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The kinetics and product distribution for the reaction of methyl radicals, @ith ground-state GP) oxygen
atoms have been investigated. This reaction was studied with a newly constructed apparatus combining a
tubular flow reactor and a time-of-flight mass spectrometer (TOFMS), using a hollow-cathode lamp for
photoionization. The radicals are produced by an excimer laser puksel®3 nm) in the cophotolysis of
acetone, CBCOCH;, or bromomethane, GiBr, and sulfur dioxide, S creating a homogeneous distribution

of radicals along the axis of the flow reactor. A small fraction of the reaction mixture is sampled through a
pinhole in the wall. Subsequent ionization and repeated extraction of ionized molecules into the TOFMS at
a high repetition ratex20 kHz) allows the simultaneous observation of rapid changes in the concentration
of multiple species in the flow reactor. In addition to the dominant product, formaldehydg>{CEhRrbon
monoxide (CO) was detected as a product with a yield of &X¥11. Analysis of the rate of disappearance

of methyl radicals and appearance of formaldehyde for differef®)a{oncentrations resulted in an overall

rate coefficient for this reactiok = (1.7 & 0.3) x 107%cm® molecule! st at T = (299 + 2) K andP =

1 Torr (He).

Introduction C,H,+ O—CH;+ HCO 2

The combustion of methane is of considerable importance
in the generation of energy. The oxidation of methane starts
with a chain initiation process in which a hydrogen atom is
abstracted. Under lean-to-moderately rich conditions the methyl
radicals produced react predominantly with oxygen atbis:

The reactants were detected by mass spectrometry. The
reported yield of formaldehyde from reaction 1 was larger than
0.85. Water as a possible byproduct was not detected, thus ruling
out channel (1d). However, reaction 2 does not seem to be a
clean source for methyl radicals According to Koda et al?

3 another, equally important product of this reaction is,CHO,
CH; + O("P) — products (1) which could also lead to C#® in the reaction with oxygen
atoms, thus altering the measured yield of formaldehyde. Slagle

The kinetics of this reaction have been studied extensively et al® used a different approach for generating methyl radicals
by observing either the disappearance of methyl radicals in the and oxygen atoms. The radicals were produced by the photolysis
presence of oxygen atoms or the formation of formaldehyde asof acetone and S£ respectively. A photoionization mass
the major product. The overall rate coefficient for reaction 1 spectrometer was used as an analytical tool. Although a Ne
has been observed to be (140.3) x 1071° cm?® molecule’? resonance lamp served as a source of VUV radiatfon=
s71, independent of pressure and temperafusewever, only 16.67 and 16.85 eV) for ionization, no attempt to detect CO
a few investigations with regard to the product distribution were (ionization energy (IE}= 14.01 eV}3 was reported. However,
performed. There are several exothermic channels and oneneither HCO nor CHhiradicals were found, rendering channels

endothermic product channel for this reactfg: 1b and le negligible. It was concluded that 1a was the only
open channel at temperatures between 294 and 900 K.
CH;+O0—CH,O0+H AH=—-294.1kJ/mol (1a) Fairly recently, Seakins and Ledregerformed a product
study focusing on CO as a possible reaction product. They
—HCO+H, AH=-354.2kJ/mol (1b)  applied essentially the same method for generation of the

(1c) reactants as did Slagle et al., but instead used a time-resolved

— CO+H+H, AH = —228.7 k/mol FTIR emission technique to detect reaction products. From these

—CH+H,0 AH=—43.9 kd/mol (1d) infrared emission studies they could clearly identify vibrationally
excited CO as a product of reaction 1 with a nascent population
—OH+CH, AH=+29.2kJ/mol (1e) of up tov = 8. They determined an overall yield for CO from

reaction 1 of 0.4+ 0.2. This would definitely indicate that
Niki et al3 performed flow tube measurements in which channel 1c cannot be neglected as a direct route for producing
methyl radicals were produced in the reaction of ethylene with CO.

