
Photolysis of Ketene at 193 nm and the Rate Constant for H+ HCCO at 297 K

G. P. Glass,† S. S. Kumaran,‡ and J. V. Michael*
Chemistry DiVision, Argonne National Laboratory, Argonne, Illinois 60439

ReceiVed: February 29, 2000; In Final Form: June 15, 2000

The 193 nm photolysis of ketene was studied by measuring the amount of atomic hydrogen produced when
very dilute ketene/Ar and ketene/H2 mixtures were irradiated by a single pulse from an ArF excimer laser.
Absolute concentrations of atomic hydrogen were monitored over a time interval of 0-2.5 ms by using
Lyman-R atomic resonance absorption spectroscopy (ARAS). Four different photodissociation channels of
ketene were identified: H2CCO + hν gives (a) CH2(3B1) + CO; (b) CH2(1A1) + CO; (c) HCCO+ H; and
(d) C2O(b1Σ+) + H2. The quantum yields for each channel were measured asφa ) 0.628,φb ) 0.193,φc)
0.107, andφd ) 0.072, respectively. To explore the secondary chemistry that occurred when using higher
pressure H2CCO/Ar mixtures, a mechanism was constructed that used well-documented reactions and, for
most processes, rate constants that had already been accurately determined. Modeling studies using this
mechanism showed the [H] profile to be determined largely by the rate of the reaction H+ HCCO f CH2

+ CO. An excellent fit to all of the experimental data was obtained whenk2 ) (1.7 ( 0.3) × 10-10 cm3

molecule-1 s-1.

Introduction

The photolysis of ketene, H2CCO, has been used as a source
of CH2 for more than 50 years. Most photochemical studies
involving H2CCO have been made using radiation centered in
the broad weak absorption band that stretches from 360 to 240
nm, although a few studies have utilized the much stronger
diffuse absorption bands that lie between 220 and 190 nm. Two
excellent reviews1,2 summarize much of the early photochem-
istry.

The lowest energy photodissociation channel for H2CCO
produces triplet methylene with a threshold at 28 250 cm-1

above the zero point energy of the ground state of the H2CCO
molecule;3 i.e.,

The threshold energy for production of the first excited,
singlet, state of methylene is 30 116 cm-1.4

When H2CCO is irradiated at wavelengths slightly shorter
than that corresponding to this second threshold, both states of
CH2 are produced, but the ratio of singlet to triplet increases
rapidly as the energy of the exciting radiation increases.4 The
results of recent measurements of the triplet-to-singlet ratio at
308 nm (the wavelength of a commonly used pulsed laser

source) have clustered around a value of 0.06,5-7 although the
value of this ratio was previously a source of some controversy.

At wavelengths shorter than 308 nm (i.e., at higher photolysis
energies), other dissociation products become energetically
accessible. In 1990, Unfried et al.8 observed the high-resolution
infrared spectrum of the ketenyl radical (HCCO), which was
produced in significant amounts when ketene was photolyzed
at 193 nm.

The HCCO radical plays a significant role in hydrocarbon
combustion, where it is produced as a product of the reaction
of atomic oxygen with acetylene.9 In rich flames, HCCO is
believed to react with H-atoms, giving CH2(1A1); i.e.,

which inserts rapidly into C-H, O-H, and H-H bonds, to
produce intermediates that initiate a number of reaction paths
leading to higher hydrocarbons and important soot precursors.9

The present work was initiated in an attempt to determine
the yield of HCCO in the 193 nm photolysis of H2CCO. No
clean source of HCCO is known, and almost all of the known
chemistry of this important combustion species has been gleaned
by unraveling the complex reaction mechanisms that occur in
atomic oxygen-acetylene flames.10,11Our initial intention was
to determine the ratio of HCCO to CH2(1A1) by measuring the
amount of atomic hydrogen produced when aVery low
concentration of H2CCO was photolyzed in both the presence
and absence of a large excess of H2. In the absence of H2, atomic
hydrogen can be producedonly by reaction 1c if the H2CCO
concentration is low enough so that secondary reactions cannot
occur. In the presence of H2, additional amounts of atomic
hydrogen can be produced by the fast secondary reaction of
CH2(1A1) with H2; i.e.,
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H2CCO+ hν f CH2(
3B1) + CO

∆E ) 28 250 cm-1 ≡ 337.9 kJ mol-1 ≡ 354 nm
(1a)

H2CCO+ hν f CH2(
1A1) + CO

∆E ) 30 116 cm-1 ≡ 360.2 kJ mol-1 ≡ 332 nm
(1b)

H2CCO+ hν f HCCO+ H

∆E ) 445 kJ mol-1 ≡ 37 200 cm-1 ≡ 269 nm (1c)

H + HCCOf CH2(
1A1) + CO (2a)
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During the course of the initial experiments, some evidence
was obtained that significant amounts of photolysis products
other than HCCO and CH2(1A1) were being produced. There-
fore, a more comprehensive study, utilizing higher H2CCO
concentrations, was undertaken in order to determine the yield
of these products.

