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The GH, + O(P) and HCCO+ O(P) reactions are investigated using Fourier transform infrared (FTIR)
emission spectroscopy. The®J radicals are produced by 193 nm photolysis of ap®€cursor or microwave
discharge in @ The HCCO radical is either formed in the first step of thgi€+ OCP) reaction or by 193

nm photodissociation of ethyl ethynyl ether. Vibrationally excited CO and @@ducts are observed. The
microwave discharge experiment,J& + O(FP)] shows a bimodal distribution of the C@(product, which

is due to the sequential,d, + O(P) and HCCO+ O(P) reactions. The vibrational distribution of C(
from the HCCO+ O(P) reaction also shows its own bimodal shape. The vibrational distribution af)CO(
from C;H, + O(P) can be characterized by a Boltzmann plot with a vibrational temperatar24F0+ 100

K, in agreement with previous results. The CO distribution from the HGIEO(EP) reaction, when studied
under conditions to minimize other processes, shows very little contamination from other reactions, and the
distribution can be characterized by a linear combination of Boltzmann plots with two vibrational
temperatures: 2328 40 and 10 306Gt 600 K. From the experimental results and previous theoretical work,
the bimodal COf) distribution for the HCCOF O(P) reaction suggests a sequential dissociation process of
the HC(O)CO — CO + HCO; HCO— H + CO.

Introduction react with OfP) according to

. The ox@atlo? of aqetylene has great importance in combus- CH2(3Bl) n O(3P)_> CO-+ 2H
tion chemistry-2 and in processes of certain planetary atmo-
spheres. Acetylene is easily formed in fuel rich hydrocarbon (=74 kcal/mol;—311 kJ/mol) (R3a)
flames_, and a Qetailed_understan_ding of e}cetylene oxidqtion is — CO+ H, (—178 kcal/mol;
essential for this chemistry. The first step in the combustion of
acetylene is the reaction with &X) atoms. This reaction is a —748 kJ/mol) (R3Db)
slow process resultin_g in triplet me-thylene radicals and ketenyl 11,6 rate constants for R3and R38 are 7.8x 10~ and 5.2
radicals in the following pathways: x 10~ c? molecule 52, respectively.
There are numerous studies establishing the branching ratio
3oy, 3
CH, + O(P)— CHy('By + CO and rate constants of the.ld, + O and the HCCO+ O
(—47 kcal/mol;—197 kJ/mol) (R1a) reactions>>8-10 However, only a few studies focus on the
i i 12 a«*
— HCCO+ H (—19 kcal/mol: energy disposal of these re_act_ldﬁé. Schmoltner et at.
( 80 kI/mol (R1b studied the @H, + O(P) reaction in a crossed molecular beam
mol) ( ) apparatus, measuring the translational energy distribution of the
There has been a question about the relative importance of 1CCO and the Ch{®B) products. Their results indicate that,
the ketenyl-producing step, although it is now well-established for both channels, Rla and R1b, the largest fraction of the

that R1b is the major channel of thek + O@P) reactior?5 available energy is deposited into the translational degree of
The rate constants of R1a and R1b are found to be 2.2G-14 freedom. This suggests there is an exit channel barrier for both
and 8.95x 1014 cn® molecule' s, respectively. The ketenyl _channels. The exact translational energy coyld not_be_determined
radical reacts with GP) by a fast process to produce CO= in those experiments because of th(_a insensitivity of the
1.3 x 10710 cn® molecule’ s71)5 and CQ (8 x 10712 cnd instrument at higher translational energies. A st_udy_ by Shaub
molecule'? s~1)6 with large exothermicities. et all? investigated the nascent vibrational distribution of the
CO product of Rla at relatively high pressures (10 Torr) by
HCCcO+ OCP)— 2CO+H using the CO laser resonant absorption technique. It was

. concluded that there is a small contribution to the observed CO
(—102 kcal/mol;~428 kJ/mol) (R2a) signal from R3, but the R1b channel was considered to be a
—CO, + CH(XZH) (—54 kcal/mol; minor chann;l at the time of the experim&nt® and thus the

_ HCCO + O(P) sequential reaction was not investigated.
227 kJimol) (R2b) However, the most recent experimental determinations of R1a

Similar to the ketenyl radical, the triplet methylene radical may and R1B->!7 indicate that R1b is the major channel. The
branching ratio of R1b is close to 80% and is quite independent
*To whom correspondence should be addressed. of the temperature. The room temperature rate constant mea-
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surements indicate that the R2a channel85%38° These data a) b) c)
are supported by RRKM calculatioiidy Wagner and Harding.
Thus, ?r?e most)I/iker secondary reagtion ign thegHe + OGP)g REACTOR 1 REACTOR 2 REACTOR 3
system is HCCO+ O(P) to produce CQJ. FRONT VIEW
This paper describes measurements of the nascent vibrational
distributions of CO¢) from both R1a and R2a using infrared
emission from the CO products. The 3] and the HCCO
reagent are generated by several different methods to minimize
contributions from other possible reactions to establish the
dynamics of these reactions. Both reactions have some contribu-*}"
tions of COg) from competing processes, and thus, there are
some limits on the accuracies of the determinations. It is found
that the CO vibrational distribution of R1a agrees well with
the previous experiment by Shaub etl&ln addition, the
vibrational distribution of CO from R2a is determined for the
first time. The nascent vibrational distribution of R1 has a
contribution from a secondary reaction whose distribution agrees
well with that of CO¢) observed more directly from the HCCO
+ OEP) reaction (R2a). The results for HCGO OEP) have Figure 1. Simplified schematic of the three reactors used in this
less than 10% contributions due to theHg + OCP), when study: (a) Separate excitation reactor. This reactor allows the time-

. resolved study of radicalmolecule reactions by the separate generation
ethyl ethynyl ether is used as the HCCO precursor. TheuLO( of a radical precursor with a laser pulse. (b) Radigadical reactor.