oxygen atoms: We have chosen to investigate reaction 1 to test the
capabilities of our new apparatus and to attempt to resolve the
* Author to whom correspondence should be addressed. discrepancy concerning the branching ratios for reaction 1. We
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Figure 1. Schematic diagram of the apparatus.

will present results for the rate coefficient that agree well with are produced in a tubular quartz reactor by photolysis of suitable
previously measured values and show evidence for the existenceprecursor molecules. Precursors, reactants, and products are
of channel 1c, supporting the findings of Seakins and Leone. sampled continuously by allowing gas to escape from the reactor
These measurements will demonstrate the suitability of this new through a pinhole in the wall, into a region where a portion of
technique for this type of experiment. the sampled gas is photoionized. By switching voltages on a
We want to focus our research on radiceddical reactions, grid assembly at the entrance to the time-of-flight mass
which are especially challenging to investigate because potentialspectrometer [TOFMS: R. M. Jordan Co., D850 Reflectron with
side and chain reactions may complicate the data analysisa microchannel plate detector (MCP): C-726] ions can enter
greatly. Moreover, the recombination of two radicals frequently the TOF chamber during a brief time intervat12 us). The
produces highly excited adducts that open up more than onegating/extraction procedure can be carried out at a high rate
product channel. To fully characterize a reaction, one needs to(~20 kHz) enabling us to take “snapshots” of the composition
observe more than a single species involved in the reaction. of the reaction mixture in intervals of 48&. This interval was
Ideally, all participant species should be detected simultaneously,chosen from the possible choices afforded by the hardware so
eliminating assumptions about the concentrations of unobservedthat species up to a mass of 150 amu can be acquired without
molecules that are made in experiments with single-speciesinterference from neighboring mass spectra. Rapid changes in
detection. concentration due to reactions can therefore be observed on a
Our experimental setup resembles the one that Slagle etmillisecond time scale. Figure 1 shows a schematic diagram of
al #1517 designed with one important exceptieimstead of  the apparatus.
using a quadrupole mass spectrometer we analyze sampled gas ppparatus. The reaction vessel consists of a 43 cm long
from the photolysis reactor by time-of-flight mass spectrometry qartz tube with an inner diameter of approximately 1 cm. The
(TOFMS). Thus, direct information on product distributions as  sample orifice (1 mm in diameter) is located roughly in the
well as reaction rates can be obtained in a single experiment. miqdle of the tube. The whole reactor is placed inside a vacuum
chamber pumped by an oil diffusion pump backed by a rotary
pump. Connections for a gas inlet and outlet were attached to
A detailed description of the apparatus will be published flanges on either side of the vacuum chamber also bearing quartz
elsewher® and only an overview will be given here. Radicals windows through which radiation from an excimer laser

Experimental Section
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(Lambda Physik, LPX 240iMC) was directed into and out of 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
the reactor. The rectangular cross section of the emitted laser 2 ' ]
e : By 15
radiation was reduced to a square shape by a Galilean telescope =15 x
~—— —_—

made of cylindrical quartz lenses. Typical energies wei®0
mJ/pulse at the laser, with 30 mJ/pulse exiting the reactor
without any absorber present in the flow tube. The main loss l

of beam intensity was caused by the windows and lenses. The & O—r———r—& A4, L T
remaining losses could be attributed to absorption by ambient 8o
oxygen in the pathway and the divergence of the laser beam
leaving the flow tube. However, the divergence was sufficiently
low to produce a uniform distribution of radicals along the
tubular reactor from its entrance to the sampling orifice. Intensity
measurements made at the exit window of the flow tube
automatically take atmospheric,@bsorption into account.

