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The products CO and CQare observed experimentally for the first time in the HC&QD, reaction. Both

product molecules have identical appearance times and are formed simultaneously rather than sequentially.
Both CO and CQare produced with significant internal excitation. The product channel producthgl®

+ CO;, accounts for at least 90% of the reaction products at 298 K. The results explain the observation of
“prompt” CO; in acetylene oxidation chemistry.

1. Introduction is the major product channel of HCCO O, and give credence
The oxidation of acetylene is an important reaction in to _this_, explanation of prompt GOformation in acetylene

combustion of aliphaticand aromati¢ hydrocarbons. Shock oxidation. o

tube experiments on the ignition obl8,/O/Ar mixtures® show There are four reports ef Klnetlcs measurements of the HCCO

formation of “prompt” CQ, meaning that Ceis formed with + O, reaction, all by monitoring the disappearance of the HCCO

the same time constant as CO. This observation implies thatf€actant. > At 296 K, lPaeeterset al’ rrlleefured_ the rate
one of the reactants in the reaction(s) producing CO angl cO Coefficientks = 6.3 x 1073 cn® molejcule s by discharge
must be either @4, or O,, which are present in high concentra- flow mass spectrometry. Tempﬂ; al® used farjlnfrared laser
tions, and rules out formation of GQria the reaction CO+ magnetlcl;esonance to gmomtor HCCO, obtainkag= 2.2 +
OH— CO, + H, in which both reactants are intermediates. On 0-7 x 107*. Murrayet al® observed HCCO by infrared kinetic

the basis of experiments in leantG/O; flames, Erberius et ~ SPECtroscopy, measuriig = 6.5+ 0.6 x 10713 Finally, Carl

al4 suggested the reaction sequence et alt® used photodissociation of HCCO followed by LIF on
the CH (X 2I1) fragment to obtairks = 8.6 £ 0.4 x 10713,
O+ CH,— 3CH2 +Co (1a) Reaction 3b was ten_tative_ly euggested as t_he most likely produ_ct
channel on the basis of indirect observations in these experi-
3 ments?11
CH,+0,—CO,+H+H (2)

. . ) ] ] 2. Experimental Section
which could explain prompt COformation. This reaction . . . .
sequence predicts identical time constants for CO and cO __ The reaction of HCCG- Oz is monitored by step-scan, time-
formation becausk, > ki and because Qs present in great resolved Fourier transform emission spectrosédpyR-FTS).

excess (97% mole fraction). However, it is now generally agreed 1 NiS multiplexed technique allows acquisition of broad-band,
that reaction 1a is only a minor channel in the40 CoH, time-resolved spectra of multiple reactants and products simul-

reaction? taneously.

In a recent theoretical paper, Klippenstein, Miller, and  Thereaction s initiated in a Teflon-coated stainless steel flow
Harding proposed a new pathway for prompt €f@rmation cell equipped with multipass collection optics. HCCO radicals
in acetylene combustion: are produced by 193 nm photolysis (26 mJérpulse?, 50

Hz repetition rate) of ethyl ethynyl ether (HCCOGEH3),
O+ CH,—HCCO+H (1b) which has an absorption cross sectigh93)~ 7 x 1018 cn?/
molecule (base e), and produces HCE@,Hs with near unit
HCCO+ 0,—H+ CO+CO, AH,= quantum yield:® Ethyl ethynyl ether is commercially available