vibrational distributions from both title reactions fit nearly The flows of radical precursors are mixed upstream in a stainless steel
Boltzmann-like temperatures or two-component temperatures, tube and photolyzed simultaneously in the observation zone of the FTIR
which are in agreement with proposed longer-lived intermediate instrument. (c) Microwave discharge reactor. Thef)(atoms are
mechanisms, as opposed to direct mechanisms. The bimodapenerated in a microwave discharge from high flow velocitya@d
distribution of the HCCO+ O@P) reaction strongly suggests _comblned with the eH, flow in the observation zone of the FTIR
that the reaction proceeds through a HC(Oj€@mplex, which nstrument.

decomposes into two CO molecules in a sequential process. Pressures have to be kept relatively low (below 500 mTorr; 67
Pa) in order to minimize the introduction of the other reagent,

Experimental Section in this case ac_etylene, inthe photolysis region., thereby prpducing
unwanted radicals, such asHC To find the optimal conditions
Infrared emission from a chemical reaction is a very powerful under which the precursors can be kept spatially separated, the
tool to identify vibrationally excited products and to learn about effectiveness of the spatial separation is checked by introducing
their state distributions. The infrared emission can be detectedammonia (into the acetylene inlet in Figure 1a), which produces
by a Fourier transform spectrometer, which offers superior electronically excited Nk very efficiently and is a strong
throughput and resolution over conventional grating spectro- emitter. The S@inlet is balanced with argon with the same
photometers. The Fourier transform infrared (FTIR) instrument flow rates used in the ammonia experiments to imitate the same
coupled with pulsed lasers allows the experimentalist to obtain fluid dynamics in the chamber. No signal could be observed
time information and gain insight into the mechanisms of the from NH,*, which is a good indication that no photolysis of
reactions of interest. This is done by using a step scan FTIR C,H, can occur under the conditions described in this study,
apparatus, which permits high time resolution data to be thus ensuring the absence gfCfrom 193 nm photolysis under
obtained, limited only by the pulse width of the laser and the these conditions. In addition, reactor 1 has the advantage that
speed of the detection electronics. At moderately low pressures.the radicals prepared by photolysis with the laser have time to
this technique gives important information about elementary relax into their ground state before they intersect thd Glow
reaction steps and their vibrational, rotational energy transfer and the viewing region. Under the experimental conditions, a

Mi
HCCO discharge
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CH,

Observation

”"\E,i i

SIDE VIEW
Observation

Laser

processes. time of ~10—15 us for intersection is determined by introducing
Time-Resolved Experiments.The experimental apparatus NHj3 through the S@inlet indicated in Figure 1a.
used in this study was described previously in défariefly, Figure 1b shows another reactor (reactor 2) in which raslical

the reaction takes place in a vacuum chamber pumped by aradical reactions can be studied by photolyzing a homogeneous

1000 L/s capacity Roots blower pump backed by an 80 L/s mixture of radical precursors. Ethyl ethynyl ether (HCCQEH

capacity mechanical pump. For the time-resolved experiments, CHs) and SQ are mixed upstream to ensure the homogeneous

the reagents are generated and reacted in two different reactoramixing of the precursor molecules. The photolysis of ethyl

shown in Figures 1a and b, which each has its own advantagesethynyl ether and the SGfficiently produces HCCO radicals
Figure 1a depicts a segregated photolysis zone reactor (reactoand OP), respectively. The absorption cross section of the ethyl

1), which allows the study of radicamolecule reactions. In  ethynyl ether is~7 x 10718 cm¥molecule at 193 nm. The 193

this study, SQis photolyzed by a 193 nm excimer laser and nm photolysis of ethyl ethynyl ether produces HCEQC,Hs

the resulting OP) radical flow intersects the 8, flow, where radicals with a quantum yield near unityThe ethyl ethynyl

the reaction and observation take place in the interaction zoneether is dissolved in hexane solution and is seeded into a small

of the FTIR instrument. The overall reaction rate is governed flow of He into the reactor. The hexane stabilizer has a

in this reactor by the rate constants of the reactions and thenegligible absorption cross section at 193 na3(x 10722 cné/

mixing time of the initial reagents. The,A; inlets are tilted molecule). The absorption cross section of, ®~6 x 10718

45° to each other in order to efficiently intersect the’®@)(flow cm?/molecule at 193 nm and produces3P) efficiently. The

generated from the photolysis of @@rgon is introduced into total pressure in the chamber is 1.5 Torr.

the chamber to keep the optics and the windows clean. Typical Microwave Discharge Experiment. Figure 1c shows a

pressures in the experiment are 300 mTorr (40 Pa). Thereactor used in the microwave discharge experiments (reactor
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3). The microwave discharge of oxygen molecules takes place a) co b)
in a quartz tube, efficiently producing &%) atoms. The GP) _ 1550 om”
atoms are mixed downstream with a flow oft. The acetylene HWHH H
flow is kept relatively low compared to the,Glow, so the 030, ! ! g
flow does not become divergent. The microwave discharge : \ ’

I . : o X 0.257 /i
apparatus has a limited time resolution, which is determined 5 h 12508 0 03 70
by the residence time of the reaction products in the observation g 0.204 ' h -~
zone of the collection optics. The residence time of the products > E : ' 100ps 3
can be significantly reduced by using high flows of the reagents § °‘15'M 75 us ,% 2090 em™
and balancing the pressures outside the flow region with a buffer £ o.10{ ' ' = - 5
gas, ensuring the spatial collimation of the flow and further m S0us
reducing the residence time. The residence time is checked by %95 judvmr—rrmadne o 250s 3 2290 cm”
introducing a small amount of acetone into the flows and 0.00{ ' . Ops 5
photolyzing them with a 193 nm laser. The relatively long 1800 ! 2000 2200 ' 2400
lifetime of the vibrationally excited CO~33 ms) allows an wavenumber 00 05 0

estimate of the residence time of the molecules in the observa-Figure 2. (a) Time-resolved IR emission spectra of thaig+ OCP)
tion zone. Typical residence times in these experimental reaction process with initial reagent pressurep(@0;) = 18 mTorr
conditions can range from 5@s to ~2 ms. These values (24 Pa) and(CHz) = 12 mTorr (1.6 Pa). The total pressure is 300
correlate well with the residence times determined from the mass™ 10" (40 Pa) with the balance due to Ar in the detection volume of

f lociti To k h | d h the instrument. The laser fluence is 150 mJépulse . The data are
ow velocities. To keep the pressures low to reduce the aeen by an InSh detector at 8 chnspectral resolution and &s