A gas mixture composed of precursor molecules for the
radicals as well as bath gas was passed through the tube where
a constant flow was established by a set of three mass-flow
controllers (Tylan General, FC 260). The pressure in the flow i . L L
reactor was controlled by throttling the gas flow through a gate ?0 15 20 25 30 35 40 45 50 55 60 65 70 75 80 B85 90 95 100
valve at the downstream end of the reactor. Typical flow m/e
velocities ranged from 10 to 20 m/s. Figure 2. Averaged TOF spectra recorded in experiment #22 (see Table

Gas that left the tube through the orifice first passed through ?sﬁg}g 'r?j'ai’g'sss.'e%'grfj‘)n’]'0(2')2?ﬂz”hgigoggeiﬁﬁfnpgfv‘t’ﬁ;erg&i?g‘E‘é ]‘:grre
a Q-shapgd s_k_lmmer_thgt had .Wmdows cutinto its wall through the laser pulse; (b) the mass spectrum takery@A&fter the photolysis
which the ionizing radiation emitted from a hollow-cathode lamp  pyise; (c) the mass spectrum after all methy! radicals were consumed.
(McPherson, Model 630) was directed. The lamp was operatedThe signal belowr/e = 35 and aboven/e = 75 is multiplied by a
with either Ne fw =16.67 and 16.85 eV) or Ath¢ = 11.62 factor of 15 for clarity.
and 11.83 eV) in the discharge at low pressunes<(400
mTorr). A glass capillary, which also acts as a differential For reference measurements, mixtures of CO (Matheson,
pumping barrier, is used to guide the photons from the lamp to purity > 99%) and CHO with He were preparedi3 L glass
the ionization region. The TOF chamber is pumped by a bulbs. Formaldehyde was made by heating para-formaldehyde
turbomolecular pump. Starting a few hundred microseconds (Aldrich) to a temperature around 10G. CHO was collected
before each laser shot, a sequence of BB) mass spectra were  in a liquid nitrogen trap, transferred to a glass bulb on warming,
typically acquired covering 48 ms. After averaging typically ~ and diluted with He. Typically, this was performed a sufficiently
100 000 to 200 000 laser shots, the counts under each mass pedRng time before use to ensure complete mixing (at least 5 h),
were then integrated and the sum was plotted against the timebut not so long as to lose formaldehyde through polymerization.
relative to the laser initiation. Typical concentrations in the reactor were (0150) x 1014

To check for fluctuations in the detection efficiency of the Molecules cm? (1.5-3.0 mTorr) for SQ or CHsBr, and (0.5-
apparatus, calibration measurements on absolute concentrationd-5) * 10> molecules cm? (0.15-0.45 mTorr) for acetone.
of the main stable species involved in this study were done on At 1aser pulse energies of 80 mJ/cnt (1 = 193 nm),
a daily basis. Although the determined calibration coefficients Measured behind the exit window of the reactor tube; 2@
could vary by more than 20% from day to day, the cracking °f the SQ. approximately 1.5% of the Cdfbr, and 3-6% of

pattern of any species in the photoionization process were verythe acetone were photolyze_d typlcally. The aftenuation of the
reproducible. laser beam due to absorption in the reactor was small and

E . t Forthei tiaati fth " ¢ methvl therefore was not suitable for a quantitative determination of
-xperiment. For the investigation of the reaction 0T metyl 4 qical concentrations formed in the photolysis. Instead, the
radicals with oxygen atoms we used either acetone or bro-

h o f hvl radical h initial concentrations of radicals were calculated according to
momethane as precursor species for methyl radicals, whereagy,e ejative drop in signal multiplied by the concentration of