as a 40% solution in hexane and is used without further
110.6 keal/mol (32) purification. The hexane stabilizer is verified to have a negligible
—OH+ CO+CO AH,= —85.7 kcal/mol (3b)  @bsorption cross section at 193 nm3(x 10-22cn¥/molecule)
and therefore does not affect radical production. The sample is
h seeded in a small flow of helium (20 sccm) and combined with
larger flows of He (99.999%) and x099.99%) (725 sccm
combined flow), which enter the flow cell 1 cm above the
photolysis beam. All flows are controlled by mass flow
controllers. The cell is pumped by a roots blower, and the total
cell pressure is maintained at 1.1 Torr by a closed-loop feedback
valve throttling the pump. The flow rate is sufficient to flush
*Tel: +1-925-294-4622. Fax+1-925-294-2276. E-mail: diosbor@  the cell between laser pulses. As a consequence of this high
sandia.gov. flow rate, pump out losses contribute to signal decay during
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Their calculation of the potential energy surface, along wit
direct dynamics trajectory simulations and master equation
calculations, predicted that #f CO + CO, is the major product
channel ¢90%) of reaction 3. In this paper, we report the first
direct observation of products from the HCCOO, reaction.
The data support the conclusion in ref 6 thattHCO + CO,
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Figure 1. Image plots of time-resolved emission from photolysis of
HCCOCH.CH; (a) without Q, and (b) with 4.2x 10" molecules cm?®

0O,. The dashed line in (b) denotes the maximum intensity o CO
emission as a function of time.

the 1.5 ms observation time of the experiment. A small flow of
helium (100 sccm) purges the input and output photolysis
windows to prevent photochemistry at these windows.
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Figure 2. Time-resolved emission from HCC® O,. At 90 us after
photolysis the C@emission forms a broad baseline on which the CO
lines are superimposed. At 49@, rotationally resolved lines in both
species can be seen.

(8 cnm ! resolution) arising from photodissociation of HCCOEH
CHs in the absence of £ Immediately following the excimer
pulse ¢ = 0), emission is seen from 1800 to 2040 ¢nand is
assigned tAAv, = —1 bands of HCCO. The broad width and
red-shifted mean wavenumber of this band indicate that HCCO
is born with large amounts of vibrational excitation. With
increasing time, the spectrum blue-shifts toward the band origin
as the more energetic vibrational states are depopulated by
collisional energy transfer. Weak emission from vibrationally
excited CO is also seen from 1950 to 2200 énLike the
HCCO emission, CO is also observed with a detector-limited
rise time and is unambiguously identified at higher resolution
(0.25 cnt1?), where rotationally resolved bands frarh= 1—-8
can be assigned and their population quantified. The laser
intensity dependence of this CO shows that it is primarily
produced by secondary photodissociation of HCCO at 193 nm
to yield CH+ CO ¢ although a small fraction of the CO might
arise from unimolecular dissociation of nascent HCCO radicals.
Figure 1b shows spectra taken under identical conditions
except for the replacement of 4:2 10'> molecules/criof He
with O,. Whereas emission from HCCO is nearly identical to
that in Figure 1a, strong emissions are now observed from both
CO (1906-2200 cnth and CQ (1850-2370 cnt?), which rise

Transient infrared emission is collected by gold-coated Welsh- to maximum intensity by~100us and slowly decay thereafter.
type multipass optics and exits the reaction cell through aBaF Both product molecules are formed with significant internal
window. The emission is collimated and refocused by a pair of excitation, leading to broad, red-shifted spectra at early times.
off-axis parabolic mirrors in a nitrogen-purged environment Cooling of the CQ vibrational distribution by collisional energy
before entering the evacuated step-scan Fourier spectrometetransfer is manifested in the prominent ridge identified in Figure

(Bruker 66v/S). The emission passes through the interferometerlb that leads to the asymptotic wavenumber (2349'grof

and is focused onto a liquid nitrogen-cooled InSb photodiode.

The photodiode amplifier has a rise time ofl us. For each
optical path difference of the interferometer, the transient
emission is digitized at fus intervals. The resulting time-

the CQ (0001 — 0000) transition by 80Qus. At increased
spectral resolution (0.25 crd), both CO and C@ can be
unambiguously identified from their rotationally resolved
spectra, as shown in Figure 2 for two particular time slices. At

resolved interferograms are Fourier transformed to yield time- 90 us after the excimer flash, rovibrational bands of GO

resolved survey spectra at 8 chresolution or time-resolved
rovibrational spectra at 0.25 crhresolution.

3. Results and Discussion

The antisymmetric CCO stretchv) in HCCO was first
observed by Jacox and Olsdim an argon matrix at 2020 crh.