pOSSlbl“ty of collisional relaxation of the Vibrationa”y excited temporal resolution. The observed products are CO ang 0@ are
products, the pumping capacity is set to the maximum of the indicated on the figure. The positions of tde= 0 — 0 vibrational
Roots blower. transitions are indicated on the graph with a series of vertical arrows
The IR radiation produced by the chemical reactions is UP10v =6 (v =6 is to the left), which corresponds to the maximum
collected by Welsh cell optics, exits the vacuum chamber g}’?”gbéeoeggféfﬁgﬁ?%ﬁrg g;HétJ;E%(;"D)éég%’Tgﬁé'rgzegzﬁlmunon
through a Cafwindow, and enters the FTIR instrument. The
infrared radiation is collimated and focused on the entrance port
of the FTIR spectrophotometer, matching fitaumber (4.5).
An iris is placed in front of the spectrometer to reduce the field
of view and to achieve the desired spectral resolution. The
commercially available vacuum FTIR spectrometer can analyze
both time-resolved and static signals. The signals are detecte L o
by liquid nitrogen cooled indium antimonide (InSb) or mercury Several low resolution time-resolved emission spectra taken

cadmium telluride (MCT) detectors. The InSb detec®t & at 25us intervals are shown in Figure 2. The major product is
2.2 x 10" cm HZ2W~1) has a higher sensitivity than the MCT vibrationally excited CO, which has a broad emission feature

detector D* = 3.8 x 1090 cm HZA2W-1), but its response curve @n the IQW resolution spect.ra between 1800 and 2250%ci
falls off at around 1800 cri. The MCT detector has a better 'S possible that the CO emits a small amount below ;8001cm
spectral range (lower limit-1000 cnT?), but it is not sensitive hov_vlever, the_ In_Sb detector spectrgl CL.'tOff freque_ncy1s]e&00
enough to get high resolution spectra within reasonable data®M "~ SO emission at lower energies Is not c_>btamed. A smaller
acquisition times for this experiment. Thus, it is used for low amount of V|b1rat|onally exglted CQorqdqct 'S also observed
resolution spectra when longer wavelengths are desired. Thet ~2300 cnt?, which persists on a similar time scale as the

detected signal is amplified and digitized to obtain the inter- co proQuct: o .
ferograms. The kinetics of the CO and Gproducts is investigated at

The commercially available acetylene (99.6%) used in these 1880, 2090, and 2290 cth All of these data show somewhat

experiments is purified with an activated carbon trap in order Similar rise times, but they are not simple exponentials and there
to remove the residual acetone from the reagent flow. The trap &€ Secondary minima and maxima; these are most likely a result
is evacuated overnight before each experiment to ensure efficien®f Multiple factors: the reaction rate, flow mixing of the
removal of the acetone. The ) is produced by the photolysis reagen_ts, and vibrational deact|vat|on_|n|t|ally with rao_llcals and
of SO, (anhydrous, 99.98%). The ethyl ethynyl ether is later with molecules. The reagent mlxtures from this reactpr
commercially available as a 40% solution in hexane. Pressure@'® Nt homogeneous, and the relative reagent concentrations
is measured using capacitance manometers. The gas flows ar¥ay significantly in the observation zone with time. The kinetics

regulated by needle valves and measured by standard calibrate@t these frequencies show very different behaviors. The 1880
mass flow meters. and 2290 cm! data are nearly superimposable. The 2090'cm

data seem to show one part that is nearly the same kinetics as
that at 1880 and 2290 crh but in addition, there is a slower
process producing CO at that wavelength. The 1880 and 2290
Time-Resolved Study of the GH, + O(°P) Reaction.Time- cm 1 kinetics data suggest that there is one process that produces
resolved spectra of the CO and g€@roducts are observed by the simultaneous CO and G@ibrationally excited products.
reactor 1. It was pointed out above that this reactor can The HCCO+ O(P) reaction has been shown to produce a
selectively produce GP) radicals and eliminate the possibility  significant amount of C@beside CO. Also, in Figure 2a, the
of C;H radical formation in the photolysis step, which would vibrational transitions of the CO are indicated by arrows from
ordinarily lead to fast reaction with €R), producing interfering v =1tov = 6 for CO@) from the GH, + O(P) reaction
CO and CQ in the reaction system. In addition, reactor 1 (right to left). Because of the extended vibrational excitation
facilitates the relaxation of electronically and vibrationally and the CQ, the spectra indicate that some other reaction has
excited reagent molecules, since the mixing and reaction taketo contribute to the observed signal. On the basis of kinetic

place~10 us after the photolysis of the precursor molecules.

Because of the complex flow dynamics and delayed mixing,

the time history of the signals is not readily correlated with

straightforward expectations for the kinetics, as will be seen
elow.

Results and Discussion
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T : T T T of the observed signal can be obtained by simulating the reaction
system (RTR3) using the known rate constants and the
concentrations used in Figure 2. The simulated time evolutions
of CO, CQ, and HCCO radicals are shown in Figure 3b. To
simulate better the signal appearance in the observation zone
and include the mixing of the initial reagents, the acetylene
initial concentration is taken as a variable, which is assigned to
o0 200 30 aee 500 it_s maximum after 1(s. Th_is is done to account for the physical
Time in s picture that the photolysized $@ow gradually moves and

: , , ; , mixes into the acetylene flow in the observation zone. The initial
b) BN g concentration of GP) is determined by the absorption cross

increasing
laser power

CO,C0,and HCCO emission (a.u.)