oxygen atoms were generated by the photolysis of: SO precursor molecules (see Figure 4). Unfortunately, the small
loss of bromomethane was almost completely buried in the
CH,COCH,; + hwv (193 nm)— 2CH; + CO  (3) scatter of the CEBr signal so that only estimates of the methyl
. radical concentration could be given when this source of methyl
CHgBr -+ hv (193 nm)— CH, + Br ) radicals was used. On the basis of the absorption coefficients
SO, + hv (193 nm)— SO+ O(3P) 5) for C_HgB_r and SG81920gnd the actual concentration of_ both
species in the reactor, one can also calculate the relative drop
in the CHBr concentration assuming a quantum efficiency of
All gases were stored as dilute mixtures in He in 20 L glass unity for dissociation for both molecules. The measured and
bulbs, except S§ which was purchased as a 5% mixture in the calculated values agree very well. The overall pressure in
He (Praxair, purity: S@= 99.6%, He UHP-grade). Prior to  the reactor was generally 1 Torr He at a flow velocity of-10
use, acetone (Mallinckrodt, purity 99.7%) was degassed in 20 m/s. The laser was pulsed at a rate ofl® Hz. During an
several freezepump-thaw cycles, released into the storage experiment, the energy per pulse of the excimer laser, flow
vessel, and pressurized with He (Praxair, UHP grade). The controller values, temperature, pressure, and the intensity of the
concentration ratio was determined according to the partial ionization radiation were constantly recorded. The TOF data
pressures (MKS Baratron Model 622). Bromomethane (Mathe- were normalized for differences in excimer pulse energy and
son, purity> 99%) was used without purification. hollow cathode lamp emission where necessary.
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Figure 3. lon signals plotted vs time for several species acquired in
experiment #22 (see Figure 4 and Table 2). The lines in plot (b) are Figure 4. lon signals associated with &), SQ, and acetone plotted
fits of simple exponential decay and rise functions to the data. The Vs time acquired in experime# 5 (see Table 2) using Ne emission
calculated first-order rate constants &te= 1390 s! (—) and K' = for ionization.
1590 st (- - -).
that only reaction rates and not branching ratios could be
Two noble gases were used as discharge media for the hollowanalyzed in these experiments.

cathode lamp, delivering mainly photons of either 16.67/16.85  calibration of Concentration. When Ne was used as the
eV (Ne) or 11.62/11.83 eV (Ar). Even though SQE = 12.5 discharge gas, the photon energy exceeded the threshold for
eV)?! should not be ionized using Ar, a signal could be clearly jonization and dissociation of almost all parent molecules. To
detected atwe = 64 (see Figure 2). This might be explained determine the quantitative amount of each cracking channel,
by a contamination of the primary emission with shorter mass spectra of each individual species were recorded in separate
wavelength radiation, emitted perhaps from ionized Ar. This experiments. These measurements were usually carried out by
might also cause the occurrence of a signahat = 32 after  acquiring mass spectra of the selected species at different
SO, was photolyzed producing SO (K 10.29 eV§?and OfP) concentrations. The counts under each mass peak were summed
(IE = 13.62 eV¥ (see Figure 3). Highly excited SGons might up and plotted against the concentration. A linear fit through
crack into S ions [IE(S)= 10.36 eV}® and oxygen atoms,  these points gives the individual absolute calibration coefficients,
although there should not be enough energy available for CC(a,n), for a specific cracking channel “n” of molecule “a”.
ionization and dissociation after absorption of one photon. The However, the absolute values of the calibration coefficients
general advantage of using longer-wavelength radiation for depend on a number of different parameters (temperature,
ionization is that cracking is reduced or eliminated. The pressure, photoionization wavelength and intensity, etc.) which
dissociation of ionized acetone [IE 9.7 eVZ* appearance could differ quite substantially over an extended period of time.
potential (AP) for CH™ AP(CHs;") = 15.6 eV2> AP(CH;CO™) To eliminate these variations it is easier to work with ratios of
= 10.5 e\?¥ into CH3* ions did not occur, leaving theve = calibration coefficients, CR(a,m:b,m CC(a,m)/CC(b,n), which

15 channels (IE= 9.84 eV¥® essentially free from background.  are only dependent on the wavelength of the ionizing radiation.
Similarly, low background signals could be collected for/OH Since one of our main interests lies in determining relative
(m/e = 30, IE= 10.88 eV}’ (see Figure 2). However, CO (IE  product yields, which depend only on concentration ratios, this
= 14.01 eV} could not be detected at this photon energy, so restriction has no influence on the analysis. Concentration ratios
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TABLE 1: Calibration Ratios for CO, CH ,0, and Acetone at an lonization Photon Energy= 16.67/16.85 EV (N&)

molecule channel acetone 15 acetone 28 acetone 29 CO 28 20 ZH CHO 29 CHO 30
CH,0 30 1.368+-0.14 0.172:0.014 1.23A40.08 1
acetone 43 0.020.01 0.00958t 0.00134 0.017 0.0015 0.255:0.01 0.206+ 0.04

aRatios were calculated by dividing the individual calibration constants of molecules in top row through those in the first column.