1-11) are seen on top of broad g@mission centered at 2100
cm L. At this early time in the reaction, the density of €0
transitions in ther,n,§ — (m,n,p-2 bands, with manyn and
nlevels populated, exceeds the inverse of the Doppler line width.
This high transition density makes rotational structure o, CO
unresolvable at early times regardless of experimental resolution.

This band was rotationally resolved in the gas phase by Unfried As the carbon dioxide undergoes vibrational energy transfer its

et al.}> who assigned the band origin at 2023 dirFigure la

broad emission shifts gradually and monotonically to the blue,

shows a sequence of 200 time-resolved FTIR emission spectrauntil at 490us it is completely separated from the CO bands.
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o time the signals are proportional to concentration, and it can be
seen that the rise times are identical within experimental error,
providing evidence that CO and G@re formed simultaneously
as a result of reaction 3. Of course, the time constant for the
rise of all products from all channels in reaction 3 will be equal
to the time constant for the decrease of HCCO. Therefore, the
common rise times of CO and G@ive no information about
the branching ratidsy/(ksa + kap). The common rise times do
eliminate the possibility that reaction 3b is the dominant channel
and CQ is formed in the secondary reaction CHCO — H
+ CO,. The fall times of the emission in Figure 4 are not
identical and are a complicated function of collisional energy
. I N transfer and removal from the observation zone, as discussed
Figure 3. Boltzmann plot of the vibrational distribution of CO from

HCCO+ O,. The straight line is the best fit of the data to a Boltzmann below. o ) )
distribution with a temperature of 84@8 800 K. To address the kinetics of product formation, we estimate

the precursor concentration in this study was [HCCQCHg]
~ 3 x 10" molecules/crh The attenuation of the 193 nm
photolysis laser was 2%. Therefore we estimate that [HCGO]
= [CoHs]o < 5 x 10 molecules/cri (Note that GHs + O,
does not produce CO or G The concentration range of
[O2] = 8 x 10" — 1 x 10'8 molecules/crhis sufficiently in
excess to ensure pseudo-first-order conditions for all the data
acquired. The rate of rise of CO and ¢@rmation from
reaction 3 is therefore given by = k3[O,]. While the data in
Figure 4 show that the rise time of the two products are identical,
extraction of a product concentration profile from the TR-FTS
data is complicated by two factors. First, vibrational energy
0 200 400 600 800 1000 . e . . .
Time (us) transfer causes sequential deexcitation of both species, primarily

Figure 4. Integrated emission intensity as a function of time for the by Av = —1 transfers. Since the transition dipole moment is

CO and CQ products with [Q] = 4.2 x 10' molecules cm®. proportional tov', the observed emission is not simply
proportional to concentration, but decreases with time as the

At this late time there are only a few vibrational levels of £O  molecules cool due to collisions. Second, product molecules in
populated, and single rotational lines in the asymmetric stretch their zero-point level (or for Cg those withvz = 0) will not
manifold can be clearly identified. be detected by emission spectroscopy. Both of these complica-
To further quantify the energy disposal in this system, the tijons are minimized at early time, when vibrational energy
intensities of the rotationally resolved CO lines are fit 10 transfer has not altered the quantum state distributions too

literature line positions using a nonlinear least-squares routine. yrastically. Bearing in mind these caveats, the initial rise of the
The fit gives a band intensity and rotational temperature for ,.qquct emissions are consistent with~ 6—8 x 10713 ¢
each upper vibrational state. The rotational temperatures are 30Gy,5jecule? s-1 for all 0, concentrations.

+ 50 K for all bands, with branching ratias = 1—11 of 49: L . . . -

19:10:5.9:4.6:3.0:2.9:2.2:2.0:1.4:0.9. Because this fit was done. '€ Nigh intensity and time evolution of the g@mission

for At = 490us (where the C@baseline no longer contributes), IS s'trongtew:jencs trlatr:jlrectlfo;rrtlstlot'rll of H C? + (éotz IS "

these vibrational branching fractions are slightly colder than the an important product channel of the title reaction. Extracting

nascent distributions. A Boltzmann plot of the CO vibrational 20 @Psolute branching ratio from the data is not possible because

