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The thermal dissociation of formaldehyde proceeds on three channels, the molecular-elimination channel

H,CO — H, + CO (1), the radical-forming bond-fission channeld® — H + HCO (2), and the bond-
fission-initiated, intramolecular-hydrogen-abstraction chanp€l®t— H---HCO — H, + 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 14063200 K in the bath-gas Ar in this way are representeckfyo/[Ar] ~ 9.4 x 10°°

exp(=33 140 KM cm® molecule® st andky rad[Ar] ~ 6.2 x 1072 exp(—36 980 KT cm?® molecule® s

The corresponding values for the bath-gas Kr, on which the analysis relies in particulanaff&r] ~ 7.7

x 107° exp(—33 110 KIT) andkorad[Kr] ~ 4.1 x 107° exp(=36 910 KIT) cm?® molecule® s™X. While the
threshold energ¥, , for channels 2 and 3 is taken from spectroscopic measurements, the threshold energy
Ey 1 for channel 1 is fitted on the basis of experimental ratigg.dkomo IN combination with photolysis
quantum vyields. The derived value Bf (1) = 81.2 @0.9) kcal mof? is in good agreement with results

from recent ab initio calculations, 81.9-0.3) kcal mot?, but is higher than earlier results derived from
photophysical experiments, 792(.8) kcal mot?. 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.

|. Introduction

izing the energy dependence of the vibrational density of $jates
In this case, knowledge of the properties of rovibrational energy

Thermal unimolecular reactions proceeding on two (or more) transfer is required, and two-dimensional (2D) master equations

competing channels (denoted ycan have unusual properties.
The channels are characterized by specific rate contgia;3)
which may have quite different properties, particularly if they
involve transition states of different rigidity. Different depend-
encies ok;(E,J) on the energy and on the angular momentum
(quantum numbed) may lead to vibrational and rotational

(in the variablesE andJ) have to be solvedIn 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

“channel switching”; see, for example, ref 1. The branching ratio of the reaction and approach the intermediate falloff and the
of the rate coefficients in the high-pressure range of the reaction high-pressure range only after the low-pressure limit is well
corresponds to Boltzmann averages over the specific rateunderstood.

constants;(E,J) of the channels and, thus, depends &{(E,J)
in a simple way. In the falloff range and, in particular, in the
low-pressure limit of the reaction, however, théE,J) values

For the low-pressure limit, the master equation can be solved
relatively easily. It can even be obtained in analytical fditn
an exponential collision model is employed. Since the results

are not sampled by Boltzmann but by nonequilibrium popula- of detailed experimental studies of energy transfer were very
tions of excited states. These depend strongly on the charactesimilar to exponential collision modets? the analytical solu-

of the collisional energy transfer involved, varying between tions of the master equation for exponential models from ref 2
weak and strong collisions. The rate coefficients, thus, not only appear sufficiently realistic and adequate for many practical
reflect the properties d§(E,J) but also reflect those of collisional  purposes. We have implemented these solutions, for example,
energy transfer, particularly of the ratid\EIJFgkT which into a treatment of two-channel thermal unimolecular reactions
characterizes the efficiency of the collisionAE]= average in part 1 of this serie$.It was shown that the upper of the two
total energy transferred per collision alRg= factor character- channels, in the case of weak collisions and in the low-pressure
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TABLE 1: Experimental Low Pressure Rate Coefficientskomo (channels 1+ 3) and ko rag (Channel 2) for the Pyrolysis of
Formaldehyde in M = Ar and Kr

ko/[M] cm® moleculet st reaction TIK M P/bar reference
5.25x 10 ° exp(—37 700M) 2) 2200-2650 Ar 1.0-2.0 Saito et al. (1985%)
3.4x 107 2000
2.08 x 108 exp(—39 170M) 2 1650-2200 Ar 1525 Rimpel and Just (1988)
6.5x 107%7 2000
5.18 x 100 exp(—28 100T) 1)+ @) 1900-2400
4.1x 10716 2000
2.7 x 1012 T-554exp(—486601) @) 1700-3200 Kr 0411 Irdam et al. (19925
3.8x 10°Y 2000
9.2 x 10°° exp(—37 750M) @) 1400-2000 Ar 1.4-2.5 Hidaka et al. (1993)
5.8x 10°Y 2000
1.02x 1078 exp(—38 706T) @) 2004-2367 Kr 0.2-0.4 Kumaran et al. (1998)
4.0x 10°Y 2000
4.66x 1070 exp(—31 210T) L+ @3) 2004-2367
5.0x 10716 2000
8.30 x 107% exp(—37 044T) ) 1675-2080 Ar 1.2 Friedrichs et al. (2004)
75x 10Y 2000

limit of the reaction, is highly underpopulated in comparison thermochemical parameters of relevance for the thermal dis-
to single-channel reactions, because nonequilibrium effects sociatiod” are also available now. One should even think about
deplete the populations below and above the threshold energya fourth channel involving electronically excited triplet form-
of the lower channel to a stronger extent than those in the casealdehyde HCO(S) — H,CO(T;) — H + HCO which has been

of strong collisions. The low-pressure rate coefficient for the demonstrated to contribute to formaldehyde photodissocia-
upper channel, thus, is predicted to be much smaller than thattion.242842However, the threshold energy of this channel is too
expected for a situation in which the lower channel would be high for a contribution to the thermal dissociation.