sE B 7 section of SQ (6 x 10~18 cm¥/molecule)?%21 The filter kinetics
§F E data show a dip in Figure 3a, which does not show up in Figure
i ¥ / THee e 3b. This is ei_ther_due to thg mixing nonid_ealities m_entioned
et S| €O from HCGO + 0 | above or to vibrationally excited HCC® which forms in the
gt M ] first step of the reaction. The HCCO species was also
3 reported®2* centered around 2023 cth The deactivation of
0 100 200 300 400 500 the HCCO would mainly be due to the HCGOOEP), HCCO
Time in us + SO, and HCCO+ C;H; reactions. Quantitative comparison
Figure 3. (a) Power dependence of the CO and.Q@nd HCCO) is difficult due to the concentration inhomogenities in the

emission taken with an interference filter. The initial reagent pressures Observation zone, the lack of knowledge of quenching rate
are the same as those in Figure 2. The laser fluences are 34, 58, 90constants of the HCCO, and the difficulty directly relating the
117, 135, and 153 mJ crhpulse’?, respectively. (b) Simulation of  observed signal to concentrations (it requires the knowledge of

the kinetics of CO and HCCO products using the known rate constants tha population distributions and Einstein A coefficients for all
for R1—R3 including the known SG- O recombination ratek(= 5.3 species present)

x 107 cm® molecule® s™%) and assuming a reaction rate constdnt ( ) .
= 3 x 1071 ¢ molecule’ s72) for HCCO + SO, and/or HCCO+ The following conclusions can be drawn from the above

C:H reactions. results. The vibrationally excited C@)(shows higher exother-
micity than what is expected from only theld; + O(P)
reaction, which strongly suggests the sequential process is an
important contributor to the observed CO distribution. Previous
results and the observation of the £€8irongly suggests that
the HCCO+ O(P) reaction is the major sequential reaction
under the experimental conditions. No quantitative high resolu-
tion data could be obtained due to the low signal levels. To
overcome the experimental difficulties, a different reactor and
detection mode is used, which is discussed below.

considerations, the HCC® O(P) is the most likely contributor.
The 2090 cm! data show CO production with a lower
exothermicity than that of the HCC@ O(P) reaction. The
most obvious candidate to explain this reaction channel is the
C;H, + O(P) reaction. This reaction is a fairly slow process
compared to the HCCG- O(P) reaction. Since HCCO can
only be produced first by £, + O(P), the sequential kinetics

of HCCO should be a double exponential with inverted order.
Thus, the HCCGt OEP) time constant can appear first in the o ) .
signals. The secondary minimum may be due to an initial rapid _ C2H2 + O(*P) Reaction in the Microwave Discharge
relaxation of COf) by O, followed by slower vibrational ~ Reactor. The difficulty with the OFP) production by 193 nm
deactivation of CQf) when the O atom concentration decreases. Photodissociation of S0is that it may lead to other radicals

Figure 3 shows the laser power dependence of the combinedar?d_ re_agents that can cc_)ntrl_bute to the reaction of interest. To
CO and CQ time-resolved emission signals transmitted by an Minimize possible contributions from SO and $@nd to
interference filter (spectral range 1869500 cnt?) and the identify other p033|ble_ prodgcts such_as CH, an alternative,
same reactor used above (reactor 1). Similarly to the data showrcle€aner source of @) is obtained by microwave discharge of
in Figure 2b, the kinetics of the sum of the CO and,G@gnals Oz at low pressure¥’ These experiments do not permit the
shows a double maximum type kinetic curve. Even though this pulsed time-resolved capability of the FTIR_ instrument. This
signal does not adhere to conventional kinetic expectations, theSOUrce may also produces@nd contain @ which could react
first rise is suggested to be primarily from the kinetic effect of With HCCO, but at lower rates than the HCC® O(P)
the HCCO+ O(P) reaction, resulting in CO and G@roducts, reactlorﬁ”f.28 Although the time information qf the microwave
and the second from the,8, + O@P) reaction, resulting in  apparatus is somewhat reduced, for a reaction suchtds-€
CO. Naturally, the first rise must also have a substantigl,c ~ OCP) at fast flow rates of reagents and low pressures, the
+ OEP) contribution to the CO signal. The laser power residence time of the vibrationally excited photoproductfs is short
dependence has a quadratic effect on the initial rise time, €0ugh to obtain a nascent or close to nascent vibrational
suggesting that the HCC® OP) reaction plays a large role ~ distribution of the CO{) photoproduct. The estimated @]
in that part of the signal. However, quantitatively, this is subtle fraction in a typical @ flow at the pressures used in this study
because the vibrational deactivation of GPPy O and other IS <1%2° Since the reaction takes place in a large excess of
radical species has a complicated effect on the kinetics, sinceacetylene ([gH,] > [O]), this somewhat minimizes the second-
the radical concentration rapidly changes. ary reactions, but not completely.

The reagent concentrations are chosen in this experiment so The determination of the nascent vibrational distribution of
the kinetics data from the emission through the interference filter CO(v) from any reaction requires that the vibrational deactiva-
produce the double peak behavior in order to demonstrate thetion rate is negligible. The rate constants for the following
two different processes (R1a and R2a) that result insC@( processes can be used for @&{ 1) + M — CO( = 0) + M,
the GH, + O(P) system. The kinetics behavior is assigned on where M corresponds to the molecules present in the reaction
the basis of the observed vibrational distribution of @C(nd system. A typical reaction mixture consists of 40 mTorr (5.3
its power dependence. Qualitative understanding of the kineticsPa) of Ar or N, 172 mTorr (22.9 Pa) of §and 12 mTorr (1.6
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Figure 4. Effect of the flow rate (residence time) on the product §0.0
distribution of CO from GH, + OFP) and HCCO+ OCP). The “Roots =
w o . : s 0.5
blower on” indicates the high flow rate (short residence time in the | .
observation zone). The “Roots blower off” corresponds to low flow 1.0 . L Simulation
rate (long residence time in the observation zone). On the right side, a 2070 2080 2090
photo of the visible emission of the triplet &2 in the interaction wavenumber
zone is shown. Figure 5. (a) Experimental and simulated spectra of the ©O(

vibrational distribution from gH, + O(P) with a small secondary
Pa) of GH,. The best values of vibrational relaxation rate contribution due to the HCCG- OCP) reaction. The data are taken
constants for CQ(= 1) with these molecules are the follow- Wwith the microwave discharge apparatus at a 0.15'cspectral

ing: 2.4x 10716 cm? molecule s71 (Ar),295.46 x 10715 cmd resolution. The flow rates of HC,H,, and Ar are 1400,100, and 200
U 30 15 1 31 sccm, respectively, anp(total) = 225 mTorr (30 Pa). The simulated

molecule™ s 1?(’Nf'r)'r’3 1.5x 101 _(img mo'e;;“"? S (02)’_ spectrum is inverted for better visibility. (b) Expanded section of the