intensities is given in Figure 3. The best fit to this distribution there is no spectral evidence of the OH fragment from channel

is described by a temperatufa,(CO) = 8400+ 800 K. 3b in the 3308-3600 cnt! range. Nevertheless, an upper limit
The rovibrationally resolved TR-FTS data set, from which ©n the branching fraction to OH CO + CO can be obtained

the two spectra in Figure 2 are extracted, can be used to compardrom this experiment. Two methods were used to determine this

the rise time of emission from CO and GQ\ data set taken limit. The first method evaluates the detection sensitivity of OH

without O; is first subtracted from the data acquired witht® 0N theQ = 3/2— 3/2Q(1.5)v" = 1 — 0 transition at 3568.4

remove emission from HCCO and photolytically generated CO. €M™+, which is the strongest OH emission line for a 298 K

Because vibrational energy transfer in CO is very slow, the rotational distribution. The reaction of &) with methane

temporal profile of CO emission can be taken as the integrated provided the reference reaction for OH production:

area of the R7 line of the + 0 band, and is shown in Figure

4. The integrated emission from G@ obtained from the data ~ N,O + hv(193 nm)— o(D) + N, ®{O(‘D)} = 100%

in Figure 2 by extracting a low-resolution spectrum that contains 4)

contributions only from C@ This extraction is done by

judiciously choosing wavenumbers in the range of 182400 o('D) + N,O — products

cm~! that lie between the sharp CO lines. The low-resolution 0.3 1

spectrum so constructed contains contributions only from CO ks=1.16x 10 ~"cm” molecule "s ~ (5)

at a_lll times,_ and the area under this curve is_plotted asa fu_nc_tion o(D) + CH,— OH(v) + CH,

of time in Figure 4. Note, however, that the integrated emission _ 103 1 1

for CO, is not related by a simple proportionality constant to ksa=1.13x 10 "cm"molecule s * (6a)

the CQ concentration, as discussed below. Nevertheless, at early

In {P(v)}
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— other products reaction with ethyl ethynyl ether and with hexane is expected
ke, = 3.75x 10 cm® molecule* s (6b) to be approximately an order of magnitude larger than for CH
+ Oy, and the former reactions are unlikely to produce CO or

where the quantum vyield and rate coefficiéhtare at 2908 K CO.. It therefore appears that CH O, has a negligible effect
and the fraction of OH( = 1) is 25%!° Assuming [HCCOJ] on the experiments presented here. A second possible complica-
= 4 x 10 molecules/cy, a thermalized OH rotational  tion is the effect of vibrational excitation of HCCO on the title

distribution at 298 K and an OH vibrational distribution from reaction. The reaction conditions are chosen so that most of
reaction 3b similar to that from reaction 6a, the minimum the HCCO radicals are vibrationally thermalized before signifi-

detectable total OH density is 1:810*2 molecules cm3, which cant reaction occurs, as evidenced by the loss of emission signal
places an upper limit oksyks < 5%, whereks = kaa + Kap. from vibrationally excited HCCO. Because the thermalization
The two major sources of uncertainty in this limit are the rate of HCCO is independent of,@oncentration, the effect of
precision with which [HCCQJ is known and the assumption  Vibrational excitation on the reaction, if significant, would appear
that the vibrational distributions of OH are identical in the as the @concentration is varied. Under the conditions studied,
reference reaction and HCC® O.. there is no evidence that the observed reaction product distribu-
The second method for calculating the branching fraction limit tion is affected by vibrational excitation of HCCO.
ksw/ks is more reliable because it is independent of the initial ~ The dominant mechanism proposed in ref 6 for HCEQ,
HCCO number density. This method is based on comparison— H + CO + CGO; involves addition of @to the methylidyne
of the signal-to-noise of a CO emission line with the noise in carbon, followed by formation of an intermediate with a four-
the spectrum at the wavenumber of the OH line mentioned membered COOC ring in which the attacking kridges the
above. The ratio of total CO to OH is given by two carbon atoms. Dissociation of this intermediate (without
o breaking either of the two newly formed bonds) over a small
Peo NcoPorFon Fon  Kat 2Ky, Kyt Ky, barrier leads to HCOF COy, followed by very rapid decom-
pﬁ_ NopAc g - Kg, - Kap, @) position of HCO to H+ CO. Both the strained four-mempered
OH OHTCOT CO ™ Co ring and the fact that both newly formed bonds are considerably
extended in the intermediate compared to their asymptotic values
are consistent with the extremely hot CO and d@ernal
energy distributions seen in Figure 1b. The noninverted
vibrational distribution observed in CO is also consistent with
dissociation of an intermediate complex, as opposed to a direct
reaction mechanism. To be fair, deposition of large amounts of
energy into vibration of the fragments is expected for highly
exothermic reactions, such as reaction 3a, and the state distribu-
tions may not be a specific indicator of the reaction intermediate.
The experimental upper limit on the branching ratio for channel
3b is in agreement with the theoretical results of ref 6.

