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Classical Trajectory Study of the Reaction between H and HCO
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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 FH CO, the exchange of hydrogen atoms, and nonreactive encounters, proceeding
either via direct or via complex-forming pathways, were separated. The reactiorH@O — H, + CO,

with direct and complex-forming components, was found to have a low-pressure rate coefficient of 2.0-
(££0.15) x 1071 cm® molecule® s™1, being nearly independent of temperature between 200 and 1000 K.
This value is in agreement with the recent experimental value of £@3{ x 10°1° cm® molecule* s
Thermal lifetime distributions of KECO* complexes formed in the reaction are only weakly temperature
dependent due to a compensation of energy and angular momentum effects.

Introduction TABLE 1: Low-Pressure Rate Coefficientsky
Formaldehyde is an intermediate of the oxidation of hydro-  T/K k/10*cm® molecule*s™  origin® ref
carbons, and its high-temperature reactions have attracted295-820 1.83¢0.4) expt 7
considerable attention (see, e.g., ref6). Within the oxidation 298 2.4(:1.0) expt 22
mechanism, the pyrolysis of formaldehyde plays an important 298 1.1¢:0.3) expt 23
role such as quantified, e.g., in ref 2. Except at very low ZZJ 1'3&8';3 gigt %i
concentrations, it is known to proceed via a chain reaction which 41 0:96&(').3) expt 24
is initiated by the dissociation 1200-1900 3.6(:1.8) expt 25
285 5.53) expt 26
H,CO (+M) —H + HCO (+M) (1a) 1800-2700 3.3(:2) expt 27
298 4.06:1) expt (rel) 28
. . . L . 315-490 2.16-0.3) expt (rel) 29
in competition with the elimination reaction 200—1000 2.0£:0.15) theor (CT) this work
300-1000 0.95 thedr(VTST) 8
H,CO (+M) — H, + CO (+M) (1b) 1100 1.0 thedr(VTST) 8
2000 1.3 thedr(VTST) 8
The short chain 3000 1.7 thedr(VTST) 8
aExpt = experiment, rel= relative to O+ HCO, and theory.
H+ H,CO—H,+ HCO 2) b Abstraction+ elimination.
The considered reaction 4 takes place on the potential energy
HCO (+M) —H + CO (+M) ©)) surface of formaldehyde and, therefore, should be discussed in
_ ) _ ) relation to reactions 1a,b. A first approach in this direction was
finally is terminated by the reaction undertaken by Harding and Wagrfervho concluded that
reaction 4 mostly occurs via hydrogen abstraction rather than
H+HCO—H,+ CO (4) via formation of HCO with subsequent elimination (eq 1b).

_ _ _ _ ) Pressure dependences, due to a chemical activation mechanism
This work focuses attention on reaction 4 and its relation to with the possibility of collisionally stabilizing tCO, were
reactions 1a,b. Reaction 4 has been studied experimentally ovepredicted not to be important up to several bar of gas pressure.
the temperature range 36@500 K, and the results are The treatment of ref 8 employed an ab initio potential together
summarized in Table 1. The data scatter over about a factor ofwith variational transition state theory (VTST) and RRKM

5, and a value oks; = 1.5 x 107° cm® molecule’* s™* over calculations. The recent more elaborate work on the potential
the range 3062500 K, with an uncertainty of-A log ks = and its analytical representatfmalls for an extension of
0.3, was recommended in the evaluation of ref 6. The most Harding’s and Wagner's calculations kf. The complicated
recent value oks = 1.83¢0.4) x 1071% cm® molecule® s7* dynamics on the KCO potential, such as identified in recent

over the range 295820 K from ref 7 probably is the most  years!®suggests that treatments using VTST and simple RRKM
reliable, because the most advanced experimental techniquesheory have to be modified. It is the aim of this work to proceed