Experimental Section

Apparatus. The experiments were performed using a laser
photolysis-shock tube (LP-ST) apparatus that has been
previously described.12 In the present instance, all of the data
were taken at room temperature, and therefore, the shock tube
served simply as a static reaction vessel. The tube was routinely
pumped to less than 10-8 Torr by an Edwards Vacuum Products
Model CR100P packaged pumping system before filling.
Radiation (193 nm) was produced by a Questek 2000 excimer
laser operating in the ArF mode and was used to photolyze H2-
CCO through a suprasil window in the endplate of the vessel.
The H-atom detection technique was atomic resonance absorp-
tion spectrometry (ARAS). The laser was operated at 75 mJ.
Depending on [H2CCO]0, this laser pulse gave as much as [H]0

∼ 1.5× 1013 atoms cm-3 with the photometer positioned 6 cm
from the endplate. The absorption path length was 4.2( 0.2
cm, and the resonance lamp beam was detected by an EMR
G14 solar blind photomultiplier tube. A 4094C Nicolet digital
oscilloscope recorded the raw data signals. MgF2 components
were used in the photometer optics.

Gases.Ar and H2 diluents for the experimental mixtures were
obtained from MG Industries, both being Scientific Grade
(99.9999%) and used without further purification. Ultrahigh
purity grade He (99.999%) for the resonance lamp and high
purity H2 (99.995%) for the atomic filter were from AGA Gases.
H2CCO was prepared from the pyrolysis of diketene13 and was
further purified by bulb-to-bulb distillation in a greaseless, all-
glass, high-vacuum gas handling system. The middle third was
retained. Mass spectral analysis showed that the sample was
>96%, the principal impurity being allene. The photolysis
mixtures were accurately prepared from pressure measurements
using a Baratron capacitance manometer and were stored in an
all-glass vacuum line.

Results

H-Atom Detection. The detection method is H-atom ARAS
and has already been fully discussed.14-17 H-atom Lyman-R
emission (121.6 nm) was produced from a 20 W microwave
discharge (2450 MHz) in a 2.2 Torr flow of liquid N2 cooled
ultrahigh purity grade He. There are sufficient hydrogen-
containing impurities to give a measurable Lyman-R signal.
Under these conditions the effective lamp temperature is 420
K, and the line is Gaussian and unreversed;15,16 i.e., it is only
Doppler broadened. The transition at 121.6 nm is spectrally
isolated by placing a gas filter section14 that contains 3 cm of
dry air at atmospheric pressure in front of the solar blind
photomultiplier. Despite this, some radiation at wavelengths
other than 121.6 nm is always present, and it is necessary to
determine the fraction of this spectral impurity. Hence, an
H-atom filter section is placed in front of the resonance lamp.18

This filter section consists of a fast discharge-flow system
operating with ∼0.2 Torr of H2. With the flow system
microwave discharge operating, sufficient H-atom concentration
is produced in the optical path to remove nearly all of the 121.6

nm radiation.19 The determination of the fraction of light that
is resonance radiation is routinely made before each of the
present measurements.

Low-Pressure Measurements.The yield of H-atoms as a
function of [H2CCO]0 was determined by photolyzing dilute
mixtures of H2CCO (X ∼ 4.3 × 10-4) in two bath gases, Ar
and H2, at pressures ranging from 2 to 20 Torr. Figure 1 shows
two representative experiments where (ABS)t ) -ln(It/I0) (It

andI0 refer to time-dependent and initial photometric intensities,
respectively) is plotted against time. As seen in Figure 1, the
overall yield in H2 is 2-3 times that in Ar. Even at the low H
concentration probed with the unreversed source, both mixtures
exhibit temporal H concentration behavior on photolysis. The
top panel with H2CCO/Ar shows a slow broad increase of
(ABS)t with increasing time, whereas in the bottom panel with
the H2CCO/H2 mixture, (ABS)t decreases slowly with increasing
time. These effects are slow enough so that extrapolation to
zero time can be easily made, giving fairly accurate values of
(ABS)0. Because the oscillator strength for the Lyman-R
transition is well-known, absolute H concentrations can be
accurately determined from line absorption calculations.15-17,19

Hence, the curve-of-growth could be determined for a 420 K
unreversed source and an absorber at 297 K for a path length
of 4.2 cm,15,16 and the values of (ABS)0 obtained from the
present experiments could be converted to absolute [H]0. The
resultant [H]0 values are normalized by the flash energy, FE,
and are plotted against [H2CCO]0 in Figure 2.