The authors in refs 9 and 11 tentatively identified reaction

wherep are total number densitiep'q')r;‘4 is the limiting density

of OH which would give a signal-to-noise ratio of unitiso
andNoy are the emission signal and noise floor, respectively,
forv' = 1 CO and OH rovibrational lines, respectivelyyalues
are Einstein spontaneous emission coefficients foPCfdd
OH,2! and theF values are Boltzmann fractions in the upper
states for vibration and rotation. The rotational Boltzmann
fractions are relaxed to 300 K under the conditions of the
experiment, while the vibrational fraction for CO is determined
from the data and that for OH is varied as discussed below.
The branching fraction is given by

Ky, [Pco -1 3b producing OH+ CO + CO in their experiments. If this
k_S Tim (8) were the case, the GOemission observed in the present
3 \Pon experiments would have to be rationalized as arising from OH

+ CO—H+ CO; (k=1.25x 1073 cm® molecule! s at
298 K)24 However, since OH and CO are products of channel
3b, CQ production would be a second-order process and could

Because the branching fraction determined by method 2 is
independent of [HCCQ] the major uncertainty depends on the
assumed vibrational distribution of the OH produced in channel . o .
3b. As this channel is highly exothermic, it is unlikely that OH never account for the yield or the rise time of £@bserved in
would be produced with no vibrational excitation. Since the O M€ Present data. .
vibrational distribution can be fairly well described as a  Insummary, the products of the HCCO O, reaction have
Boltzmann distribution witfT,i,(CO) ~ 8400 K, it is plausible been observed for the first time and offer a credible explanation
that a vibrational temperature would also describe OH if it were for prompt CQ observed in acetylene combustion in shock-
produced. Method 2 giveyks < 3% for T,in(OH) = 8400 K, tube and flame experiments. The results support a recent
andksy/ks < 10% for Tyi,(OH) = 2000 K. These temperatures  theoretical papéithat proposed a reaction mechanism involving
represent reasonable limits given the CO distribution and the & four-membered ring intermediate that dissociates to yield H
exothermicity of the reaction. Considering this uncertainty, the + CO+ CO.. No evidence is seen for the product channel OH
conservative value dfa/ks < 10% is recommended. + CO + CO, but the experiment gives an upper limit for this

A few possible complications in this experiment should be branching ratio of 10% at 298 K.
considered. Both CO and G@re products of the reaction CH
+ Oy, where the CH radicals in this experiment arise from  Acknowledgment. This research is supported by the Divi-
photodissociation of HCCO. Recent measurements of4CH  sion of Chemical Sciences, Geosciences, and Biosciences, the
O, gives product branching fractions of 30% for £&hd 50% Office of Basic Energy Sciences of the United States Department
for CO22 The rate coefficient for this reaction at 300 K is 4.7 of Energy. The author thanks Dr. Stephen Klippenstein and Dr.
x 10711 cm?® molecule s71,23 significantly faster than that for ~ Jim Miller for helpful discussions, Prof. Richard Bersohn and
the title reaction. Under the range of €oncentrations used in  Prof. Laurie Butler for the suggestion of the HCCO photolytic
this study the time-constants for product formation would range precursor and sharing of unpublished data, Gary Wilke for
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