were employed in its determination. in this direction and to provide a new theoretical calculation of
— - - ks, analyzing its various components on the basis of the now
T Part of the special issue “M. C. Lin Festschrift”. available information.
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ref 9, of the branching ratio between channels (1a) and (1b), 26+——F——F——F————T T
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 - 20 ',\._,o_,/r/’.’”"'/./—’—j

analysis of experimental dissociation rate coefficiétsand v.: : :
photolysis quantum yield$. CT calculations on the ab initio 3 15_M
potential from ref 9 are performed and analyzed with respect E
to all pathways of the reaction. There is the major contribution £ 1 1
from the direct abstraction process 5§ 104 .
H+HCO—H, + CO (4a) 2
Sosf— =" = = = u =
but some formation of H+ CO also proceeds via J80- =
complex formation
0.0 T T T T T T T T T T T T T
H+ HCO— HZCO* — H2 + CO (4b) 200 3(|)0 400 500 6(')0 700 800 900 1000
T/K

This work also allows one to identify atom exchange processesFigure 1. Low-pressure rate coefficients = kia + ka (@) for the
of the type reaction H+ HCO — H; + CO via direct processeks ) and

complex formation Kap, W).
H,+ H,CO—HH,LCO*—H,+ H,CO (4c)

1.5

*
competing with direct exchange * - * *
4 * *
H,+ H,CO— H, + H,CO @4d) -,
"o 1.0 ,
Finally there are nonreactive processes which either proceed §
directly, ° »/./‘/,/’/"/—f’_‘
£ j .
H,+ H,CO—H,+ H,CO (4e) 5 .
o 054 TP = = -
or after complex formation = M
=
H,+ H,CO—HH,CO*—H,+ H,CO (41) =~ ] ]
The reliability of the theoretical calculations is believed to 0.0 +———

T T T T T T T T T T T T T

be now of the same order as that of the best experimental values 200300 400 500 600 700 8OO 900 1000

such that the quality of the data can be validated. The absence T/_K_

of a temperature dependencekgfs confirmed, the approximate Figure 2. Low-pressure rate coefficients of encounterstHHCO

ratio kagksa ~ 1:1.3 (at 500 K) from ref 8 is determined more proceeding through complex formation and leading to the formation
. a ~ . .

;i fH, + ] h i
accurately, and the pressures effectskpare discussed. (()k4f Zv)%our(rﬁb hz’ft&r?(?f Z:iqujc‘l’ lz?c(i:)o nreactive encounters

Calculational Method were converted to rate coefficients such as described in ref 16.

The present calculations were done on the ab initio potential The processes resulting from H HCO encounters were
of H,CO in the electronic ground state from ref 9 and its identified in the following way. There was a clear distinction
analytical representation from refs 10 and 15. Classical trajec- between trajectories which spent short (less than 0.1 ps) or much
tories (CT) on this potential were calculated starting from-H longer times at com distances smaller than about 2.5 A. The
HCO with center-of-mass (com) distances of 20 A. Details of former group was termed “direct”, and the latter, “complex-
the CT calculations were described in our series of SACM/CT forming”. Equivalently the potential energy was tracked along
studies published previously; see, e.g., refs18. To achieve each trajectory; complex-forming encounters then were identi-
statistical errors of 1%, about 1ffajectories were run for each  fied by their exploring of configurations with small potential
individual result, i.e., for each rate constant at each temperature.energy. All trajectories were followed from the beginning to
In this work initial conditions were sampled randomly from the final separation of the products such that nonreactive
thermal distributions which were classical for translations and processes, atom exchange, andfétmation could clearly be
rotations but quantum for the vibrations of HCO. A temperature separated.
range 206-1000 K was covered. Higher temperatures, because While direct encounters were characterized by lifetimes of
of uncertainties in the potential, were not considered. The less than 0.1 ps, complex-forming encounters had thermally
vibrational zeropoint energy problem of CTs in our work was averaged lifetimes of about 5 ps. We determined lifetime
handled as described in ref 18; i.e., all trajectories were rejecteddistributions for various temperatures such as illustrated in the
which finally lead to products with vibrational energy below next section. We emphasize, however, that CT calculations,
their respective zeropoint energies. However, their contribution because of their classical nature, do not lead to correct values
was accounted for by a prorata increase of the results for of the lifetimes. Instead, the classical results in a suitable way
nonrejected trajectories. It should be emphasized that thishave to be combined with quantum-statistical rate theory, e.g.,
problem was of only marginal importance in this study. within SACM/CT treatments such as elaborated in the forth-