The top and bottom lines in Figure 2 show the results obtained
in the H2 and Ar mixtures, respectively. With the (0,0)
constraint, linear-least-squares analysis gives the equations

and

Figure 1. Experimental determination of (ABS)t at 297 K with FE)
75 mJ for mixtures of H2CCO in Ar and H2. Top panel, Ar diluent:P
) 20.17 Torr andXH2CCO ) 4.361× 10-4. Bottom panel, H2 diluent:
P ) 20.25 Torr andXH2CCO ) 4.272× 10-4.

CH2(
1A1) + H2 f CH3 + H (3)

[H] ) (6.64( 0.06)× 10-5 × FE × [H2CCO]
in H2 (I)

[H] ) (2.06( 0.02)× 10-5 × FE × [H2CCO]
in Ar (II)
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Hence, the ratio of H-atoms formed when using H2 as diluent
to the H-atoms formed when using Ar as a diluent is 3.19.

Experiments at Higher Pressures.Figure 1 shows kinetics
complications in both the Ar and H2 results. The Ar result shows
a formation process with additional atomic hydrogen being
formed for∼1 ms from some long-lived intermediate species,
whereas the H2 result shows a continual decay of atomic
hydrogen. At the low H2CCO concentrations used in this and
similar experiments, the decay of H observed in mixtures dilute
in H2 cannot be due to H+ H2CCO or to reactions of H with
other radicals. Therefore, the observed depletion must be caused
by diffusional loss of H-atoms from the viewing zone. The first-
order decay constants from the experiments between 3 and 20
Torr have been plotted against inverse pressure,P-1, and from
the resulting straight line, a diffusional rate constant ofkd )
2950 s-1 Torr/P has been obtained. The increase of H
concentration in the Ar mixture is more complicated and
probably involves a kinetically important species reacting with
H2CCO to form H. Clearly, this process requires further
consideration, and to systematically investigate it, we decided
to carry out kinetics experiments at higher initial values of [H]0

and at pressures greater than∼30 Torr.
Determination of a Curve-of-Growth for a Reversed

Source. The unreversed photometer configuration described
above is too sensitive for probing higher [H]0, and therefore,
as in previous work at room temperature,15 we had to substan-
tially reduce its sensitivity by using a reversed source, neces-
sitating the determination of a new curve-of-growth. For the
new source, we used ultrahigh purity He (99.999%) directly
from the cylinder, so that up to 10 ppm of the gas might consist
of hydrogeneous impurities. Even though this source is only
slightly reversed, the signal-to-noise and decreased sensitivity
are sufficient to allow accurate measurements up to [H]0 ∼ 1.5
× 1013 atoms cm-3 to be made. The curve-of-growth was
determined using (ABS)0 extrapolations in both H2 and Ar (low
P) mixtures at various pressures. In both cases, the corresponding
[H]0 values for various [H2CCO]0 values have been calculated
using eqs I or II. The resultant curve-of-growth is shown as
Figure 3. The line in the figure is a least-squares polynomial
fit to the data ((5% between 5 and 16× 1012 atoms cm-3).
Line absorption calculations were then performed using the three

layer model previously described15-17,19with the H concentra-
tion in the source (both plasma and reversal layer) being the
only variable parameter. The calculated curve-of-growth (not
shown) for [H]) 10 ppm× [He] agreed to within(13% with
the polynomial fit of Figure 3 over the absorber concentration
range, (5-16) × 1012 atoms cm-3. This indicates remarkably
good consistency, since the level of impurities in the source
He is reported to be 10 ppm, as noted above.

Kinetics Experiments.Nine kinetics experiments in H2 and
in Ar with XH2CCO ) 5.173 × 10-4 and 5.141× 10-4,
respectively, have then been performed between 30 and 190
Torr total pressure. Measured values of (ABS)t have been
converted to [H]t using the curve-of-growth shown in Figure 3.
Even though the fit of the curve-of-growth to the data points is
within (5% at the one standard deviation level, it is important
to realize that there are other sources of systematic error, the
largest being the optical path length in the absorber region, i.e.,
4.2 ( 0.2 cm. Data analysis also presumes that there is no
variability in the photon flux per unit of laser flash energy.
Considering these uncertainties, we consider the error in absolute
[H] t to be ∼(15% in the kinetics experiments, even though
the relative errors in a given profile may be less. Figure 4 shows
typical examples of kinetics profiles in both Ar and H2.

Discussion

Three different photodissociation channels of H2CCO, reac-
tions 1b-d,

were identified by the experiments performed at pressures below
20 Torr. Relative quantum yields for each of these channels
were determined by measuring the absolute amounts of atomic
hydrogen produced in experiments performed at different
pressures and with two different diluent gases. Channel 1c was
identified by observing [H]0 in low-pressure H2CCO/Ar mix-
tures. An unexpected second channel was identified when
slightly higher pressure H2CCO/Ar mixtures were investigated.
In these higher pressure mixtures,additional H was observed
to grow in over a time interval of several hundred microseconds.
As the total pressure was systematically increased, this extra
concentration of H grew in more rapidly, reaching a maximum
at shorter and shorter reaction times. The top panels of Figures
1 and 4 illustrate this behavior.