absent. Practical examples could not be analyzed realistically On the basis of the given pieces of information today one
at the time of publication of part 1, since neither sufficiently can approach a more realistic modeling of the thermal dissocia-
accurate eXperimentS nor SUfﬂCiently detailed information on tion rates of forma|dehyde than was possib|e previous|y_ This
the relevant molecular data were available. The situation now js the goal of the present article. One may use this approach
has changed, and in selected cases, one can proceed towardfgr an extrapolation of the experimental results into wider and
more quantitative analysis. Previous evaluations of experimentalnot easily accessible ranges of conditions. Earlier modeling, for
two-channel rate coefficients often neglected the strong coupling example of tunneling contributions of the molecular channel
between the two channels and, therefore, appear unsatisfactory(1) to the thermal dissociation rat&spf specific rate con-
see below. The present article tries to overcome these short-stant4647 k(E,J) for the molecular channel (1) and the radical
comings. We chose the thermal dissociation of formaldehyde channel (2), of isotope effect&?6 and of falloff curve&1945
as a particularly well-characterized example for which inter- are helpful for this task, but they need to be adapted to the
esting new insight into the dynamics is just becoming avail- improved database available today. An important aspect of the
able. analysis is the relation between thermal and photochemical
For a long while, the rate coefficients for the thermal activation experiments, such as elaborated in detail in the present
decomposition of formaldehyde and the nature of its products work. The following article first focuses attention on the thermal
were uncertaiff.The situation today has improved considerably, dissociation in the low-pressure range (neglecting tunneling).
see the review in ref 9, and results from about the last 25 yearsThe questioff44 of the threshold energy of channel 1 is
now appear to converge?? such that a detailed analysis can investigated again, and a new value is fitted from the thermal
be made. At the same time, the photodissociation dynamics hassranching ratio. The article only briefly considers the transition
been studied in great det&it*° and photolysis quantum yields  to the high-pressure limit which has not been accessed experi-
have been measuréd.® It has also become cl€ar3%3"39  mentally as of yet. Earlier modeling of the reaction in the

that the system is not a two- but a three-channel system, withtransition range to the high-pressure limit such as presented

the “normal” molecular-elimination channel in refs 7, 19, and 45 have to be revised in view of the three-
channel character of the reaction which now looks well
H,CO—H,+ CO 1) established.

having the lowest reaction threshold, the radical-forming channel )
[I. Experimental Database

HLO™H +HCO (2) The prediction of thermal dissociation rate coefficients in the
d 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.
H,CO— H:*HCO—H, + CO ) Table 1 and Figure 1 summarize experimental resultkdfiqs
and ko rad together with experimental details of relevance for
Detailed ab initio calculations of the potential energy surface the analysisky mol andko ragdenote the pseudo-first-order rate

of the electronic ground state o8O have been extended into  coefficients for dissociation into molecular and radical products,
the dissociation rang®#4 and precise spectroscopic and respectively. To arrive at a better comparison of the experimental

proceeding as a simple bond fission with a higher threshol
energy and an additional, “unusual”, intramolecular-hydrogen-
abstraction channel producing molecular fragments, although
it follows the radical pathway in its initial stagé2°-3°
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10" : ! ! transfer, however, we neglect the rotational part of the problem
and replace eq 4 by a set of decoupled 1D master equations

10™4 3

d[A(E,J)]/dt ~ —{ Z[M] + Z ki(E,J)} [A(E,d)] +

1

-1

molecule” s
Sa

ZIM] [7° PEIE)A(E' ) dE' (5)

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 Eor weak collisions, however, the
solution involves a more subtle approach such as elaborated in
L part I on the basis of the results from ref 2. In the following,
we focus attention on the low-pressure limit which is relevant

10® for the experiments summarized in section Il. Before doing that,
0.0 02 04 06 0.8 we have to characterize the specific rate const&(ts,J)

1000K/T gove(rj‘ning the multichannel branching of the reaction at a given
E andJ.

