressure limit such as presented
in refs 7, 19, and 45 have to be revised in view of the three-
channel character of the reaction which now looks well
established.

II. Experimental Database

The prediction of thermal dissociation rate coefficients in the
low-pressure range cannot yet be made without fitting the
modeling to experimental data at some point. In particular,
energy transfer data are not well-known in advance. Therefore,
a review of the kinetic database will be the starting point of
our analysis.

Table 1 and Figure 1 summarize experimental results fork0,Mol

and k0,Rad together with experimental details of relevance for
the analysis.k0,Mol andk0,Raddenote the pseudo-first-order rate
coefficients for dissociation into molecular and radical products,
respectively. To arrive at a better comparison of the experimental

TABLE 1: Experimental Low Pressure Rate Coefficientsk0,Mol (channels 1+ 3) and k0,Rad (channel 2) for the Pyrolysis of
Formaldehyde in M ) Ar and Kr

k0/[M] cm3 molecule-1 s-1 reaction T/K M P/bar reference

5.25× 10-9 exp(-37 700/T) (2) 2200-2650 Ar 1.0-2.0 Saito et al. (1985)13

3.4× 10-17 2000
2.08× 10-8 exp(-39 170/T) (2) 1650-2200 Ar 1.5-2.5 Rimpel and Just (1988)14

6.5× 10-17 2000
5.18× 10-10 exp(-28 100/T) (1) + (3) 1900-2400
4.1× 10-16 2000
2.7× 1012 T-5.54 exp(-48660/T) (2) 1700-3200 Kr 0.4-1.1 Irdam et al. (1992)15

3.8× 10-17 2000
9.2× 10-9 exp(-37 750/T) (2) 1400-2000 Ar 1.4-2.5 Hidaka et al. (1993)16

5.8× 10-17 2000
1.02× 10-8 exp(-38 706/T) (2) 2004-2367 Kr 0.2-0.4 Kumaran et al. (1998)17

4.0× 10-17 2000
4.66× 10-9 exp(-31 210/T) (1) + (3) 2004-2367
5.0× 10-16 2000
8.30× 10-9 exp(-37 044/T) (2) 1675-2080 Ar 1.2 Friedrichs et al. (2004)19

7.5× 10-17 2000

H2CO f H2 + CO (1)

H2CO f H + HCO (2)

H2CO f H‚‚‚HCO f H2 + CO (3)
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data, rate coefficients forT ) 2000 K are also shown in Table
1. Averaging of the best values fork0,Radat 2000 K gives13,14,16,19

k2,Rad/[Ar] ) 5.8 × 10-17 cm3 molecule-1 s-1 and15,17 k0,Rad/
[Kr] ) 3.9 × 10-17 cm3 molecule-1 s-1. The values ofk0,Mol/
[Ar] ) 4.1× 10-16 cm3 molecule-1 s-1 from ref 14 andk0,Mol/
[Kr] ) 5.0× 10-16 cm3 molecule-1 s-1 from ref 17 are clearly
about a factor of 10 larger than the corresponding values of
k0,Rad/[M]. The apparent activation energies for the molecular
channel appear to be somewhat smaller than those for the radical
channel. Over the indicated pressure range of 0.2-3 bar no
deviations from second-order kinetics were observed. An
extension up to 20 bar20 also did not yet show a change of
reaction order within the experimental accuracy. The data from
Table 1 constitute the reference base for our modeling such as
elaborated in the following. We consider the experiments from
ref 17 in the bath-gas Kr as the most precise and use them for
fitting E0(1) and〈∆E(Kr)〉. 〈∆E(Ar)〉 is fitted on the basis of
the averagedk0,Rad (2000 K).

III. Master Equation for Multi-channel Reactions

The 2D, rovibrational master equation underlying our model-
ing in continuous form is written as7

with the collision frequencyZ for energy transfer, the specific
rate constantski(E,J) for dissociation in the channelsi, and the
rovibrational transition probabilitiesP(E,J/E′,J′) for collisional
energy transfer from state (E′,J′) to state (E,J). The master
equation can sometimes be solved analytically in steady state
even for two dimensions such as demonstrated in ref 2. Because
of our limited knowledge on the rotational contribution to energy

transfer, however, we neglect the rotational part of the problem
and replace eq 4 by a set of decoupled 1D master equations

which are combined only at the level of the final calculation of
the rate coefficient. For strong collisions, the solution of the
master equation is given by the usual, “trivial”, expressions from
unimolecular rate theory adapted to the multichannel situation
considered here; see part 1.7 For weak collisions, however, the
solution involves a more subtle approach such as elaborated in
part 17 on the basis of the results from ref 2. In the following,
we focus attention on the low-pressure limit which is relevant
for the experiments summarized in section II. Before doing that,
we have to characterize the specific rate constantski(E,J)
governing the multichannel branching of the reaction at a given
E andJ.