Figure 2. Yields of [H]0 normalized by FE for H2CCO photolyses in
H2 and Ar diluents at total pressures ranging from∼3-20 Torr: (b)
in Ar with XH2CCO ) 4.361× 10-4; (9) in H2 with XH2CCO ) 4.272×
10-4. The linear-least-squares lines are given by eqs I and II.

Figure 3. The curve-of-growth for the present reversed source as
determined from (ABS)0 extrapolations using measured FE and [H2-
CCO]0 in eqs I and II. The line is a least-squares polynomial fit to the
data and is within(5% of the data points at the one standard deviation
level.

H2CCO+ hνf C2O(b1Σ+) + H2 (1d)
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Using a process of elimination, a possible source of this
additional H in the H2CCO/Ar experiments could be suggested.
A secondary reaction of a primary photolysis product had to
be responsible for this extra concentration; however, the rate
of H-atom formation was much too fast for it to be produced
by a reaction oftwo photolysis products, even if these two
products were to react on every collision. We therefore
concluded that the formation of H had to involve the reaction
of a primary photolysis product with the H2CCO molecule. To
identify this primary photolysis product, many possible candi-
dates were considered. Various excited electronic states of H2-
CCO were rejected because the ab initio calculations of Allen
and Schaefer20 showed that the lifetimes of all energetically
accessible states would be too short to account for our
observations. These ab initio calculations identified four excited
states that could be reached by using 193 nm photons. The two
lowest states (3A′′ and 1A′′) are known to produce CH2(3B1)
and CH2(1A1) respectively, and the two higher states (3A′ and
1B1), which we initially considered as possible candidates,
appear to have no valid minima. Of the various fragmentation
products of electronically excited H2CCO, CH2(b1B1) was ruled
out because its radiative lifetime21 is less than 10µs, and
vinylidene was dismissed because it is energetically inaccessible.
The known reaction of CH with H2CCO is too fast to account
for our observations, and therefore, CH was rejected as a suitable
candidate. The only fragmentation candidate remaining is C2O.

In 1969, based on the photolysis of H2CCO-D2CCO
mixtures, Laufer22 suggested that C2O is produced as a minor
(<6%) but primary product in the vacuum ultraviolet photolysis
of ketene. The triplet ground state, C2O(X3Σ-), is known to
react fairly rapidly with H2, but this species is not sufficiently
reactive toward unsaturated hydrocarbons23 to be the source of
the additional H in the present experiments. However, two low-

lying singlet states are known to exist, the C2O(a1∆) state at an
energy of 63.3 kJ mol-1 and the C2O(b1Σ+) state at an energy
of 97.7 kJ mol-1,24 both relative to the ground state. Since little
is known about the reactivity of either singlet state, and since
there are severe energy constraints concerning the production
of H from a reaction with ketene, we propose that the higher
lying state, C2O(b1Σ+), reacts with H2CCO to form the
additional atomic hydrogen in our experiments; i.e.,

Parker et al.25 investigated the reaction of ground-state
C2O(X3Σ-) with 2,3-dimethyl-2-butene and proposed an inser-
tion mechanism into the double bond to form a cyclic
intermediate. If such an intermediate is formed in reaction 4, it
might well fragment as shown above to form the well-
characterized26 radical, HCCCO, and the additional H necessary
to explain the H concentration maxima observed in the top
panels of Figures 1 and 4. Recent G3 calculations show that
reaction 4 with C2O(b1Σ+) is exothermic by 24 kJ mol-1,27

although earlier coupled-cluster calculations indicated that it was
slightly endothermic.28 In contrast to reaction 4, reactions of
C2O(X3Σ-) or C2O(a1∆) with ketene producing H are both
endothermic (i.e., 73.7 and 10.4 kJ mol-1, respectively),
provided the products are those shown in reaction 4.

The photolysis of C3O2 at 248 nm has been investigated by
Becker et al.29 They concluded that one of the singlet states of
C2O, probably C2O(a1∆), is formed as an initial photolysis
product. This species remained in their system for more than
200µs, was not noticeably quenched by Ar, but reacted rapidly
with C3O2. In many ways, its behavior is similar to that observed
in our system for the precursor of atomic hydrogen. However,
if the products are those shown in reaction 4, we prefer, solely
on energetic grounds, to identify the species responsible for
H-atom growth in this work to be C2O(b1Σ+) rather than C2O-
(a1∆). Of course in order for this identification to be correct,
one must assume that C2O(b1Σ+) is not appreciably quenched
to either lower lying state.