-
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Figure 1. Pseudo-second-order rate coefficiekgsof the thermal

decomposition of formaldehyde in the low-pressure range; experimental |y/. Modeling of Specific Branching Ratios V;i(E.J)
results for M= Ar (full lines) and M = Kr (dashed lines) with the '

formation of molecular productsdwoi, filled symbols) and of radical The molecular channel (1) is almost thermoneutral but
products Korad Open symbols), measurements from ref €3, fef 14 proceeds over an activation barrier which is of the ordeEf
(d), ref 15 (7), ref 16 (0),ref 17 €), and ref 19 ®); see Table 1. The = 342.7 1.3) kJ mot?, that is,Eq /hc = 28645 cnmi?, such

symbols denote the limits of the experimental ranges. as obtained from advanced ab initio calculatiéh$his value

contrasts with the value dfy; = 331.4 ¢3.3) kJ mot?, that
data, rate coefficients fof = 2000 K are also shown in Table is, E;/hc = 27700 cnmi?, which was obtained by a fit of

1. Averaging of the best values figrasat 2000 K give$*141619  pice—RamspergerKasset-Marcus (RRKM) rates to experi-

ko rad[Ar] = 5.8 x 10717 cm® molecule s7* and®>17 ko rad mental rates using experimental densities of states; see the
[Kr] = 3.9 x 1077 cnm® molecule* s™1. The values oko vol discussion given below. However, because of the dispute about
[Ar] = 4.1 x 107¢cm® molecule! s~ from ref 14 andko mol the value ofEoy 4, we performed our analysis for both values

[Kr] =5.0x 10" cm® molecule* s™* from ref 17 are clearly  and we finally also tried to derive a value from the thermal
about a factor of 10 larger than the corresponding values of dissociation experiments. Our resulip = 339.7 €3.6) kJ
korad[M]. The apparent activation energies for the molecular mol-2, i.e., Ey /hc = 28400 cni?) essentially agrees with the
channel appear to be somewhat smaller than those for the radicahp initio result; see below.
channel. Over the indicated pressure range of-G.bar no It is obvious that, because of tunneling through the activation
deviations from second-order kinetics were observed. An parrier, the true low-pressure limiting range of the reaction
extension up to 20 b#talso did not yet show a change of  cannot be reached experimentally. However, neither the experi-
reaction order within the experimental accuracy. The data from ments nor the simplified modeling of the pressure dependence
Table 1 constitute the reference base for our modeling such asfrom refs 19 and 45 show noticeable deviations from an apparent
elaborated in the following. We consider the experiments from second-order behavior for the conditions of the experiments
ref 17 in the bath-gas Kr as the most precise and use them forsymmarized in Table 1. In addition, the conditions of the
fitting Eo(1) and [AE(Kr)LJ AE(Ar)Uis fitted on the basis of  experiments from Table 1 in ref 45 were all shown to correspond
the averagedo rad (2000 K). 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
The 2D, rovibrational master equation underlying our model- energy of the radical chanidéE, » = 362.8 (0.006) kJ mot?,

Ill. Master Equation for Multi-channel Reactions

ing in continuous form is written &s that is,Eq /hc = 30328.5 cmit, there is branching into radical
(channel 2) and molecular fragments (channels 1 and 3). This
~— : branching is characterized by the specific rate constaftEsl)
dIA(E /et {Z[M] * Z k‘(E’J)} [AEI] + with i = 1—3 for the three channels {B). Modeling of k;-

® (E,J) by standard, rigid-activated, complex RRKM theory
Z[M] Zof“’ P(E,JE J)[AE,J)] dE' (4) including tunneling, and of Kx(E,J)” by simplified statistical
e V0 adiabatic channel method (SACM) calculations, in ref 46
showed substantial differences between the two channels. (In

with the collision frequency for energy transfer, the specific  the following, ‘kx(E,J)” from the SACM calculations of ref 46
rate constantk;(E,J) for dissociation in the channeisand the is understood to correspond to the sunkgE,J) andks(E,J).)
rovibrational transition probabilitieB(E,J/E',J') for collisional Once the radical channel is open energeticalkg(E,J)” with
energy transfer from stateE'(J') to state E,J). The master increasing energy quickly and markedly exceded,J). In
equation can sometimes be solved analytically in steady stateaddition, rotational channel switching in ref 46 was shown to
even for two dimensions such as demonstrated in ref 2. Becauseoccur such that channels 2 and 3, foabove some switching
of our limited knowledge on the rotational contribution to energy value Jsw, become energetically more favorable than the
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molecular channel (1).K3(E,J)” increases much faster with
increasing energy to much larger values tha(f,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 energielSy; are known. It is, therefore, essential that
the Eo;(J) values, which lead to rotational channel switching,
are updated, and thg(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,AEo(J) = EoJ) — Eoa(J), is equal to zero. The
rigid transition state of channel 1 is approximately characterized
by

(6)

whereB* has been calculatétiab initio to be equal td* =
1.12 cntL. 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

Eo1(J) ~ Ep4(3=0) + B'hcJ(J + 1)