IV. Modeling of Specific Branching Ratios Vi(E,J)

The molecular channel (1) is almost thermoneutral but
proceeds over an activation barrier which is of the order ofE0,1

) 342.7 ((1.3) kJ mol-1, that is,E0,1/hc ) 28645 cm-1, such
as obtained from advanced ab initio calculations.44 This value
contrasts with the value ofE0,1 ) 331.4 ((3.3) kJ mol-1, that
is, E0,1/hc ) 27700 cm-1, which was obtained25 by a fit of
Rice-Ramsperger-Kassel-Marcus (RRKM) rates to experi-
mental rates using experimental densities of states; see the
discussion given below. However, because of the dispute about
the value ofE0,1, we performed our analysis for both values
and we finally also tried to derive a value from the thermal
dissociation experiments. Our result (E0,1 ) 339.7 ((3.6) kJ
mol-1, i.e., E0,1/hc ) 28400 cm-1) essentially agrees with the
ab initio result; see below.

It is obvious that, because of tunneling through the activation
barrier, the true low-pressure limiting range of the reaction
cannot be reached experimentally. However, neither the experi-
ments nor the simplified modeling of the pressure dependence
from refs 19 and 45 show noticeable deviations from an apparent
second-order behavior for the conditions of the experiments
summarized in Table 1. In addition, the conditions of the
experiments from Table 1 in ref 45 were all shown to correspond
closely to the low-pressure limit derived in the absence of
tunneling. We, therefore, in the following consider low-pressure
unimolecular reaction behavior in the absence of tunneling only.

Once molecules have reached energies above the threshold
energy of the radical channel27 E0,2 ) 362.8 ((0.006) kJ mol-1,
that is,E0,2/hc ) 30328.5 cm-1, there is branching into radical
(channel 2) and molecular fragments (channels 1 and 3). This
branching is characterized by the specific rate constantski(E,J)
with i ) 1-3 for the three channels (1-3). Modeling ofk1-
(E,J) by standard, rigid-activated, complex RRKM theory
including tunneling, and of “k2(E,J)” by simplified statistical
adiabatic channel method (SACM) calculations, in ref 46
showed substantial differences between the two channels. (In
the following, “k2(E,J)” from the SACM calculations of ref 46
is understood to correspond to the sum ofk2(E,J) andk3(E,J).)
Once the radical channel is open energetically, “k2(E,J)” with
increasing energy quickly and markedly exceedsk1(E,J). In
addition, rotational channel switching in ref 46 was shown to
occur such that channels 2 and 3, forJ above some switching
value JSW, become energetically more favorable than the

Figure 1. Pseudo-second-order rate coefficientsk0 of the thermal
decomposition of formaldehyde in the low-pressure range; experimental
results for M) Ar (full lines) and M ) Kr (dashed lines) with the
formation of molecular products (k0,Mol, filled symbols) and of radical
products (k0,Rad, open symbols), measurements from ref 13 (O), ref 14
(0), ref 15 (3), ref 16 (4),ref 17 (]), and ref 19 (X); see Table 1. The
symbols denote the limits of the experimental ranges.

d[A(E,J)]/dt ≈ -{Z[M] + ∑
i

ki(E,J)}[A(E,J)] +

Z[M] ∫0

∞
P(E/E′)A(E′,J′) dE′ (5)

d[A(E,J)]/dt ≈ -{Z[M] + ∑
i

ki(E,J)}[A(E,J)] +

Z[M] ∑
J′)0

∞ ∫0

∞
P(E,J/E′,J′)[A(E′,J′)] dE′ (4)
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molecular channel (1). “k2(E,J)” increases much faster with
increasing energy to much larger values thank1(E,J). For this
reason, the semiquantitative results from ref 46 are still largely
sufficient to characterize the branching between channels 1 and
2 + 3 as a function ofE and J, provided that the correct
threshold energiesE0,i are known. It is, therefore, essential that
the E0,i(J) values, which lead to rotational channel switching,
are updated, and theki(E,J) values from ref 46 are shifted along
the energy axis accordingly.

Rotational channel switching occurs when the difference
between the threshold energies of channels 1 and 2 as a function
of J, that is,∆E0(J) ) E0,2(J) - E0,1(J), is equal to zero. The
rigid transition state of channel 1 is approximately characterized
by

whereBq has been calculated40 ab initio to be equal toBq )
1.12 cm-1. The centrifugal barriers for the radical-forming bond-
fission channel (2) on the other hand can be derived with the
ab initio potential from ref 43; see appendix. This, for example,
leads to

with ν ≈ 1.2 (over the rangeJ ) 0-50), andCν/hc ≈ 0.0115
cm-1. Employing the experimental valueE0,2(J)0)/hc )
30328.5 cm-1 from ref 27 and eitherE0,1(J)0)/hc≈ 27700 cm-1

from the analysis25 of experimentalk1(E), our fittedE0,1(J)0)/
hc ≈ 28400 cm-1 or E0,1(J)0)/hc ≈ 28645 cm-1 from the ab
initio calculations,44 one derivesJSW ≈ 49, ≈ 42, or ≈ 39,
respectively. There has been considerable discussion25,44about
the value of the barrier heightE0,1(J)0) and the measured
specific rate constantsk1(E,J) in relation to RRKM-type
modeling. The controversy is directly related to discrepancies
(by about a factor of 6) between measured and calculated
anharmonic vibrational densities of states.25 While this discrep-
ancy has not been resolved so far, it was noted in ref 44 that
RRKM-type calculations (like those performed in refs 46 and
47) come into agreement with measuredk1(E,J) values when
the higher ab initio value ofE0,1(J)0) is used together with
calculated anharmonic densities of states. Our analysis of
thermal branching ratios supports the higher value ofE0,1.
Nevertheless, the reasons for measuring25 a factor of 6 higher
densities of states than expected remain unclear.