The quantum yield of C2O(b1Σ+) relative to that of HCCO
+ H (i.e., φd/φc) was determined to be 0.67 by estimating the
amount of extra H produced at longer reaction times in
experiments similar to those shown in Figures 1 and 4. Modeling
studies of the type fully described below were required in order
to establish this value.

The yield of channel 1b was measured by comparing the
amount of atomic hydrogen formed in dilute, low-pressure H2-
CCO/H2 mixtures with that produced, under similar conditions,
in dilute, low-pressure H2CCO/Ar mixtures. In the presence of
several Torr of H2, 84% of any CH2(1A1) photochemically
produced by reaction 1b should react almost instantaneously
with H2 to form H-atoms in reaction 3 with the remaining 16%
being collisionally deactivated to CH2(3B1).30-32 In H2CCO/H2

mixtures, the bottom panels of Figures 1 and 4 show that, in
the presence of H2, no additional H is formed, suggesting that
C2O(1Σ+) reacts with H2 with a rate constant roughly comparable
to that with H2CCO (i.e., reaction 4). If this were not the case,
additional H would be produced as in H2CCO/Ar. The reaction
of C2O(1Σ+) with H2 most likely instantaneously produces yet
more H by the direct reaction,

although it might be possible that the products of this reaction
are CH2(1A1) + CO, with H then being produced by reaction
3. Irrespective of which products are formed in reaction 5, the

Figure 4. [H] t profiles in two typical H2CCO photolysis experiments
with FE ) 75 mJ andT ) 297 K. The top panel, in Ar diluent, is with
P ) 80.5 Torr andXH2CCO ) 5.141× 10-4. The solid line is a simulation
using the mechanism of Table 1, and the dashed lines are withk2 ) k2a

+ k2b halved and doubled. The bottom panel in H2 diluent is withP )
80.3 Torr andXH2CCO ) 5.173× 10-4. The solid line is a simulation
using the mechanism of Table 1. The double-dashed line is a simulation
that assumes no photochemical CH2(3B1) production, and the single
dashed line is a simulation assuming that there is no photochemical
CH2(3B1) production and that CH2(3B1) + CO are the only products
from reaction 2.

C2O(b1Σ+) + H2CCOf H + CO + HCCCO (4)

C2O(1Σ+) + H2 f HCCO+ H (5)

Photolysis of Ketene at 193 nm J. Phys. Chem. A, Vol. 104, No. 36, 20008363



ratio, R, of the [H]0 produced in H2CCO/H2 mixtures to that
produced in similar H2CCO/Ar mixtures is given byR )
((0.84φb) + φc + φd)/φc, whereφx represents the quantum yield
of channelx. R was determined from the ratio of the slopes of
the two lines shown in Figure 2 and given in eqs I and II as
(6.64/2.06)) 3.19. Since (φd/φc) ) 0.67, it follows that (φb/φc)
) 1.81.

At higher total pressures, a significant amount of secondary
chemistry occurs. To fit measured [H]t under all conditions, a
reaction mechanism was constructed using well-documented
reactions. For almost all reactions, rate constants have already
been accurately determined in “direct” experiments performed
on systems chosen to isolate one individual elementary reaction.
In most cases, one or more reactant(s) or product(s) were
monitored spectroscopically. This mechanism is shown in Table
1.33-50

Following Peeters and co-workers,10,11 we assumed that H
+ HCCO, reaction 2, occurs on both singlet and triplet surfaces,
producing 92% CH2(a1A1) and 8% CH2(X3B1). The most
important reaction that determines [H]t in H2CCO/H2 mixtures
is

A rate constant was chosen that is 25% greater than that
measured by Borland et al.33 but 20% less than that determined
by Boullart and Peeters.11 CH, from reaction 6, can then react
with H2 and/or H2CCO; however, the predominant processes
with H2 diluent are the two reactions with H2 shown in Table
1 as reactions 7a and 7b. The rate constants for these two
reactions are based on an evaluated review of previous work34-36

made by Wagner and Harding.37 The rate constant for 7a,
expressed as a function of density, is a fit to their successful
model with∆Etot ) -75 cm-1. Reaction 7b is the reverse of
reaction 6, and its rate constant is calculated from 6 using the
known equilibrium constant. All three rate constants, from
reactions 6, 7a, and 7b, agree well with later work.38,39The rate
constant for reaction 8 was based on a polynomial fit to the
experimental data (25-206 Torr) of Brouard et al.40 Generally
accepted literature values were used for all other available rate

constants with one exception, and this is the reaction of CH3

with CH2(3B1), reaction 13. For this reaction, a rate constant
36% lower than that determined by Deters et al.45 was chosen.