EoAd) ~ Eg {3=0) + C,[3J + 1))’ (7)
with v ~ 1.2 (over the rangd = 0—50), andC,/hc ~ 0.0115
cml. Employing the experimental valu&p(J=0)/hc =
30328.5 cmit from ref 27 and eithekg 1(J=0)/hc~ 27700 cnt

from the analys® of experimentak,(E), our fitted Eg 1(J=0)/

hc ~ 28400 cn1?! or Ep 4(J=0)/hc ~ 28645 cnr! from the ab
initio calculations** one deriveslsy ~ 49, ~ 42, or~ 39,
respectively. There has been considerable discu®sibabout

the value of the barrier heigty 1(J=0) and the measured
specific rate constant&i(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 stateé®Vhile 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 measuta¢E,J) values when

the higher ab initio value oEg 1(J=0) is used together with
calculated anharmonic densities of states. Our analysis of
thermal branching ratios supports the higher valueEgf.
Nevertheless, the reasons for measufiregfactor 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
Eo2(J) are calculated in detail and in the present work are used
instead of eq 7. Figure 2 represents the resultsEfpfJ) for
Eo,1(J) on the basis 0Ep 1(J=0)/hc = 28 645 cntl.

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

VI(EJ) =k(E/ Y k(EJ) ®)

Expressind(E,J) in terms of statistical unimolecular rate theory
by Wi(E,J)/hp(E,J), the controversiab(E,J) cancels and th¥;-
(E,J) values are given by

VI(ED) = WEN! Y W(EJ) ©

whereWi(E,J) denote the number of open channels (or cumula-
tive reaction probabilities). These quantities are taken from ref
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Figure 2. Centrifugal barriers for channel E 1(J), and for channels
2 and 3,EqAJ) (calculations withEg 1(J=0)/hc = 28 645 cn1* and
Eo A(J=0)/hc = 30328.5 cm?, see text).

46 and employed for deriviny1(E,J). Following the format
used in ref 7, forJ < Jsw one obtains

for E < Ej §(J)
Vi(EJ) =1
for E > Ey 4(J)

V,(E,J) ~ 0.05 -0.02)+
0.95 (£0.02) exg —[E — Eo (J)/0} (10)

with 6/hc = 100 (£50) cnTl. The indicated variations of the
parameters include the variations found for the range D <
Jsw, whereJsw corresponds to that value dfwhere rotational
channel switching occurs. FAr> Jsw, Va(E,J) quickly becomes
negligibly small.

While

for E < E, (J=0)

V,(EJ) =V4(EJ) =0 (12)

is trivially fulfilled, the specification ofV,(E,J) andV3(E,J) at

E > Eo»(J) is still relatively uncertain. Only recently channel 3
has been modeled by classical trajectory calculatfonis the
global ab initio potential from ref 43. Channel 3 seems to open
up at E = Ep, The presence of channel 3 provides an
explanation for the appearance of molecular fragments in
photolysis experiments 34 employing excitation energies larger
than those oEp, (1 < 330 nm). Although the fine details of
ko(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 3320 nm from refs 32

34 at least allow for a rough characterization of the branching
ratio ko(E)/[kz(E) + ks(E)]. From the trajectory calculations (see
Figure 5 of ref 39), one reads

V,(E,J=0) = k,(E,J=0)/[K,(E,J=0) + ky(E,J=0)]
~ exp[—(E — Ey {(J=0))/hc1200 cm'] (12)

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

The second access Yo(E,J) via photolysis quantum yields
¢(A) seems to lead to different results. The differences, however,
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Figure 3. Quantum yieldgpma(4) and¢radA) of molecular and radical
fragments in formaldehyde photolysis (at 298 K and 1 bar gf(N
and O, evaluated experimental data fprad1) from refs 37 and 38,
respectively;ll and ®, the same foma(4); full lines, preliminary
modeling from ref 48 corresponding to eqs-11%, see text).

may be explained by rotational effects in the thermal photolysis
experiments. A brief summary of the analy8isf ¢(4) from

ref 38 is given in the following. One may assume that photolysis
at/ > 310 nm after electronic excitation of,80 is character-

ized by internal conversion such that the production of molecular
and radical products is governed by the competition between

channels 13 in the electronic ground state(4) then corre-
sponds to the thermal average ow&(E,J) + Vs(EJ) for
molecular products and ov®k(E,J) for radical products. There
are two ranges to be considered: At< 330 nm,¢(1) was
found to be pressure independent;iat 330 nm, pressure-
dependeni(1) was observed. The pressure independende at
< 330 nm is easily explained by the large values I{E,J)"
modeled in ref 46. The pressure dependence-at330 nm is

a consequence of the much smaller valueskdE,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 measuigd, 298 K, 1
bar) in ref 48 was done by thermal averaging apéE,J) where

E = hv + Eo(T). (The subscript denotes molecular and radical
products, respectivel(T) is the rotational energy; #CO 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 refs38] atJ <
JswandE < Eg AJ) + 9, ¢omol(E,J) for simplicity are represented
by an exponential expression of the type

Pro(ED) ~ {1+ ¢, exp[—(E — By ((I))/e]}  (13)

while ¢radE,J) =~ 0 (6 is defined in eq 10)At E = Eg»(J) +
0 and allJ, an exponential expression of the type