Equation 7 serves for quick characterizations of rotational
channel switching. For a more precise analysis, the values of
E0,2(J) are calculated in detail and in the present work are used
instead of eq 7. Figure 2 represents the results forE0,2(J) for
E0,1(J) on the basis ofE0,1(J)0)/hc ) 28 645 cm-1.

For analyzing thermal rate coefficients in the low-pressure
limit, not absolute values ofki(E,J) but branching ratios are of
interest. We define these specific branching ratios by

Expressingki(E,J) in terms of statistical unimolecular rate theory
by Wi(E,J)/hF(E,J), the controversialF(E,J) cancels and theVi-
(E,J) values are given by

whereWi(E,J) denote the number of open channels (or cumula-
tive reaction probabilities). These quantities are taken from ref

46 and employed for derivingV1(E,J). Following the format
used in ref 7, forJ < JSW one obtains

with δ/hc ) 100 ((50) cm-1. The indicated variations of the
parameters include the variations found for the range 0< J <
JSW, whereJSW corresponds to that value ofJ where rotational
channel switching occurs. ForJ > JSW, V1(E,J) quickly becomes
negligibly small.

While

is trivially fulfilled, the specification ofV2(E,J) andV3(E,J) at
E > E0,2(J) is still relatively uncertain. Only recently channel 3
has been modeled by classical trajectory calculations39 on the
global ab initio potential from ref 43. Channel 3 seems to open
up at E ) E0,2. The presence of channel 3 provides an
explanation for the appearance of molecular fragments in
photolysis experiments32-34 employing excitation energies larger
than those ofE0,2 (λ e 330 nm). Although the fine details of
k2(E,J) and k3(E,J) are still not known accurately, both the
classical trajectory calculations from ref 39 and the quantum
yield measurements over the range 330-310 nm from refs 32-
34 at least allow for a rough characterization of the branching
ratiok2(E)/[k2(E) + k3(E)]. From the trajectory calculations (see
Figure 5 of ref 39), one reads

There was some evidence in ref 39 that eq 6 does not change
much with the totalJ.

The second access toV2(E,J) via photolysis quantum yields
φ(λ) seems to lead to different results. The differences, however,

Figure 2. Centrifugal barriers for channel 1,E0,1(J), and for channels
2 and 3,E0,2(J) (calculations withE0,1(J)0)/hc ) 28 645 cm-1 and
E0,2(J)0)/hc ) 30328.5 cm-1, see text).

E0,1(J) ≈ E0,1(J)0) + BqhcJ(J + 1) (6)

E0,2(J) ≈ E0,2(J)0) + Cν[J(J + 1)]ν (7)

Vi(E,J) ) ki(E,J) / ∑
i

ki(E,J) (8)

Vi(E,J) ) Wi(E,J) / ∑
i

Wi(E,J) (9)

for E < E0,2(J)

V1(E,J) ) 1

for E > E0,2(J)

V1(E,J) ≈ 0.05 ((0.02)+
0.95 ((0.02) exp{-[E - E0,2(J)]/δ} (10)

for E < E0,2(J)0)

V2(E,J) ) V3(E,J) ) 0 (11)

V2(E,J)0) ) k2(E,J)0)/[k2(E,J)0) + k3(E,J)0)]

≈ exp[-(E - E0,2(J)0))/hc1200 cm-1] (12)

Thermal Unimolecular Reactions J. Phys. Chem. A, Vol. 109, No. 37, 20058323



may be explained by rotational effects in the thermal photolysis
experiments. A brief summary of the analysis48 of φ(λ) from
ref 38 is given in the following. One may assume that photolysis
at λ > 310 nm after electronic excitation of H2CO is character-
ized by internal conversion such that the production of molecular
and radical products is governed by the competition between
channels 1-3 in the electronic ground state.φ(λ) then corre-
sponds to the thermal average overV1(E,J) + V3(E,J) for
molecular products and overV2(E,J) for radical products. There
are two ranges to be considered: Atλ < 330 nm,φ(λ) was
found to be pressure independent; atλ > 330 nm, pressure-
dependentφ(λ) was observed. The pressure independence atλ
< 330 nm is easily explained by the large values of “k2(E,J)”
modeled in ref 46. The pressure dependence atλ > 330 nm is
a consequence of the much smaller values ofk1(E,J), in
particular, in the tunneling range of reaction 1 which becomes
of importance in the photolysis. The two ranges require different
representations. The analysis of the measuredφi (λ, 298 K, 1
bar) in ref 48 was done by thermal averaging overφi(E,J) where
E ) hν + Erot(T). (The subscripti denotes molecular and radical
products, respectively;Erot(T) is the rotational energy; H2CO is
represented as a symmetric top; see appendix. Vibrational
excitation remains negligible at 298 K.) For experimental
pressures of 1 bar such as documented in refs 31-38, atJ e
JSW andE e E0,2(J) + δ, φMol(E,J) for simplicity are represented
by an exponential expression of the type