When fits to the experimental data from H2CCO/H2 mixtures
were attempted with the model in Table 1, a reasonable fit could
not be obtained without assuming some initial photochemical
production of CH2(3B1), i.e., without a contribution from channel
1a. The basic problem was that none of the reactions included
in the mechanism removed H-atoms at a rate demanded by the
experimental data. This situation is illustrated in the bottom
panel of Figure 4, where two simulations are shown using
different initial assumptions. The double dashed line in the
bottom panel shows a fit made under the assumption that CH2-
(3B1) is not photochemically produced. Clearly, the removal rates
are much too slow because reaction 2 (with an assumed value
for k2 ∼ 2 × 10-10 cm3 molecule-1 s-1) gives 92% CH2(1A1),11

which immediately regenerates H in reaction 3a (note that the
reaction of CH2(3B1) with H2 is negligibly slow). The termo-
lecular reaction,40 H + CH3 (+ M) f CH4 (+ M), is relatively
slow, and the well-known reaction of H with H2CCO40 cannot
account for more than 15% of the measured H loss. The other
simulation in the bottom panel of Figure 4 (single dashed line)
shows the prediction under the two assumptions (1) that CH2-
(3B1) is not photochemically produced and (2) that H+ HCCO
only gives CH2(3B1) (i.e., reaction 2b is the exclusive pathway),
an assumption that rejects the findings of Boullart and Peeters,11

who obtained experimental results that clearly suggest 92% CH2-
(1A1) and 8% CH2(3B1) production from reaction 2. This
simulation also predicts too shallow a decay curve compared
to experiment. Hence, photochemical CH2(3B1) production is
necessary in order to fit our experiments using the Table 1
mechanism. As shown below, this conclusion is confirmed by
combining the present results with measurements by Hersh-
berger.51

The quantum yield of channel 1a was initially chosen to be
consistent with the preliminary measurements of Hershberger,51

who photolyzed H2CCO at 193 nm in the presence of NO and
determined the ratio of [CH2]0/[HCCO]0 by measuring infrared
absorption due to CO and CO2. Note that CO2 is produced in

TABLE 1: Mechanism Used for Fitting H Concentration Profiles after H 2CCO Photolysis at 193 nm

reaction k/(cm3 molecule-1 s-1) refs

(2a) H+ HCCOf CH2(1A1) + CO k2a ) 1.56× 10-10 10, PW
(2b) H + HCCOf CH2(3B1) + CO k2b ) 1.36× 10-11 11, PW
(3a) CH2(1A1) + H2 f H + CH3 k3a ) 1.01× 10-10 30, 31a

(3b) CH2(1A1) + H2 f CH2(3B1) + H2 k3b ) 1.92× 10-11 32
(4) C2O(1Σ) + H2CCOf H + CO + HCCCO k4 ) 6.7× 10-12 PW
(5) C2O(1Σ) + H2 f H + HCCO k5 g 1 × 10-12 PW
(6) CH2(3B1) + H f CH + H2 k6 ) 2.25× 10-10 11, 33
(7a) CH+ H2 f CH3 k7a ) 7.2× 10-30F/(1 + 2.33× 10-19F)b 34-39
(7b) CH+ H2 f CH2(3B1) + H k7b ) k6/162c 34-39
(8) CH3 + H f CH4 k8 ) -9.37× 10-12 + 2.92× 10-29F(1-6.1× 10-20F)b 40
(9) H + H2CCOf CH3 + CO k9 ) 6.5× 10-14 41
(10a) CH+ H2CCOf C2H2 + H + CO k10a) 2.11× 10-10 42, 43
(10b) CH+ H2CCOf C2H3 + CO k10b ) 2.88× 10-11 42, 43
(11) CH2(1A1) + Ar f CH2(3B1) + Ar k11 ) 5.5× 10-12 31, 32a

(12) CH3 + CH3 f C2H6 k12 ) 5 × 10-11 44
(13) CH2(3B1) + CH3 f C2H4 + H k13 ) 7 × 10-11 45
(14) CH2(3B1) + CH2(3B1) f C2H2 + H2 k14 ) 1.5× 10-10 46-49a

(15) C2H3 + C2H3 f C4H6 k15 ) 1.2× 10-10 50
(16) C2H3 + H f C2H2 + H2 k16 ) 2.0× 10-10 50
(17) C2H3 + CH3 f C3H6 k17) 1.2× 10-10 50
(18) H f 1/2H2 k18 ) 2950/P in H2 or 1450/P in Ard

(19) HCCCO+ H f C2H2 + CO k19 ) 1.7× 10-10 PWe

a The value used is an average of the cited references. Other reactions with multiple references are discussed in the text.b F is total density;k8

was evaluated from 25 to 206 Torr.c 162 is the value of the equilibrium constant at 297 K.d k18 in s-1. e Since no previous value exists for reaction
19, k19 is taken to be equal tok2. PW is present work.