and 2.1x 107 cm® molecule™ s™ (C2Hy).>* Simple consid- graph of Figure 5a. The positions of the four vibrational transitions

eration of the concentration and deactivation rates leads to theare indicated on the graph with a series of vertical arrows.
conclusion that the most important molecule in the deactivation
of CO() is the GH; in this system. Variation of the £, (short observation time) data, it will be shown below that there
concentration in the present setup is difficult without influencing is some contribution from these reactions to the observed)CO(
the residence time or losing spectral resolution due to less signal.emission.
Fortunately, Wang et &8 investigated the CQ(= 1) + C;H, Analysis of the Product Distribution of the CoH, + O(°P)
— CO(v = 0) + C;H, relaxation process in a time-resolved Reaction. To extract the vibrational distribution of the vibra-
FTIR setup very similar to the one used in this experiment, tionally excited CO products, a spectral simulation and fitting
observing the above process in a few hundred microsecond timeis done. The good S/N data in the microwave discharge
scale. In their experiment, the pressure of thels ~40 times experiment allow high spectral resolution data (nominal resolu-
higher than that in the present experiment (487 mTorr comparedtion 0.115 cntl) to be obtained, which helps to identify the
to 12 mTorr). This difference would lead to 40 times slower spectral positions very accurately. The simulation program
vibrational relaxation of CQ{) by GHo. For our residence times  creates the line positions by using the published spectroscopic
as short as 5@s, this strongly suggests that the observedJO(  constants of C33 The line intensities are generated by assuming
corresponds to a near-nascent CO distribution for the reaction(s).a population at each rovibrational level, and then it is multiplied
The effect of the flow rate of the reagents is demonstrated in by the Einstein A coefficiedt for the rovibrational transitions
Figure 4. The upper part of the graph shows the vibrationally according to the following equation:
excited CO product spectrum obtained with a high flow rate

and a short observation time. The inverted curve shows the data [

obtained with significantly reduced flow rates. Both spectra are NJ', v") = J,ﬂ,,v .

taken at the same total pressure (700 mTorr; 93.3 Pa). To keep A" (23 +1)

the pressure the same, the Roots blower had to be switched

off. The total flow rates of @plus GH, are 1653 and 204 sccm The resulting stick spectrum is convolved with the instrument

when the Roots blower is on and off, respectively. This results response function, which describes the broadening and the shift
in a reduction of residence time by a factor of 8; however, the associated with the field-of-view errét The field-of-view error
actual residence time when the Roots blower is off is much can be calculated from the resolving power of the instrument
larger due to the lost collimation of the flow (see Figure 4, lower at a given aperture setting accordingRe= 8F%/h?, whereF
right). The difference in pumping capacity of the Roots blower (100 mm) is the focal length of the instrument ém¢2.5 mm)
versus the backing pump is 1000 L/s versus 60 L/s, which would is the diameter of the aperture. The calculated spectral resolution

indicate a factor of 15 reduction of the residence time. is 0.156 cnml, which is in good agreement with the measured
There are two main differences between the lower and upperline width (0.15 cn1t) at 2000 cmit. During the fitting process,
spectra of Figure 4. The first one is the formation of C@hich the populations of the rotational levels are assumed to be

is expected from the HCC@ O(P) reaction (or from HCCO Boltzmann-like, so each vibrational level has two input param-
+ O). The second difference is that the CO on the inverted eters: the vibrational population and the rotational temperature.
spectrum reflects vibrationally relaxed CO, indicated by the large The rotational temperatures of the vibrational populations have
amount of population at the= 1 level (the center of = 1 is been found to be~500 + 50 K. This higher rotational
located at 2143 cri) and the reduced intensity of the higher temperature suggests that the rotational populations are not
CO transitions at 1900 cm. Even though the HCCG- O(P) completely equilibrated; however, using a Boltzmann-like
and CH + O(P) reactions are minimized in the high flow rate distribution results in an excellent fit. Figure 5 shows the
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1.00——m———F————————— distribution in Figure 6. On the basis of the comparison with
T,=2400 £ 100 K previous resulé and the reaction exothermicities (the maximum
*_ Shaub etal v for C;H, + ORP) isv = 8), it is clear that the observed nascent
_ distribution in our microwave discharge apparatus has to have
a contribution from some other reaction. The lowest vibrational
states have identical distributions to those of Shaub éfal.,
obtained with a separate experimental technique and under
different conditions. Their work concluded that the major
observed channel is R1a and there is some contribution from
T,=10200 + 2000 K the CH(®B) + OEP) reaction; however, at the time of their
0.001 —— 6 7 & 9 1011 12 experiment, reaction R1b was considered to be insignificant
v compared to R1a. On the basis of the rate constants known now,

Figure 6. Experimentally determined nascent distribution of @O( It_ IS more “kely that the additional contribution to the vibra-
from the GH. + O(P) reaction (open circles) using the microwave tionally excited CO comes mostly from the HCCO O(P)
discharge apparatus. The solid line indicates the fitting of the reaction and not from the GK#B) + O(P) reaction. Since the
experimental nascent distribution with a linear combination of two rate constants of R2& & ~1.3 x 107°cm?® molecule’® s71)°
exponentials. The vibrational temperatures are found to be 24000 and R3 k= ~1.3 x 10719 cm? molecule s1)3b are very close
;”ed é&fi&to(%g??e};c ggﬁ i??r)l((!]?::g?; da@"Zﬁlzﬁgﬁrg%’hfgrp?e%fé?y to each other, the amount of vibrationally excited CO is entirely
determined nascent vibrational distribution for Rla is also shown determined by the branching ratio between Rla and R1b and
(crosses). the fact that HCCO+ O(P) produces two CO molecules and
) ] ) CH, + O(P) produces only one. If the vibrational distributions

experimental CO spectrum and the fitted simulated spectrum. of these two reactions were similar, the contribution to the CO
The upper curve shows the whole spectrum, and the lower graphsignal from CH(®B) + O(P) would be around 12% of the
is a magnification of the data and simulation. The relative error Hcco + O reaction at maximum.
bars are estimated by observing the deviation in the error
function upon changing the fitting parameters.