while φRad(E,J) ≈ 0 (δ is defined in eq 10). At E g E0,2(J) +
δ and allJ, an exponential expression of the type

is tentatively applied by analogy to eq 12, while

The parametersc1 and ε1 governφi(λ) in the tunneling range
(atE < E0,1(J) andJ < JSW) and can be fitted nearly independent
of the parametersc2 andε2 governingφi(λ) in the range 310-
330 nm. Figure 3 compares measured and fitted quantum yields

(from ref 48). The lower value ofE0,1/hc () 27 700 cm-1)
always gives too large values ofφMol near its maximum
experimental value of 0.6337-0.74.38 The same would occur,
if the result of eq 12 (i.e., eqs 14 and 15 withc2 ) 0 andε2/hc
) 1200 cm-1) from the trajectory calculations would apply.
Fitting the parametersc1, ε1, c2, and ε2 to the averaged
experimental results forφ(λ) given in ref 38, instead, give the
following parameters,c1 ) 3, ε1/hc ) 700 cm-1, c2 ) 0.16,
ε2/hc ) 1500 cm-1. The corresponding fits are included in
Figure 3. Equations 14 and 15, withV2(E,J) ≈ φRad(E,J) and
V3(E,J) ≈ φMol(E,J) and the fitted parametersc2 andε2, therefore,
are used for the rangeE g E0,2(J) + δ. It should be emphasized
that eqs 13-15 so far are only tentative. Equation 13 is related
to the energy dependence ofk1(E,J) in the tunneling range, and
eqs 14 and 15 follow the exponential form of the trajectory
calculations39 but require modifications which are possibly due
to rotational effects. Nevertheless, the fact that the experimental
φ(λ) is reproduced within uncertainty supports our fit. However,
the fit is not unique, and it was optimized in our work by
comparison with the thermal branching ratiok0,Mol(M)Kr)/k0,Rad

(M)Kr); see below. The apparent discrepancy between eqs 12
and 15 may be attributed to the fact that photolysis experiments
cover wide rotational distributions while eq 12 was derived for
J ) 0.

V. Modeled Total Low-Pressure Rate Coefficients

The total rate coefficients in the low-pressure limit of the
thermal decompositionk0, being the sum of the radical and
molecular contributionsk0,Rad and k0,Mol, respectively, can be
determined without knowing the specific branching ratiosVi(E,J)
elaborated in section IV. Solving the master eq 5 for [M]f 0
in the way described in refs 2, 7, 49, and 50 leads to

with the various factors defined in ref 50 and characterized more
explicitly in the appendix. The collision efficiencyâc is related
to the average energy〈∆E〉 transferred per collision by2 âc/(1
- âc

1/2) ≈ -〈∆E〉/FEkT. In a multichannel reaction in the low-
pressure region,k0 is equal to the sum of the individual channel
rate constants, that is,k0 ) k0,1 + k0,2 + k0,3 ) k0,Mol + k0,Rad

in the present case. By fitting the experimental value ofk0,Mol

+ k0,Rad at 2000 K,〈∆E〉 is fixed and afterward kept constant
independent of temperature such as this has been approximately
observed in the experimental examples analyzed with eq 16;
see, for example, refs 50-52.

The only difference between single- and multichannel systems
is in the rotational factorFrot which in the latter case has to
account for rotational channel switching.1 Following the method
of ref 50, we determined the effective ratioI+/I of moments of
inertia from the detailed determination ofE0(J) accounting for
rotational channel switching. Combining this with the maximum
rotational factor,Frot,max, in the absence of centrifugal barriers
leads to the rotational factorsFrot such as given in the appendix.
Fitting eq 16 to the experimental value ofk0 at 2000 K, that is,
k0/[Kr] ≈ 5.4× 10-16 cm3 molecule-1 s-1 (see section II), for
given dissociation energiesE0,1 and E0,2 leads to a value for
〈∆E〉. As E0,2 has been determined experimentally with high
precision, one may ask for the influence of the chosenE0,1 on
the fitted 〈∆E〉. Evaluating eq 16 withE0,1/hc ) 27 700 cm-1

leads to-〈∆E〉/hc ≈ 250 ((50) cm-1 in agreement with the
analysis from ref 19 which also used eq 16. Using the higher

Figure 3. Quantum yieldsφMol(λ) andφRad(λ) of molecular and radical
fragments in formaldehyde photolysis (at 298 K and 1 bar of N2) (0
and O, evaluated experimental data forφRad(λ) from refs 37 and 38,
respectively;9 and b, the same forφMol(λ); full lines, preliminary
modeling from ref 48 corresponding to eqs 13-15, see text).