Pua(Ed) ~ (1 — ¢) exp[—(E — By (J) — d)le;] (14)
is tentatively applied by analogy to eq 12, while

PradEJ) ~ C; + (1 = {1 — exp[=(E — By J) — d)/erl}
(15)

The parameters; ande; governgi(4) in the tunneling range
(atE < Eg1(J) andJ < Jsw) and can be fitted nearly independent
of the parameters, ande; governingei(1) in the range 316

Troe

(from ref 48). The lower value oEgy/hc (= 27 700 cnt?)
always gives too large values @y near its maximum
experimental value of 0.63-0.7438 The same would occur,

if the result of eq 12 (i.e., egs 14 and 15 with= 0 ande,/hc

= 1200 cn1l) from the trajectory calculations would apply.
Fitting the parameters;, €1, C;, and e; to the averaged
experimental results fap(1) given in ref 38, instead, give the
following parametersg; = 3, ex/hc = 700 cnt?, ¢; = 0.16,
eslhc = 1500 cntl. The corresponding fits are included in
Figure 3. Equations 14 and 15, with(E,J) ~ ¢radE,J) and
V3(E,J) =~ ¢wmol(E,J) and the fitted parametecs ande,, therefore,

are used for the randge> Ey »(J) + 6. It should be emphasized
that eqs 13-15 so far are only tentative. Equation 13 is related
to the energy dependencelq{E,J) in the tunneling range, and
egs 14 and 15 follow the exponential form of the trajectory
calculationg® but require modifications which are possibly due
to rotational effects. Nevertheless, the fact that the experimental
¢(A) 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 raftiguo(M=Kr)/ko rad
(M=KTr); 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 decompositiotky, being the sum of the radical and
molecular contribution®o rag @and Ko mol, respectively, can be
determined without knowing the specific branching ratigg,J)
elaborated in section IV. Solving the master eq 5 for fM]0
in the way described in refs 2, 7, 49, and 50 leads to

kOI[M] ~ ﬂcZLJ[Pvib,h(EO)kT/Qvib] exp(— EOIkT)FEFanI‘Frot
(16)

with the various factors defined in ref 50 and characterized more
explicitly in the appendix. The collision efficiengy is related

to the average energ\Elltransferred per collision By3./(1

— B3 ~ —[AEIFeKT. In a multichannel reaction in the low-
pressure regiorkg is equal to the sum of the individual channel
rate constants, that i8 = ko1 + ko2 + ko3 = komol + Ko rad

in the present case. By fitting the experimental valudgifol

+ ko ragat 2000 K,[AEDis 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 5(52.

The only difference between single- and multichannel systems
is in the rotational factoF o which in the latter case has to
account for rotational channel switchibgollowing the method
of ref 50, we determined the effective ratit/l of moments of
inertia from the detailed determination B§(J) accounting for
rotational channel switching. Combining this with the maximum
rotational factorFotmax iN the absence of centrifugal barriers
leads to the rotational factoFs. such as given in the appendix.
Fitting eq 16 to the experimental valuelefat 2000 K, that is,
ko/[Kr] ~ 5.4 x 10716 cm? molecule’l s~ (see section Il), for
given dissociation energiesy ; and Eg > leads to a value for
[AEL As Ep, has been determined experimentally with high
precision, one may ask for the influence of the choBgnon
the fitted CAEL] Evaluating eq 16 withgg /hc = 27 700 cnt
leads to—[AElhc ~ 250 @50) cnt! in agreement with the

330 nm. Figure 3 compares measured and fitted quantum yieldsanalysis from ref 19 which also used eq 16. Using the higher
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valueEg J/hc = 28 645 cmi! on the other hand leads telAE[] The total low-pressure rate coefficient with this nonequilibrium
hc=50 cnt! for M = Kr. This value is smaller than the values population factor, for the sum of channels 1, 2, and 3, then is
measured for larger excited molecules for whiebBAEZhc = calculated via

180—-250 cnt! was determinetd® at E/hc = 30 000 cntl.

However, it is in line with experimental values for smaller ko= onvmm h(E)f(E)[k,(E) + k,(E) + ky(E)] dE  (22)

molecules such as HE—[AEZhc = 20 cnt?! for M = Ar at
Eo/hc = 17 000 cntl) and CH, (—[AElhc = 50 cnT? for M
= Ar at E//hc = 36 100 cn1?); see refs 51 and 52, respectively.
Close agreement with tHAE[values for these small molecules Ml =827 To. IKT/O. .1 exp(—E. . JKT)F-F
is obtained keeping in mind thafAECis approximately K/IMT = BeZualpuio HEo minKT/Qui] €XPEEo i kT) E(;?;)
proportional to the energy.® Like the photolysis quantum

yields, also the low-pressure rate coefficients appear to beThe collision efficiency follows ag. = [o/(a + FekT)]? or

which gives

consistent only with the larger values & 1. In our final J(1 — B2 = —[AEIFekT. The summation oved finally
analysis,Ep/hc = 28400 cm* was fitted from the thermal-  |eads to eq 16, that is, by averaging ovehe factorF . arises
branching ratios; see belovky/[KI] = 5.4 x 10716 cm? such as evaluated in section V.