H + CH2(
3B1) f CH + H2 (6)
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the presence of NO by the reaction

Hershberger measured [CH2]0/[HCCO]0 ) 5.3 and equated
this value to (φa + φb)/φc; however, the possibility of channel
1d was not taken into account. Even though C2O(3Σ-) reacts
with NO with about the same rate constant52 as reaction 20,8 it
is unclear if CO and/or CO2 are products of the reaction. It is
our view that the singlet, C2O(1Σ+), should not be as reactive
toward NO as the triplet, C2O(3Σ-). Since C2O(1Σ+), as noted
above, is the most likely photolysis product, we can agree with
Hershberger’s neglect of reaction 1d and subsequent conclusion.
If the above derived ratios for the other primary processes are
combined with (φa + φb)/φc ) 5.3 and (φa + φb + φc + φc) )
1, thenφa ) 0.501,φb ) 0.260,φc ) 0.143, andφd ) 0.096
are obtained. These values were initially used to model the
experiments using the Table 1 mechanism, but the experiments
indicated faster H-atom decay than predicted by the model.
Hence, (φa + φb)/φc was eventually modified to 7.7, which then
implies φa ) 0.628,φb ) 0.193,φc ) 0.107, andφd ) 0.072.
These quantum yield values were then used to fit all of the data
in both H2 and Ar diluents.

For all simulations, the initial concentrations of CO, CH2-
(1A1), CH2(3B1), C2O, and HCCO are determined from [H]0

using the values for the quantum yields for 1a-1d. The initially
used [H]0 values are calculated using eqs I or II, and the
experiments are simulated using the Table 1 mechanism.
Because there are shot-to-shot variations in the laser intensity,
the [H]0 values are slightly adjusted in order to obtain the best
fits, with the final values generally being within(10% of the
equation inferences. The simulations shown as solid lines in
Figure 4 are determined in this fashion. Also Figures 5 and 6

each show three additional simulations in H2 and Ar diluents,
respectively, that span the range of conditions used in the study.
Thek2 value that was necessary for fitting these profiles is 1.7
× 10-10 cm3 molecule-1 s-1, partitioned intok2a and k2b, as
measured by Peeters and co-workers.10,11Hence, this successful
value fork2 represents a relatively direct determination, as will
be shown below in connection with the experiments in Ar
diluent. The comparisons of predictions to experiments are
excellent, with the simulations agreeing with experiments within
the experimental accuracy of the [H]t analysis, i.e.,(15%. Since
experiments performed in different bath gases and at different
pressures probe entirely different parts of the overall mechanism,
the fact that all of the experimental data can be modeled so
accurately by the mechanism listed in Table 1 suggests that
much of the chemistry contained in this mechanism is correct.

When using H2 as a diluent, 80% of the loss of H-atoms that
occurs at reaction times shorter than 250µs is due to reaction
6. Because CH2(3B1) is rapidly lost by reactions 13 and 14, this
fraction drops to 30-50% at reaction times of∼2 ms. It is this
second-order loss of CH2(3B1) along with some H formation in
reaction 13 that accounts for the characteristic bow shape of
the experimental [H]t values shown in Figures 4 and 5. This
behavior is explicitly illustrated with reduced mechanism
simulations of the experiment shown in the bottom panel of
Figure 4. If a 12-step reduced mechanism that includes only
reactions 2a, 2b, 3a, 5, 6, 7a, 8, 9, 12, 13, 14, and 18 is used,
then the simulation is within(2% of the Figure 4 result. This
shows that almost all atom-radical and radical-radical reactions
are negligible, except reactions 6, 8, and 12-14. If we were to
adjustk13 so that it lay within the lower limit suggested by Deters
et al.,45 the mechanism could be made to reproduce the
experimental results by increasing the value ofk6 by 12%. Such
a change would have no discernible effect on the simulations

Figure 5. [H] t profiles in three H2CCO/H2 photolysis experiments with
XH2CCO ) 5.141× 10-4, FE ) 75 mJ, andT ) 297 K. The top panel
is with P ) 60.0 Torr, the middle panel is withP ) 99.1 Torr, and the
bottom panel is withP ) 140.8 Torr. The solid lines are simulations
using the mechanism of Table 1.

HCCO+ NO f HCN + CO2 (20)

Figure 6. [H] t profiles in three H2CCO/Ar photolysis experiments with
XH2CCO ) 5.173× 10-4, FE ) 75 mJ, andT ) 297 K. The top panel
is with P ) 29.0 Torr, the middle panel is withP ) 61.1 Torr, and the
bottom panel is withP ) 162.4 Torr. The solid lines are simulations
using the mechanism of Table 1.
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made to reproduce the experimental data using Ar as a diluent.
Additionally, if k2a and k2b ) 0, then the 10-step mechanism
predicts [H]t to be high by at most 8%. This reiterates the
importance of reaction 6 as the major loss process for H and
also shows that [H]t is not sensitive to the title reaction 2 under
excess H2 conditions. Therefore,k2 cannot be determined in
the H2 diluent experiments.