φMol(E,J) ≈ {1 + c1 exp[-(E - E0,1(J))/ε1]}
-1 (13)

φMol(E,J) ≈ (1 - c2) exp[-(E - E0,2(J) - δ)/ε2] (14)

φRad(E,J) ≈ c2 + (1 - c2){1 - exp[-(E - E0,2(J) - δ)/ε2]}
(15)

k0/[M] ≈ âcZLJ[Fvib,h(E0)kT/Qvib] exp(-E0/kT)FEFanhFrot

(16)
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valueE0,2/hc ) 28 645 cm-1 on the other hand leads to-〈∆E〉/
hc) 50 cm-1 for M ) Kr. This value is smaller than the values
measured for larger excited molecules for which-〈∆E〉/hc )
180-250 cm-1 was determined3-6 at E/hc ) 30 000 cm-1.
However, it is in line with experimental values for smaller
molecules such as HO2 (-〈∆E〉/hc ) 20 cm-1 for M ) Ar at
E0/hc ) 17 000 cm-1) and CH4 (-〈∆E〉/hc ) 50 cm-1 for M
) Ar at E0/hc) 36 100 cm-1); see refs 51 and 52, respectively.
Close agreement with the〈∆E〉 values for these small molecules
is obtained keeping in mind that〈∆E〉 is approximately
proportional to the energy.3-6 Like the photolysis quantum
yields, also the low-pressure rate coefficients appear to be
consistent only with the larger values ofE0,1. In our final
analysis,E0,1/hc ) 28400 cm-1 was fitted from the thermal-
branching ratios; see below.k0/[Kr] ) 5.4 × 10-16 cm3

molecule-1 s-1 at 2000 K from ref 17 then leads to-〈∆E〉/hc
) 54 cm-1 for M ) Kr. On the basis of analysis of the
experiments in Ar on the averagek0,Rad at 2000 K only, and
not on the less certaink0,Mol from ref 14,-〈∆E〉/hc ) 64 cm-1

is obtained for M) Ar. At the same time, one obtains

over the temperature range 1400-3200 K (with (k0,Mol + k0,Rad)/
[Ar] ) 6.6 × 10-16 cm3 molecule-1 s-1 at 2000 K). For
M ) Kr

is obtained over the range 1400-3200 K on the basis of (k0,Mol

+ k0,Rad)/[Kr] ) 5.4 × 10-16 cm3 molecule-1 s-1 at T ) 2000
K. The modeled eqs 17 and 18 probably provide more accurate
temperature coefficients than those of the experimental values
from Table 1. Nevertheless, the observed small differences of
the temperature coefficients are well within the experimental
uncertainties.

VI. Low-Pressure Thermal Branching Ratios

In the low-pressure range of the reaction the specific
branching ratiosVi(E,J) are convoluted with nonequilibrium
populationsg(E,J) of states which markedly differ from equi-
librium populations. As a consequence, upper channels are
suppressed. The treatment from part I7 in analytical form
provides a simple and quantitative description for this effect.
The nonequilibrium population factorh(E) ) g(E)/f(E) is derived
by solving the 1D master equation for an exponential collision
model. Below the lowest dissociation energy,E0,min ) min-
(E0,1,E0,2), has the form

where the average energyR transferred per down collision is
related to〈∆E〉 through2

(note that〈∆E〉 < 0). At E > E0,min, h(E) has the form

The total low-pressure rate coefficient with this nonequilibrium
population factor, for the sum of channels 1, 2, and 3, then is
calculated via

which gives

The collision efficiency follows asâc ) [R/(R + FEkT)]2 or
âc/(1 - âc

1/2) ) -〈∆E〉/FEkT. The summation overJ finally
leads to eq 16, that is, by averaging overJ the factorFrot arises
such as evaluated in section V.

The thermal rate coefficients for individual channels follows
analogous to eq 22. For example, one has

which introduces the specific branching ratioV2(E) ) k2(E)/
[k1(E) + k2(E) + k3(E)] from section IV into the integral. Again,
averaging overJ is done in the end. For the present situation,
the two rangesJ > JSW andJ e JSW require different treatments.
We first consider the rangeJ > JSW. In this case, channel 1 can
practically be neglected and channels 2 and 3 have the threshold
energyE0,min(J) ) E0,2(J). The integral of eq 24 then samples
V2(E,J) from eq 15 with the factor exp{-[E - E0,2(J) - δ][1/
R + 1/FEkT]} ) exp{-[E - E0,2(J) - δ]/γ} whereγ ) RFEkT/
(R + FEkT) denotes the average energy per up collision (with
〈∆E〉 ) γ - R). The result, forJ g JSW, with eq 15 follows as