molecule™ s™* at 2000 K from ref 17 then leads te[AE(Zhc The thermal rate coefficients for individual channels follows

= 54 Cm_l fOI’ M = KI’ On the baS|S Of ana|ySIS Of the analogous to eq 22 For example' one has

experiments in Ar on the averadgragat 2000 K only, and

not on the less certaiky moi from ref 14,—[AEhc = 64 cnr? _ e

is obtained for M= Ar. At the same time, one obtains k20 f min h(EJ(E)k(E) dE (24)

(Ko ot + Ko rad/TAT] 22 which introduces the specific branching raig(E) = kx(E)/
’ R 3 1 1 [ki(E) + ko(E) + ks(E)] from section IV into the integral. Again,
1.2x 10 "exp(=33 410 KM cm” molecule s = (17) averaging oved is done in the end. For the present situation,

. the two ranged > JswandJ < Jsw require different treatments.
over the temperature range 1468200 K (with Ko mol + Ko rag/ : . :
[A = 6.6 x 10-16 cm? molecule s at 2000 K). For We first consider the range> Jsw. In this case, channel 1 can

M = Kr practically be neglected and channels 2 and 3 have the threshold
energyEo min(J) = Eo AJ). The integral of eq 24 then samples
(Ko wor Ko rad /K] = V,(E,J) from eq 15 with the factor eXp-[E — Eg oJ) — 0][1/
,IMO ;Ral

9 3 1 o+ 1/FekT]} = exp{ —[E — Eg AJ) — 6)/y} wherey = aFekT/
9.7 x 10 " exp(~33 410 KT cm” molecule “s = (18) (o + FekT) denotes the average energy per up collision (with

= — > 1
is obtained over the range 1468200 K on the basis ok§ moi [ABL= y — o). The result, ford = Jsw, with eq 15 follows as

+ korad/[Kr] = 5.4 x 10716 cm?® molecule® s™t at T = 2000 K, (DMk.=1—11—V. N+ o ed(v +¢) (25
K. The modeled eqgs 17 and 18 probably provide more accurate 20k ¢ AEo ) lelly + ) (29)

temperature coefficients than those of the experimental valuesayeraging oved in symmetric top approximation roughly gives
from Table 1. Nevertheless, the observed small differences of
the temperature coefficients are well within the experimental ko /Ko & Cf(32 Jg\) (26)
uncertainties.
wheref(J=Jsw) is the fraction of the rotational distribution with
J = Jsw; see below. The contribution te ok, from the range
J < Jswis much smaller. In this casky(E) becomes appreciable

In the low-pressure range of the reaction the specific Only atE > EoAJ) + 6, and the lower limit of the integral of
branching ratiosVi(E,J) are convoluted with nonequilibrium €9 24 now is equal t&1(J). The resultinge dko (for J < Jsw
populationsg(E,J) of states which markedly differ from equi- ~and with eq 10) according to ref 7 can be approximated by
librium populations. As a consequence, upper channels are
suppressed. The treatment from paftih analytical form ko o(J)/ko ~ € exp{ —[Eg o(J) + 0 — Eo .y} (27)
provides a simple and quantitative description for this effect. . . .
The nonequilibrium population factb(E) = g(E)/f(E) is derived The final thermaI. branching rgtk};,dko, after rota.t|on'al averag-
by solving the 1D master equation for an exponential collision "9 and accounting for rotational channel switching, is given
model. Below the lowest dissociation enerdsgmin = min- y
(Eo,1,E0,2), has the form © 13

~ -1
(E) ~ 1~ [FekTi(a + FekT) expl—(Egmy — ENFekT] 2% ™ Qo 3 (2+D) 5

(19) [ky o(J)/ko] EXP[—E,o(JK)KT] (28)

where the average energytransferred per down collision is
related tolAECthrougl?

VI. Low-Pressure Thermal Branching Ratios

with E(J,K) = BJJ + 1) + (A — B)K2
The resulting thermal branching ratiksy/ko are summarized

in Table 2 as a function of temperature. The table separately

shows the contributions tky o/ko from the ranges o8 < Jsw

andJ = Jsw. For a comparison with the simple estimate from

(note thatfAEI< 0). AtE > Eomin. h(E) has the form eq 26, the table also includ&d=>Jsw). The contribution tdc,of

~ ko from the rangel < Jsw indeed is much smaller than that

h(E) ~ {Z MV k() + ko(E) + Ke(B)]} % from J > Jsw, but it cannot be neglected. One also finds that