The measured vibrational distribution of GQ{rom the GH,
+ OCP) reaction is shown in Figure 6. The ground state
population ¢ = 0) of CO from this reaction is not known. To
accurately normalize the data, the first three points of the
vibrational distribution are used by linear extrapolation to predict
the ground state population. A surprisal analysis is not used
because of complications with the interfering secondary reac-
tions described below. The resulting nascent vibrational distri-
bution fory = 1-5 agrees well with the earlier results by Shaub
et al13 In that work, the CO populations were extracted from T
time-resolved infrared absorption data, extrapolating the datathe _C0|d part of the g+, + OCP) distribution observ.ed here.
to zero time. In that way, the CO from secondary reactions is 1ime-Resolved Study of the HCCO+ O(°P) Reaction.To

eliminated from their results. The discharge flow method relat_e further the vibrational distri_bution of CO in Figure 6
however does not have sufficient time resolution, so secondaryPartially to the HCCO+ O(P) reaction, a time-resolved FTIR
reactions do contribute to the CO distribution. To obtain a €XPerimentis carried out using reactor 2 in Figure 1b. For the
vibrationally unrelaxed CQ{ distribution, although contami-  HCCO precursor, ethyl ethynyl ether (HCCO&EHs) is used,
nated by secondary reactions, several steps are taken. First, th¢hich produces HCCO and ethyl radicals with nearly 100%
pressures in the reaction chamber are kept low to reduce theduantum yield at 193 nm photolysis. _The vibrational dlstr_lbutlon
number of collisions. This is achieved by using the full capacity ©f CO from the ethyl+ O(°P) reaction has been previously
of the Roots blower pump. Second, the reagent flows are keptdetermlneﬁ7 and shows a much cooler wbranonal temperature
high in order to reduce the residence time in the observation than that expected from the HCC® O(P) reaction. For the
zone. In addition, the collimation of the reagent flow is OCP) precursor, S@is used, which produces &) very
important. If it is not collimated, this might reduce the effective €effectively. The laser fluences are lowered until no CO from
flow rate. Collimation can be achieved by balancing the the ethylethynylether photodissociation is observed alorgs(
pressures outside the interaction zone with a buffer gas. TheMJ cnT? pulse), to minimize the subsequent photodissociation
average residence time is measured by photolyzing acetone®f HCCO®3to CO and CH.
which very effectively produces vibrationally excited CO, and  Figure 7 shows a small section of the Gp(spectrum
this emission provides a convenient way to measure the obtained from the HCCG O(P) and ethyh O(P) reactions
residence time in the observation zone. The typical residenceat a 15us time delay along with the simulated spectrum. The
times are found to be between 50 and 2@@0depending on  simulation is carried out in an identical manner to that previously
the conditions. In most experiments, a residence time shorterdescribed in the microwave discharge experiment. The obtained
than 100Qus is used. It is important to point out that the reactor vibrational distribution of CO shows a bimodal behavior in
used in the microwave discharge experiment (Figure 1b) hasFigure 7b. The data points in the figure are fitted with a linear
the advantage that the reactants are not well mixed, resultingcombination of two exponentials (straight lines in the log plot)
in a relatively slow reaction, which increases the possibility that to extract vibrational temperatures. The underlying assumption
the observed vibrationally excited CO during the observation in this procedure is that there are two physical processes and
time is less contaminated by secondary reactions. each of these processes yields a Boltzmann-like vibrational
Despite these precautions, the observed vibrational distribu-distribution for CO¢). The vibrational temperatures are found
tion of CO(@) from the GH, + O(P) system shows a bimodal to be 2320+ 40 and 10 30Qt 600 K. The 10 300 K value is

0.100 -
EO
4

>

0.010:

If we assume that the “hot” part of the vibrational distribution
entirely comes from the HCCGO- O(P) reaction and the
vibrationally “cold” part is a result of the £, + O(P) reaction,
the nascent distribution of both thel; + O(P) and HCCO
+ O(P) reactions could in principle be determined in a single
step. However, the built-in assumption is that the HC&O
O(P) reaction does not contain any cold part but can be
characterized by a single Boltzmann-like distribution. It will
be shown in the next section that this is not the case; that is,
CO(v) from HCCO+ O(P) does have a bimodal distribution,
and therefore, some C@(from HCCO+ O(P) interferes with
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= "ang Figure 8. Experimental (solid line) and simulated (dashed line) spectra
E> of the CO vibrational distribution from HCC® O(P) using the reactor
0.010 | 4 in Figure 1b and the time-resolved apparatus. The data are taken with
the lower sensitivity, but higher spectral range MCT detector (see text)
b) T2|b=1 300£600 K at a 4 cm? spectral resolution and at 1E. The concentrations are
0.001 0 2 1— "5 é 1'0 12 14 the same as those in Figure 8. The positions ofitied — 0 vibrational
transitions are indicated on the graph with a series of vertical arrows.
v

Figure 7. (a) Experimental and simulated spectrum of the cO Vibrational distribution for CQf) from C;Hs + O(P) is also
vibrational distribution from HCCG- O@P) using the reactor in Figure ~ shown in Figure 7b, which indicates that GG€ 2) is much

1b and the time-resolved apparatus. The data are taken with the highhigher than CQ{ = 1); this is very different from what is
sensitivity, but limited spectral range InSb detector (see text) at a 0.2 ghserved at present. They observe other products for the major
cm! spectral resolution at a 1&s time delay after the laser pulse. channels of the &5 + O@P) reactions such as,80 and OH

The ethyl ethynyl ether seeded into a 100 sccm flow of He combined . . . .
with 12%/ scc}r/n yof S@and combined with 2000 sccm of Ar flow  (ncluding the reagent Ci&H, radical) with comparable