Averaging overJ in symmetric top approximation roughly gives

wheref(JgJSW) is the fraction of the rotational distribution with
J g JSW; see below. The contribution tok2,0/k0 from the range
J < JSW is much smaller. In this case,k2(E) becomes appreciable
only at E > E0,2(J) + δ, and the lower limit of the integral of
eq 24 now is equal toE0,1(J). The resultingk2,0/k0 (for J < JSW

and with eq 10) according to ref 7 can be approximated by

The final thermal branching ratiok2,0/k0, after rotational averag-
ing and accounting for rotational channel switching, is given
by

with Erot(J,K) ) BJ(J + 1) + (A - B)K2.
The resulting thermal branching ratiosk2,0/k0 are summarized

in Table 2 as a function of temperature. The table separately
shows the contributions tok2,0/k0 from the ranges ofJ < JSW

andJ g JSW. For a comparison with the simple estimate from
eq 26, the table also includesf(JgJSW). The contribution tok2,0/
k0 from the rangeJ < JSW indeed is much smaller than that
from J g JSW, but it cannot be neglected. One also finds that
the formation of molecular products via channel 1 is so much

(k0,Mol + k0,Rad)/[Ar] ≈
1.2× 10-8 exp(-33 410 K/T) cm3 molecule-1 s-1 (17)

(k0,Mol + k0,Rad)/[Kr] )

9.7× 10-9 exp(-33 410 K/T) cm3 molecule-1 s-1 (18)

h(E) ≈ 1 - [FEkT/(R + FEkT)] exp[-(E0,min - E)/FEkT]
(19)

R ≈ -〈∆E〉/2 + (〈∆E〉2/4 - 〈∆E〉FEkT)1/2 (20)

h(E) ≈ {ZLJ[M]/[ k1(E) + k2(E) + k3(E)]} ×
{R/(R + FEkT)} exp[-(E - E0,min)/R] (21)

k0 ) ∫E0,min

∞
h(E)f(E)[k1(E) + k2(E) + k3(E)] dE (22)

k0/[M] ) âcZLJ[Fvib,h(E0,min)kT/Qvib] exp(-E0,min/kT)FEFanh

(23)

k2,0 ) ∫E0,min

∞
h(E)f(E)k2(E) dE (24)

k2,0(J)/k0 ) 1 - {1 - V2[E0,2(J) + δ]}ε2/(γ + ε2) (25)

k2,0/k0 ≈ c2f(JgJSW) (26)

k2,0(J)/k0 ≈ c2 exp{-[E0,2(J) + δ - E0,1(J)]/γ} (27)

k2,0/k∞ ≈ Qrot
-1 ∑

J)0

∞

(2J + 1) ∑
K)-J

+J

×

[k2,0(J)/k0] exp[-Erot(J,K)/kT] (28)
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less important in comparison to that from channel 3 that
tunnelling corrections will be negligible.

Calculations of the thermal branching ratios also show the
sensitivity ofk2,0/k0 on the value ofE0,1. Table 3 shows modeled
values ofk2,0/k0 at 2000 K as a function of the value ofE0,1.
One realizes that the preferred experimental value for M) Kr
from ref 17 is best fitted withE0,1/hc ) 28 400 cm-1. The ab
initio value ofE0,1/hc ) 28 645 cm-1 from ref 44 is within the
estimated uncertainty of(300 cm-1 of the present modeling
and the experiments. Since the experimentalk0 value for M)
Ar does not appear to be reliable enough, we use the experi-
mental averagedk2,0 value for M ) Ar at 2000 K and the
modeled branching ratio for an improved specification ofk0.
Likewise, the temperature dependencies ofk2,0 andk0 are taken
from the modeling. The following results are finally obtained
over the range 1400-3200 K (in cm3 molecule-1 s-1)

They are compared in Figure 4 with the experimental results.
Within uncertainty, good agreement is obtained. The present
modeling extends the temperature ranges, in particular fork0,Mol

which is more difficult to measure.

VII. Modeled High-Pressure Rate Coefficients

In the high-pressure limiting range of the reaction, equilibrium
populations of excited molecular states are established such that
the thermal dissociation rate constants for the individual channels
are easily formulated as

No experimental data for rate coefficients in the high-pressure

limit or in the intermediate falloff are available as of yet.
Nevertheless, as falloff curves and high-pressure rate coefficients
have been modeled before,19,45 it appears of interest to revise
these previous estimates on the basis of present knowledge.