When using Ar as diluent, a significant fraction (>60%) of
H-atom loss occurs as a result of the reactions of H with HCCO,
reactions 2a and 2b, and therefore, fits to these experiments
allowed fork2 determinations. [H]t is also influenced by reaction
6, but the other reactions (particularly, most atom-radical and
radical-radical reactions) in Table 1 really have a negligible
effect on simulated profiles. A simulation of the top panel
experiment in Figure 4 using the reduced mechanism, reactions
2a, 2b, 4, 6, 9, 10a, 10b, 11, and 18, gives a result that is within
<0.5% of that with the complete mechanism. Reaction 9 is not
major and contributes<15% to the profile. Reaction 18 is
likewise unimportant at all pressures. Even though CH2(1A1) is
clearly photochemically formed in 1b as indicated from the H2

data, in the Ar data set, CH2(1A1) is instantaneously converted
to CH2(3B1) through reaction 11. Therefore, if only the Ar data
had been available, the same profile would have been predicted
had we assumed (a) that the only channel for reaction 2 is 2b
with a rate constant of 1.7× 10-10 cm3 molecule-1 s-1 and (b)
that no CH2(1A1) is ever photochemically formed and that the
total quantum yield for CH2(3B1) production is 0.628+ 0.193
) 0.821. In this event, reaction 11 is unnecessary, and this would
then leave only reactions 2b, 4, 6, 10a, and 10b, as the important
reactions determining [H]t. Rate constants for 6, 10a, and 10b
are well-known.11,33,42,43 Therefore, the Ar simulations are
mostly determined by rate constants for reactions 2b and 4, with
4 dominating in the initial and 2b dominating in the later stages,
respectively, of the profile. All of the profiles in Ar diluent
require that reaction 4 gives H-atoms, suggesting H+ CO +
HCCCO products. Fitting then requires values for the quantum
yields, particularly for 1d, and mutual variations in two rate
constants with three quantities to be optimized (i.e., (1) the initial
rate of H-atom formation, (2) the maximum [H], and (3) the
time for the maximum to be reached) in 10 experiments. The
values forφd, k4, andk2 were thereby obtained, withφd ) 0.072,
k4 ) 6.7 × 10-12, and k2 ) 1.7 × 10-10 (k in units of cm3

molecule-1 s-1) being optimal for the 10 experiments. Regarding
reaction 2, Figure 4 shows simulations withk2 halved and
doubled ((50%) from the successful value given in Table 1.
We find that simulations withk2 ( 18% are not as good as
shown in Figure 4 but are within the upper and lower bounds
of the [H]t signal noise, indicating thatk2 ) (1.7( 0.3)× 10-10

cm3 molecule-1 s-1.
The present rate constant for the title reaction can be

compared to previously published values. On the basis of earlier
work from Van de Ven and Peeters,53 Boullart and Peeters11

report k2 ) 1.73 × 10-10 cm3 molecule-1 s-1 at room
temperature, in good agreement with the present work. On the
other hand, Frank et al.54 have reported a value of 2.5× 10-10

cm3 molecule-1 s-1 for shock tube experiments between 1500
and 2500 K. We note that the title reaction on either the singlet
or triplet potential energy surface probably proceeds without
activation energy through vibrationally hot ketene. Both dis-
sociation channels are lower lying than the entrance channel in
which case forward dissociation to both singlet and triplet
methylenes and CO is faster than back dissociation. The lifetime
of the vibrationally hot molecule is undoubtedly shorter than
collision times, and therefore, this reaction is in the high-pressure

limit. High-pressure bimolecular limiting rate constants can be
calculated using a Lennard-Jones model.55 Collision rates
between H and HCCO are calculated from the standard
expression.56 The potential parameters for both H and HCCO
are derived from polarizabilities by methods described by
Hirschfelder et al.56 These are combined as suggested by Cambi
et al.57 to obtainσH,HCCO ) 3.471 Å andεH,HCCO ) 63.762 K.
Calculated collision rates range from 11.2 to 17.9× 10-10 cm3

molecule-1 s-1 between 300 and 2000 K, respectively. Com-
parison to the experimental value at room temperature would
suggest a steric factor of∼0.15. If this factor is constant as a
function of temperature, then the predicted value at 2000 K
would be∼2.7 × 10-10 cm3 molecule-1 s-1. Therefore, the
larger value, noted by Frank et al., is consistent with the slight
T-dependence predicted from this collision model.
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