The CT calculations led to thermal cross sections and coming publicatiori! In this work, therefore, only qualitative
probabilities for the various competing processes which then conclusions are drawn from the derived classical lifetime
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Figure 3. Rate coefficients of encounters H HCO proceeding via
direct processes and leading to the formation eft+HCO (ks O),
atom exchangek{, A), and nonreactive encountetsd v).
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Figure 4. Low-pressure rate coefficients for H HCO — H, + CO
(K4a + kap, @), Ha + H,CO — Hp + HLCO (kac + kag, right-pointing
solid triangle), and EH+ H,CO— Ha + HyCO (ke + kay, left-pointing
solid triangle).
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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
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Figure 5. Low-pressure rate coefficientg (theoretical values from
CT calculations of this work+) and VTST calculations from ref 8
(- - -). Experimental values are from ref -+ @), ref 22 (&), ref 23
(n), ref 24 (), ref 25 (¥), ref 26 Q), ref 27 @), ref 28 ©), and ref
29 (— - —, #); see Table 1. The relative rate measurements from refs
28 and 29 were calibrated witk(O + HCO) = 1.0 x 107° cm?
molecule® s™* from ref 6.
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Figure 6. Example of a direct trajectory H HCO (upper righty—
2 + CO (lower right).

Figure 2 summarizes low-pressure thermal rate coefficients
of all processes which proceed through the formation of long-
lived H,CO*, i.e. values ofkap, kac, and ks This includes

The results of our CT calculations of thermal rate coefficients processes leading to,H+ CO, to atom exchange, and to

are illustrated in the following section. Figure 1 shows the
temperature dependencelaf andky, as well as of the surky

redissociation without atom exchange. The temperature coef-
ficients again are minor, but they are not negligible. In the

= ksat+ kap Which characterizes the low-pressure rate coefficient presence of collisions, a complicated chemical activation

of reaction 4. Over the considered temperature range-2000

situation arises where part of the complexes are collisionally

K there is hardly any temperature dependence and a value ofstabilized and part dissociate to, H CO or H+ HCO. At

k, = 2.00.15)x 10 °cm® molecule*s™*  (5)
is determined with a ratiGszksp ~ 3:1. Our value agrees well
with the most recent experimental value of 188(4) x 10710
cm® molecule’® s71 from ref 7 but is about a factor of 2 larger
than the low-pressure value kf from ref 8. At the same time
a larger abstraction/elimination ratio.ks, is obtained than

infinite pressure, all of the processes (4b), (4c), and (4f) will
lead to collisional stabilization of ¥O and only direct
formation of H + CO via reaction 4a will contribute t&y.

We, therefore, expect a decreasekpfrom the low-pressure
value ofky = ksa + kap to kg = kga at infinite pressure. Whether

a temporary increase & at intermediate pressures, due to
additional contributions from the complex-forming processes
(4c) and (4f), is to be expected would require a more detailed

derived in ref 8. The sources of the differences of the present analysis involving a master equation treatment and the use of
results and ref 8 are probably multiple, partly being due to an specific rate constants(g, J) for H + HCO and H + CO
improved potential and partly to the use of CT instead of VTST formation from HCO*. This treatment is beyond the scope of

calculations.

this work.
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10 . .