(p(total) = 1500 mTorr; 200 Pa). The laser fluence is 35 mJ/che intensity to the vibrationally excited CO product. In the present
simulated spectrum is inverted for better visibility. (b) Experimentally Work, none of these products or precursor molecules are detected
determined nascent distribution of G@from the HCCO+ O(P) except vibrationally excited CO, which leads to the conclusion,

reaction (open circles) from the time-resolved 193 nm photodissociation ynder the experimental conditions in this work, that the observed
e penm) s sion vl I oo ratonal dtbuion canbe tirbuted to HCGOOGE) it
expongntials. The vibrational temperatures are found to be 2320 a maximum error of~10%. Recently, the total rate constant
and 10 300+ 600 K. for C2H5 + O@P) WaS measuréd to be 1.7 x 10710 cm?
molecule’l s71 by a discharge flow reactor at room temperature,
in good agreement with one of the vibrational temperatures which further lowers the relative contribution of theHg +
observed in the microwave discharge experiment (10 200 K). O(P) reaction to the observed CQ(The maximum available
The vibrationally colder part (2320 K) of the vibrational energy of R2a (HCC& O — 2CO+ H) is 36 580 cn1?, which
distribution comprises a relatively small number of vibrational limits the maximum observable vibrationally excited CO to the
levels; it does not agree well with the expected amount and 19 — 18 transition (see Figure 8). In Figure 8, the arrows
distribution of CO from the ethyl- O(P) reactior®’ The data indicate the calculated vibrational transitions of the CO including
are taken with an InSb detector, which has limited spectral range,the anharmonicity of the vibrations. The higfs cannot be
and the highest observed vibrationally excited CO transition is produced by the gs + O(P) reaction, suggesting that HCCO
found to be 13— 12, which is somewhat less than the maximum + O is the major contribution to the observed @distribution.
available expected (up to 19> 18) on the basis of the In principle, vibrational relaxation may contribute to the above-
exothermicity for the HCCOF O(P) reaction. To explore this,  mentioned bimodal distribution, but it has been shown in the
the same data are taken with the MCT detector with a lower previous sections that the vibrational relaxation rates occur more
spectral resolution shown in Figure 8. In this figure, the slowly than the CO production rate. The data in Figure 7 are
vibrational transitions of the CQI& 0— 0) are indicated with taken at 15us after the photolysis, but spectra taken at 5 and
vertical arrows from the 1> 0 vibrational transition up to 19 10 us are identical to the 1Bs spectrum, suggesting that the
— 18. The data are fitted with the simulated spectrum indicated vibrational deactivation is not significant. To obtain a sufficient
by a dashed curve. The vibrational distribution obtained (not signal-to-noise ratio but to minimize the contribution of the
shown) is very similar to the distribution presented in Figure CO(v) from the photodissociation of the HCCO by lowering
7b but has larger error bars. In addition, the fit clearly indicates the photolysis laser energy, only the 45 data are used to
that the vibrational distribution of C®) from the HCCO+ determine the vibrational distribution of C&(in Figure 7b.
O(®P) reaction extends up to the available exothermicity of this Also, the experiments at different time delays prove that the

reaction. secondary reaction contributions to the observed distribution
An important question is how much the i + OCP) are not significant.

reaction contributes to the measured @fpr the HCCO+ We consider whether the vibrational distributions obtained

O(®P) reaction. The total rate constant for the former reaction in the time-resolved and microwave discharge experiments can

is 2.2 x 10710 cm?® molecule’® s72, reported by Slagle et &Y. be fit with a linear combination of Boltzmann statistics using a

They indicate that 95% of this reaction results in three main single or bimodal temperature to describe each process. The
channels, which do not contain any GP&s a primary product.  first process is R1a that produces vibrationally excited CO in
Reid at aP’ estimate that-10% of the total rate for gHs + the GH, + OCP) reaction. Previous wotkhas established that
OCP) results in CQf). In that work, they use much higher this reaction results in a simple Boltzmann distribution for this
concentrations of radicals than the present work and the productsreaction. By fitting the microwave discharge results, it is found
are detected by essentially the same experimental setup. Theithat at least two exponentials (two vibrational temperatures) are
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required to adequately simulate the total @Oproduced,
because of the additional HCC® O contribution. The lower
vibrational temperature (2400 K) obtained in the fitting process
agrees well with the previous work (3070 K); however, because
the vibrational distribution of CQj from HCCO+ O(P) shows

a bimodal distribution, our observed distribution is not directly
related to COf) from the GH, + O(P) reaction, but a linear
combination of the two reactions. Since the Boltzmann tem-
perature of the cold part of the microwave discharge experiment
(2400 K) fortuitously matches very well with the Boltzmann H,CCO(A")
temperature of the cold part of C@)@from the HCCO+ O(P)
reaction (2320 K), and the difference should give the puresLO( A
distribution uniquely due to the £, + O(P) reaction, the
conclusion is that the real vibrational distribution is very similar
to the cold part of the microwave discharge experiment. This
latter result is supported by the previously determined vibrational
distribution by Shaub et al. (3070 K). The higher vibrational
temperature in Figure 6 corresponds to the vibrationally excited
CO() primarily from R2a. This can be inferred by comparing
the vibrationally excited CO distribution from the microwave
discharge experiment (10 200 K; Figure 6) and the time-resolved

>
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photodissociation experiment of ethyl ethynyl ether (10 300 K; 107 %ffgo (-105)
Figure 7). 1)

The Mechanism of the GH, + O(®P) Reaction. The Figure 9. Schematic potential energy profiles for the (agHe +
available energy of the £, + OGP) reaction resulting in the Qg’_" )2 a”hd (b)l HCCO+ OCPY reké.‘ICt'o'l‘S'. The e"ergl'es(l'”kbrﬁ(’kelts
: : indicate the relative energies in kilocalories per mole cal/mo
CO-producing chapnel (Cﬁ(FB) + CO) is 47 kcal/mol. The 4.2 kJ/mol).
energy channeled into C@(vibrations is calculated fror,[]