{od(a + FekT)} exp[—(E — Ey pi)/a] (21) the formation of molecular products via channel 1 is so much

o ~ —[AEIR + (AE[/4 — AEFKT)Y?  (20)
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TABLE 2: Modeled Total Low-Pressure Rate Coefficients
ko/[Kr] (in cm 3 molecule s71) and Thermal Branching
Ratios k3 ok, for the Radical-Forming Channel 22

TIK ko/[KT] kooko  (k2,0/ko)iows (kz,o/ko)higm f(I> Jsw)
1400 2.4x 107 0.036 0.004 0.032 0.118
1700 2.5x 10 0.055 0.006 0.049 0.174
2000 5.4x 1076 0.074 0.007 0.067 0.229
2500 1.4x 10 0.106 0.009 0.096 0.311
3200 1.6x 10713 0.147 0.011 0.136 0.408

a‘Low J', J < Jsw; “high J’, J = Jsw; f(J > Jsw), equilibrium
population of states withl > Jsw; see text.

TABLE 3: Thermal Branching Ratios at T = 2000 K2

Eo’/hc cnmit k2.0'ko (ko,0'Ko)iowa (ko,0'ko)nigha
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

2 See Table 2° Dependence on the threshold enegy of channel
1, see text.

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 ofky o/ko on the value oy ;. Table 3 shows modeled
values ofk; ¢/kg at 2000 K as a function of the value &f .
One realizes that the preferred experimental value for Mr
from ref 17 is best fitted wittEg //hc = 28 400 cnt. The ab
initio value of Eg /hc = 28 645 cn1! from ref 44 is within the
estimated uncertainty o300 cnt?! of the present modeling
and the experiments. Since the experimekdalalue for M=
Ar does not appear to be reliable enough, we use the experi-
mental averaged, o value for M = Ar at 2000 K and the
modeled branching ratio for an improved specificatiorkef
Likewise, the temperature dependenciekygfandk, are taken
from the modeling. The following results are finally obtained
over the range 14663200 K (in cn? molecule’® s™1)

Kowof[AT] = 9.4 x 10 exp(—33 140 KT)  (29)
Korad[Ar] = 6.2 x 10°° exp(—36 980 KIT)  (30)
Komof[KI1= 7.7 x 10 ° exp(-33 110 KI)  (31)
Koad[KIT = 4.1x 10 °exp(-36 910KM)  (32)

They are compared in Figure 4 with the experimental results.
Within uncertainty, good agreement is obtained. The present
modeling extends the temperature ranges, in particuldgfasi
which is more difficult to measure.

VII. Modeled High-Pressure Rate Coefficients

In the high-pressure limiting range of the reaction, equilibrium

Troe

10™

10™ 4

-1

S

1074

-1
lecule
E)

3

3

cm mo

N
o
5
1

/M)

10"

10%°

0.2

04 06

1000K/T
Figure 4. Comparison of low-pressure rate coefficients for the
formation of molecular product&dwo) and of radical products rad
from experiments (dashed lines, from Table 1) with modeling results
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limit or in the intermediate falloff are available as of yet.
Nevertheless, as falloff curves and high-pressure rate coefficients
have been modeled befot®!®it appears of interest to revise
these previous estimates on the basis of present knowledge.
The high-pressure rate constdat; for channel 1 can be
estimated by the simple expression from transition state theory

Q¢
o= G ©XPCEo /KT) (34)
with the rovibrational, rigid-activated complex partition function
QF based on the ab initio results from refs 41 and 43; see
appendix. With the new value d; ; this leads to
K1 A 3.4 x 10" exp(—44 050 KIT) s~ (35)
Tunneling contributions do not play a role over the temperature
range 1406-3200 K considered heré.
It appears premature to do a detailed calculatiok.gfand
k.3 as long as there are disagreements about the specific
branching ratiod/»(E,J) andV5(E,J); see above. For this reason,
we only provide a quick and rough estimate by assuming that
(Keo,2 + Ko 3)/Keg has the standard value of abouk3L0~1° cm?
molecule! s like other addition reactions of H atoms to
hydrocarbon radicals Kgq corresponds  to{ [H][HCO]/[H »-
COJ}eg. Using Keq from ref 53 (corrected for the nep ),
this leads tkw» + ko3 ~ 7.7 x 10 exp(—43 700 KIT) s,
Evaluating the results from ref 46, we derive

W,(E,J=30) + W,(E,J=30) [ [E — Eo (J)]**° (36)

populations of excited molecular states are established such that
the thermal dissociation rate constants for the individual channelsysing V,(E,J) = Wa(E,J)/[Wa(E,J) + W5(E,J)] from eq 15 and

are easily formulated as

00

Kej = ZD @+1) [0 KEIEDE (33

No experimental data for rate coefficients in the high-pressure

convoluting Wx(E), W5(E), and Wao(E) + Ws(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