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 complexed-1°such 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 constantk(E, J) such as given in refs 11 and 19, in
combination with CT calculations of branching ratios fortH
HCO vs K + CO formation such as described in refs 10, 13,
and 14. Thermal averaging of the corresponding results then
0 ' > " 4 j K " 8 T 0 leads to lifetime distributions which are distributed around
R /au. approximately 10 times longer average lifetimes than shown in
] Figure 8. It is not the aim of this study to inspect the pressure
dependence d§, when reaction 4 under high-pressure conditions
becomes of chemical activation nature. This treatment requires
1.0 " T " T " T . a thorough account of the releva(E, J) and collisional energy
transfer properties which appears premature at this stage.
However, the fact that specific rate constaht8above threshold
soon exceed 10 s indicates thak, 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 measurementkpofrom Table 1. Similar
conclusions were drawn in the preliminary treatment of ref 8.

R, /au.

Figure 7. Example of a complex-forming trajectory H HCO (upper
right) — H, + CO (lower right).

o
Conclusions
The present classical trajectory calculations oftHHCO
encounters allowed us to distinguish reactive and nonreactive
processes. Thermal rate coefficients for formation ftHCO,
0.0 ' L — — » in the low-pressure range of the reaction, between 200 and 1000
o0 1.0x10 2010 3.0x10 4010 K were found to be nearly temperature independent and equal
Life timet/s to
Figure 8. Thermally averaged lifetime distributions ob€O* at 200
(upper curve) and 1000 K (lower curve) from CT calculations. k, = 2.00.15)x 10 *°cm® molecule* s*

(Quantum lifetimes are longer; see text.)

This value agrees well with the recent experimental value of
While Figure 2 illustrated complex-forming components of = 1.83(¢-0.4) x 10720 cm? molecule’® st from ref 7.ks was
the reaction, Figure 3 characterizes direct components. Oneshown to have an about 75% contribution from direct and a
observes that there is practically no direct exchange (eq 4d).25% contribution from complex-forming encounters. Rate
Instead, the direct processes are dominated by direct abstractiooefficients for H atom exchange and for nonreactive encounters
(eq 4a). About 20% of all direct processes lead to atom exchangewere also documented.
(eq 4c). Figure 4 gives total low-pressure rate coefficients for  The thermally averaged lifetime distributions showed an only
Hz + CO formation ksa + kan), H atom exchangekfc + kad), weak temperature dependence which is attributed to compensat-
and nonreactive processedge(+ Kar). ing effects of the increase of specific rate const&(Es J) with
Figure 5 compares the low-pressure rate coefficients for H increasingg and the decrease with increasihat constane).
+ CO formation with experimental values such as given in Table The absolute values of the average lifetimes from classical
1. The most recent and most sensitive measurements from refirajectory calculations because of quantum effects need to be
7 agree well with the present results. The considerable deviationsmodified. This can be done by SACM/CT calculations such as
both toward smaller and larger values from earlier studies mostly elaborated in ref 11. The then derived value&(@, J) suggest
must be attributed to the difficulties in unraveling the chain that major pressure dependencesp$hould not be expected
mechanism with an incomplete understanding of the primary up to gas pressures of several bar.
processes (1la) and (1b). Besides lifetime distributions, CT calculations also provide
The CT calculations provide valuable insight into the dynam- information on the energy distributions ohH- CO products
ics of direct and complex-forming encounters. Figures 6 and 7 from H + HCO encounters. Calculations of this type have been
show two examples for H+ CO formation via the two  performed in ref 20, and the results can be compared with the
pathways which illustrate that the processes (4a) and (4b) cancorresponding distribution from formaldehyde dissociation such
well be distinguished. Considering only the group of complex- as initiated by photoexcitatiol:2! It will be interesting in the
forming encounters, we analyzed the distributi®(r) of future to study the effects of different initial conditions of the
trajectories spending times longer thanin the complexes considered trajectories.
characterized bfR.om < 6 au. Thermally averaged distributions
of these lifetimes are illustrated in Figure 8. At first sight, the Acknowledgment. We enjoyed many illuminating discus-
only small temperature dependence of the average lifetimessions with M. C. Lin on the modeling of reaction rates in the
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