The high-pressure rate constantk∞,1 for channel 1 can be
estimated by the simple expression from transition state theory

with the rovibrational, rigid-activated complex partition function
Qq based on the ab initio results from refs 41 and 43; see
appendix. With the new value ofE0,1 this leads to

Tunneling contributions do not play a role over the temperature
range 1400-3200 K considered here.45

It appears premature to do a detailed calculation ofk∞,2 and
k∞,3 as long as there are disagreements about the specific
branching ratiosV2(E,J) andV3(E,J); see above. For this reason,
we only provide a quick and rough estimate by assuming that
(k∞,2 + k∞,3)/Keq has the standard value of about 3× 10-10 cm3

molecule-1 s-1 like other addition reactions of H atoms to
hydrocarbon radicals (Keq corresponds to{[H][HCO]/[H 2-
CO]}eq). Using Keq from ref 53 (corrected for the newE0,2),
this leads tok∞,2 + k∞,3 ≈ 7.7 × 1015 exp(-43 700 K/T) s-1.
Evaluating the results from ref 46, we derive

UsingV2(E,J) ) W2(E,J)/[W2(E,J) + W3(E,J)] from eq 15 and
convoluting W2(E), W3(E), and W2(E) + W3(E) with the
Boltzmann factor and the specific branching ratio from eq 15
then lead to a thermal branching ratio in the high-pressure limit
given by

TABLE 2: Modeled Total Low-Pressure Rate Coefficients
k0/[Kr] (in cm 3 molecule-1 s-1) and Thermal Branching
Ratios k2,0/k0 for the Radical-Forming Channel 2a

T/K k0/[Kr] k2,0/k0 (k2,0/k0)lowJ (k2,0/k0)highJ f(J>JSW)

1400 2.4× 10-19 0.036 0.004 0.032 0.118
1700 2.5× 10-17 0.055 0.006 0.049 0.174
2000 5.4× 10-16 0.074 0.007 0.067 0.229
2500 1.4× 10-14 0.106 0.009 0.096 0.311
3200 1.6× 10-13 0.147 0.011 0.136 0.408

a “Low J”, J < JSW; “high J”, J g JSW; f(J > JSW), equilibrium
population of states withJ g JSW; see text.

TABLE 3: Thermal Branching Ratios at T ) 2000 Ka

E0,1
b/hc cm-1 k2,0/k0 (k2,0/k0)lowJ (k2,0/k0)highJ

27700 0.042 0.004 0.038
28000 0.054 0.005 0.049
28300 0.069 0.007 0.062
28400 0.074 0.007 0.067
28647 0.091 0.008 0.083

a See Table 2.b Dependence on the threshold energyE0,1 of channel
1, see text.

k0,Mol/[Ar] ) 9.4× 10-9 exp(-33 140 K/T) (29)

k0,Rad/[Ar] ) 6.2× 10-9 exp(-36 980 K/T) (30)

k0,Mol/[Kr] ) 7.7× 10-9 exp(-33 110 K/T) (31)

k0,Rad/[Kr] ) 4.1× 10-9 exp(-36 910 K/T) (32)

k∞,i ) ∑
J)0

∞

(2J + 1)∫E0,i(J)

∞
ki(E,J)f(E,J)dE (33)

Figure 4. Comparison of low-pressure rate coefficients for the
formation of molecular products (k0,Mol) and of radical products (k0,Rad)
from experiments (dashed lines, from Table 1) with modeling results
(full lines, from eqs 29-32 of this work. (The outer filled circles limit
the range where more than one experiment is available; see Table 1.
Data for k0,Rad with M ) Ar and Kr are combined; the error bars
represent the scatter of the experimental results. Data fork0,Mol are taken
from ref 17 and eq 31 with M) Kr only.)

k∞,1 ) kT
h

Qq

Q
exp(-E0,1/kT) (34)

k∞,1 ≈ 3.4× 1014 exp(-44 050 K/T) s-1 (35)

W2(E,J)30) + W3(E,J)30) ∝ [E - E0,2(J)]1.46 (36)

k∞,2/(k∞,2 + k∞,3) ≈ 1 - (1 - c2)[ε2/(ε2 + kT)]2.46 (37)
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Combined withk∞,2 + k∞,3 such as estimated above, this gives
a final estimate of

and

Equations 8 and 39 correspond tok∞,Rad (2000 K) ≈ 2 × 106

s-1 whereask∞,Mol (2000 K) ≈ 5 × 105 s-1. The present
calculations, therefore, confirm the crossover fromkRad < kMol

at low pressures tokRad > kMol at high pressures which was
also predicted in refs 19 and 45. However, the difference
betweenk∞,Rad(2000 K) andk∞,Mol (2000 K) is estimated to be
much smaller than that predicted in refs 19 and 45. This change
shifts the crossover to pressures above 1000 bar. It is, therefore,
hardly of any practical relevance. As falloff calculations from
refs 19 and 45 place the center of the falloff curves at pressures
of the order of 100 bar, we do not further inspect the falloff
curves before more details about the branching between channels
2 and 3 and the correspondingki(E,J) values are known.

VIII. Conclusions

The thermal dissociation of formaldehyde on the three
channels (1-3) identified so far is controlled by an interesting
superposition of kinetic effects, that is, by collisional channel
coupling, rotational channel switching, and channel branching
above the threshold for radical formation. Collisional channel
coupling requires the solution of master equations which was
done analytically in part 17 and is used in the present analysis.
Rotational channel switching can be treated with the help of
the ab initio calculations of the potential from refs 43 and 44.
Channel branching can only be quantified by information from
formaldehyde photolysis quantum yields31-38,48atλ < 330 nm,-
that is, at energies above the threshold energy for radical
formation and from classical trajectory calculations such as
described in ref 39.