Kool (K2 + Kig) 2 1= (1= Slel(e, + KT (37)
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Combined withk. 2 + ke 3 Such as estimated above, this gives specific kinetic relevance. The formaldehyde system with this
a final estimate of study appears to be the best documented thermal multichannel
dissociation reaction in its low-pressure range. Other systems
Ky, rag™ 8.0 x 10"° exp(—44 150 KM s * (38) such as the dissociationsk; — CoH, + Ho/CoH3 + H or GsHAI
’ — C3He + HI/C3H7 + | are expected to show analogous kinetic
and properties.
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much smaller than that predicted in refs 19 and 45. This changegratefully acknowledged.

shifts the crossover to pressures above 1000 bar. It is, therefore,

hardly of any practical relevance. As falloff calculations from Appendix: Modeling Parameters

refs 19 and 45 place the center of the falloff curves at pressures H,CO. Fundamental frequenc®swi®cmt = 2811.42,

of the order of 100 bar, we do not further inspect the falloff 1755 g5g, 1500.32, 1170.224, 2861.30, 1250.565. Rotational
curves before more details about the branching between Cha”nelﬁonstantéoA =0.405 cmit, B=1.295 cmil, C = 1.134 cniL.

2 and 3 and the correspondikgE,J) values are known. H,CO* (channel 1).Ab initio harmonic frequencié8 w;*/

cm™! = 1840, 744, 833, 1246, 1835, 3127. Rotational
constant®46A* = 8,57 cnt?, Bf = 1.20 cnt, CF = 1.04 cn7%.
The thermal dissociation of formaldehyde on the three E,i/hc cnt!= 28 645 (£105) from ref 44, 28 4004300) from
channels (+3) identified so far is controlled by an interesting this work.
superposition of kinetic effects, that is, by collisional channel H,CO — H + HCO. Fundamental frequenci®sof HCO
coupling, rotational channel switching, and channel branching wi/cm~! = 1081, 1868, 2435, ,/hc cnT! = 30328.5 £0.5)
above the threshold for radical formation. Collisional channel from ref 27. Morse potential for H-CHO bondD/hc cnTt =
coupling requires the solution of master equations which was 33 310, = 0.114 nm;8 = 21.2 nn1? (constructed from Figure
done analytically in part”and is used in the present analysis. 7 of ref 43).
Rotational channel switching can be treated with the help of  Collisional Parameters.oi; (H,CO) ~ 0.4 nm (estimated),
the ab initio calculations of the potential from refs 43 and 44. ¢ yk (H,CO)~ 400 K (estimated)y; (Ar) = 0.3542 nmg ik
Channel branching can only be quantified by information from (Ar) = 93.3 K; g.3(Kr) = 0.36 nm,e_ y/k(Kr) = 173 K.
formaldehyde photolysis quantum yietéis®®48at 1 < 330 nm,- Vibrational Density of States. pyipn(Eo,1) = 12.6/hc cmi?,
that is, at energies above the threshold energy for radical pyinn(Eo2) = 16.0/hc cnt, Whitten—Rabinovitch factd® a(Eg 1)
formation and from classical trajectory calculations such as = 0.975,a(Ey ) = 0.976.
described in ref 39. Anharmonicity Factor. Fan{E) ~ 1 + 0.89[E + E,)/(Eo1
Fitting the average total energ&Eltransferred per collision 4+ E,)]2 with E/hc = 5873 cn1? for E < Eg ,, derived with the
by means of the total rate coefficient for dissociation at 2000 empirical method from ref 56 assuming thati,n(E) is
K and fine-tuning the threshold ener@y 1(J=0) of channel 1 calculated with the fundamental (not harmonized) frequencies
by means of the thermal branching rakifrad(ko,rad + Ko,mor) of H,CO from ref 54. The empirical method gives fair agreement
at 2000 K, the present work has model@go andkp ragover with extrapolations (from the range© E/hc < 10 000 cnt?)
the temperature range 1468200 K. Within the uncertainties  of anharmonic densities of states based on spectroscopic
of the now well-characterized experiments from refs-19 and constant®* Fann (E/hc = 27700 cml) ~ 1 + 0.67 was
the input molecular parameters, quite satisfactory agreementestimated in ref 25 while the above expression giugs (E/hc
between experiment and theory was obtained. Equations 29 = 27 700 cnt!) ~ 1 + 0.82.
32 summarize our predictions fkgvo andko rag Much cruder Rotational Factors F,o;. For T/K = 1400, 1700, 2000, 2500,
estimates folk. Mo and ke rag have been also performed; see and 3200 K, one ha$. ~ 8.1, 7.2, 6.2, 4.8, and 3.5,
egs 38 and 39. These values, however, still depend onrespectively.

VIIIl. Conclusions

uncertainties in the modeled specific rate consta(g). Density-of-States Factordg. For T/K = 1600, 2000, 2400,
Experimental validations from high-pressure pyrolysis experi- and 2800 K one hafe (channel 1)= 1.15, 1.20, 1.28, and
ments are still lacking. 1.34 orFg (channel 2)=1.17, 1.22, 1.28, and 1.34, respectively.
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