- .Zf”E”’ wherefv = NJZN, is the fractiqnal population and CzH2 + O(CP) reaction. The available energy of the HCGO
E, is the vibrational energy. On the basis of the results of the O(@P) is 102 kcal/mol, based on the exothermicity of the

micrpwave discharge exper_iment_ anc_j ass_umi;ng 5, the reaction. From the time-resolved results of the 193 nm photo-
fraction of energy _deposned_lnto vibrations is fc_>u_nd to be only dissociation of ethyl ethynyl ether, 4.5 kcal/mol is channeled
3_'5 k(_:aI/ m_ol. In th'_s calculation, the anharmor_ucny of the CO g the COy) vibrations, calculated with the vibrational fraction
vibrations is taken into account and the population of the ground ¢, ation described in the previous section. The average fraction
vibrational energy level of CO is extrapolated from the o onergy that is channeled into the vibrationfis= 0.043.
Boltzmann plot using the vibrational temperature of R_la " From the linear combination of the Boltzmann populations, it
Figure 6. This fraction of energy into vibration is only = is possible to separate the average fraction of the energy for
0.074, which is less than the valfjg'= 0.142 calculated from  p i the cold Tub! = 2320 K) and hotTyis2 = 10 300 K) parts
equipartition theory. As a crude approximation, the products f the pimodal distribution. From each vibrational temperature
are expected to arise with the fraction of energy predicted by i, Figure 7b for each process, the average fraction of energy
statistical theory minus the barrier height of the exit channel, t5; that process can be evaluated. The linear combination of
which can explain the difference between the observed andihese numbers should be equal to the previously determined
predicted fragtlons of energy into CO V|brat|or_1. Figure 9a shows ,5/e off, (0.043). The calculated values for the two parts of
the energy diagram of the-H, + OCP) reaction, taken from  {he distributions aré,, = 0.022 (85%) and,» = 0.166 (15%),

previous theoretical calculationi!-'? The GHy + OCP)  respectively. The relative fractions of the cold and hot distribu-
reaction is thought to proceed through two intermediate tions are shown in parentheses.
complexes, the diradical intermediate HCCRA(), which On the basis of the equipartition theorem, the average fraction

subsequently isomerizes to theGCOFA") radical intermediate ¢ energy deposited to the CO vibratiorfigtt= 0.11 for the
or dissociates into HCC@ H. The isomerized LCCOCA") HCCO+ O — HCO + CO process, which suggests that the
can furth_er dlssc_)ma_te into GHB) + CO._ Girard et at* showed hot part could arise from the first dissociation process. If the
that the isomerization of HCCH@K") into the HCCOCA")  parrier energy (5 kcal/mol) indicated in Figure 9b was sub-
radical has a large barrier, which explains why the reaction tracted, the statistical value would be even lower compared to
proceeds favorably into HCC® H as opposed to the GHt- the experimental value,{ = 0.166), which suggests that the
CO channel. Both of the exit channels show a large translational foymation of the hot CO from the HCC® O(P) reaction could
energy releasé,which suggests an exit channel barrier as griginate in a more direct process. Recently, Peeters &t al.
indicated in the calculated overall profile of the potential energy investigated the HCCOF O reaction system including the
surface in Figure 9a. transition state of the glyoxal radical to form HGOCO. Their
The Mechanism of the HCCO+ O(®P) Reaction.Calcula- results show that the ©€C bond of this transition state is
tions suggestthat there are several intermediate complexes that elongated and the CO bond is somewhat parallel to th€ C
may form during the HCCOF O(P) reaction. However, the  bond. Therefore, the dissociation of the HC(O@0uld result
most stable intermediate, the OHCC@/() glyoxal radical, in CO molecules with very large vibrational excitation but very
forms in a barrierless process, as indicated in Figure 9b. Thelittle rotational excitation.
decomposition of this intermediate has to cross only a small  From equipartition, 63% of the total energy is available for
barrier (5 kcal/mol), which makes the lifetime of this intermedi- HCO. The cold part of the observed distributidp & 0.022)
ate comparatively short compared to the intermediates of theis much smaller than the predicted statistical vafy&?'= 0.12)
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for HCO — H + CO, which could be due to several reasons. (9) Peeters, J.; Boullart, W.; Langhans]rit. J. Chem. Kinet1994
iani iati istributi ihrati 26, 869.
ASSIgEI)ng a statistical dISt.nbu.;E:Pn ltO the C?]wbra.tlons fofr tﬁe (10) Peeters, J.; Vanhaelemeersch, S.; Vanhoeymissen, J.; Borms, R;
HCO— H + CO process is difficult, since the estimate of the yermeylen, D.J. Phys. Chem1989 93, 3892.
available energy may be different than the 63% noted above. (11) Girard, Y.; Chaquin, PJ. Phys. Chem. £003 107, 10462.

Also, the available energy for CO may be reduced due to the (12) Harding, L. B.; Wagner, A. RJ. Phys. Cheml1986 90, 2974.

small binding energy (15 kcal/mol) of the CH bond in the HCO
radical compared to the total available energy (110 kcal/mol).
In addition, the HCO fragment contains a light H, which may

carry away much of the energy in translation due to momentum

conversation, resulting in the observed cold distribution.
Analysis of the relative contribution of the cold and hot parts

of the vibrational distribution shows that the cold parti85%

of the distribution, while the hot part is only 15%. On the basis

of simple statistical considerations (numbers of CO product

(13) Shaub, W. M.; Burks, T. L.; Lin, M. CChem. Phys198Q 45,

(14) Vinckier, C.; Debruyn, WJ. Phys. Chem1979 83, 2057.

(15) Williams, D. G.J. Phys. Chem1971, 75, 4053.

(16) Williams, D. G.; Bayes, K. DJ. Phys. Chem1969 73, 1232.

(17) Capozza, G.; Segoloni, E.; Leonori, F.; Volpi, G. G.; Casavecchia,
P.J. Chem. Phys2004 120, 4557.

(18) Chikan, V.; Nizamov, B.; Leone, S. R. Phys. Chem. 2004
108 10770.

(19) Krisch, M. J.; Miller, J. L.; Butler, L. J.; Su, H.; Bersohn, R.; Shu,
J.J. Chem. Phys2003 119, 176.

(20) Manatt, S. L.; Lane, A. LJ. Quant. Spectrosc. Radiat. Transfer

molecules), we would have expected that the cold part of the 1993 50, 267.

distribution should be more equal to the hot part of the
distribution assuming that only one channel would lead to
CO formation.
mechanism(s) could also take part in forming the final vibra-
tional distribution of the HCCOt O reaction. There are two

possible mechanisms. In previous sections, only the sequential
dissociation process is considered, but there is a possibility of
the concerted dissociation mechanism of the glyoxal radical,

which may result in different distributions. Also, one of the
possible reaction pathways is the formation of electronically
excited HCO (see Figure 9b), which could also contribute to
the final distribution of CO.
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