Fitting the average total energy〈∆E〉 transferred per collision
by means of the total rate coefficient for dissociation at 2000
K and fine-tuning the threshold energyE0,1(J)0) of channel 1
by means of the thermal branching ratiok0,Rad/(k0,Rad+ k0,Mol)
at 2000 K, the present work has modeledk0,Mol andk0,Radover
the temperature range 1400-3200 K. Within the uncertainties
of the now well-characterized experiments from refs 13-19 and
the input molecular parameters, quite satisfactory agreement
between experiment and theory was obtained. Equations 29-
32 summarize our predictions fork0,Mol andk0,Rad. Much cruder
estimates fork∞,Mol and k∞,Rad have been also performed; see
eqs 38 and 39. These values, however, still depend on
uncertainties in the modeled specific rate constantski(E).
Experimental validations from high-pressure pyrolysis experi-
ments are still lacking.

Our present analysis of the thermal dissociation practically
rules out the suggestion from ref 25 of a lower value of the
threshold energyE0,1/hc ) 27 700 cm-1 and of a kinetic rele-
vance of 6 times larger measured level densities than that expec-
ted. Instead, the present conclusions are essentially in line with
the ab initio calculations ofE0,1 from ref 44 and the corre-
sponding implications on level densities made in this reference.

The modeling of this work showed that collisional channel
coupling, rotational channel switching, and channel branching
above the threshold for radical formation in this reaction are
superimposed in a well-characterized way and all have their

specific kinetic relevance. The formaldehyde system with this
study appears to be the best documented thermal multichannel
dissociation reaction in its low-pressure range. Other systems
such as the dissociations C2H4 f C2H2 + H2/C2H3 + H or C3H7I
f C3H6 + HI/C3H7 + I are expected to show analogous kinetic
properties.
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Appendix: Modeling Parameters

H2CO. Fundamental frequencies54 ωi
o/cm-1 ) 2811.42,

1755.858, 1500.32, 1170.224, 2861.30, 1250.565. Rotational
constants40 A ) 9.405 cm-1, B ) 1.295 cm-1, C ) 1.134 cm-1.

H2COq (channel 1).Ab initio harmonic frequencies43 ωi
q/

cm-1 ) 1840i, 744, 833, 1246, 1835, 3127. Rotational
constants40,46Aq ) 8.57 cm-1, Bq ) 1.20 cm-1, Cq ) 1.04 cm-1.
Eo,1/hc cm-1 ) 28 645 ((105) from ref 44, 28 400 ((300) from
this work.

H2CO f H + HCO. Fundamental frequencies55 of HCO
ωi/cm-1 ) 1081, 1868, 2435.E0,2/hc cm-1 ) 30328.5 ((0.5)
from ref 27. Morse potential for H‚‚‚CHO bondD/hc cm-1 )
33 310,re ) 0.114 nm,â ) 21.2 nm-1 (constructed from Figure
7 of ref 43).

Collisional Parameters.σLJ (H2CO) ≈ 0.4 nm (estimated),
εLJ/k (H2CO)≈ 400 K (estimated);σLJ (Ar) ) 0.3542 nm,εLJ/k
(Ar) ) 93.3 K; σLJ(Kr) ) 0.36 nm,εLJ/k(Kr) ) 173 K.

Vibrational Density of States. Fvib,h(E0,1) ) 12.6/hc cm-1,
Fvib,h(E0,2) ) 16.0/hc cm-1, Whitten-Rabinovitch factor45 a(E0,1)
) 0.975,a(E0,2) ) 0.976.

Anharmonicity Factor. Fanh(E) ≈ 1 + 0.89[(E + Ez)/(E0,1

+ Ez)]3 with Ez/hc ) 5873 cm-1 for E e E0,2, derived with the
empirical method from ref 56 assuming thatFvib,h(E) is
calculated with the fundamental (not harmonized) frequencies
of H2CO from ref 54. The empirical method gives fair agreement
with extrapolations (from the range 0< E/hc < 10 000 cm-1)
of anharmonic densities of states based on spectroscopic
constants.54 Fanh (E/hc ) 27 700 cm-1) ≈ 1 + 0.67 was
estimated in ref 25 while the above expression givesFanh(E/hc
) 27 700 cm-1) ≈ 1 + 0.82.

Rotational FactorsFrot. ForT/K ) 1400, 1700, 2000, 2500,
and 3200 K, one hasFrot ≈ 8.1, 7.2, 6.2, 4.8, and 3.5,
respectively.

Density-of-States FactorsFE. ForT/K ) 1600, 2000, 2400,
and 2800 K one hasFE (channel 1)) 1.15, 1.20, 1.28, and
1.34 orFE (channel 2)) 1.17, 1.22, 1.28, and 1.34, respectively.
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