can be determined via: and below 1 Tort! In addition, the CH concentration is so
small compared to the oxygen concentration that the rate of

@ _ C(am) C(b,n) _ C(a,m) recombination of methyl radicals is negligible with regard to

[b]  CC(am)CC(b,n) C(b’n),CR(a,m.b,n) the rate of their reaction with €R). The maximum acceleration
of the measured reaction rate due to reaction 8 can be estimated
whereC(i,j) denotes measured counts in chanmé& = *j” of to be only 5% for [O]/[CH] ~ 7.
molecule “i”. Some of these ratios are listed in Table 1 for  Other reactions (reactions-42), that might interfere directly
different acetone, CO, and GB channels compared to th@e or indirectly are too slow under the experimental conditions to

= 43 channel of acetone and the/e = 30 channel of have a measurable influence on the acquired profHés!
formaldehyde. These calibration experiments were routinely

performed with different mixtures. CH; + SO (+ M) — products ¢ M) (9)
Kinetic Analysis. The concentrations of the precursor species

(CHsCOCHy/CH3Br and SQ) were chosen so that the oxygen CH; + SG, (+ M) — products - M) (10)

atom concgntration was always in excess of the methyl radical H + CH.Br — CH, + HBr (11)

concentration resulting in [O]/[CH] ratios ranging from 7 to

50. For the “highest” concentrations of methyl radicals ([O)/ O+ CH,0—OH+ HCO (12)

[CH3] < 10) the data were treated according to second-order

kinetics, whereas pseudo-first-order conditions were assumed SO and S@might react with methyl radicals, but no decrease
for lower methyl concentrations. However, the difference in rate in either signal was observed in any experiment. In addition,
coefficients calculated with both methods was always smaller the possible recombination channels of reactions 9 and 10 should
than 10%, which lay well inside the range of experimental show up atm/e = 63 and 79, respectively, which were not
scatter. Also, heterogeneous loss of oxygen atoms, methyldetected. These observations are supported by findings of Slagle
radicals, or any other species on the reactor wall could be et al® who investigated the title reaction under similar conditions
neglected on the time scale of the reactiorx(4 ms). Incases  and concluded that reactions 9 and 10 can be neglected.
where Ne was used in the hollow cathode lamp, the concentra- Therefore, in the case of pseudo-first-order conditions, both
tion of oxygen atoms could be observed directly. Practically the decay of the methyl radicals and the rise of formaldehyde
no loss of oxygen atoms could be detected in any experiment; as the major product of reaction 1 could be generally fitted to
this was also assumed to be valid when Ar emission was usedsimple exponential functions according to

for photoionization and oxygen atoms could not be ionized.

Interestingly, mass peaks iste = 80 and 96 (see Figure 2) C(CH,3) = [CH,], x e Kt
suggest the existence of slow side reactions involving sulfur-
containing compounds. The signala’e = 96 can be explained C(CHy) = [CH,O], . % (1 — e Y

by the slow recombination of two SO moleculdg € 4.4 x
10731 cmf molecule? s71)28 generating 8, in small concen-

. Under second-order conditions the following two expressions
tration compared to SO:

were used to model the GFnd CHO signal profiles:

The channel at/e = 80 can have its origin either in SO(IE [Clo B [CHilp ¢,
= 13.15 eV¥#! or SO (IE = 10.6 eV¥? ions. However, the [Ol,

recombination of oxygen atoms with sulfur dioxide is too slow
to produce detectable amounts of S@ithin the observation  C(CH,0) = [CH,O], ., x
time (k7 = 1.0 x 10733 cm® molecule2 s71):29

_ [Ol, — [CH4, e ¥
0+S0,+M—S0,+M @) o, _[CH3lo g
[Cl,

Slagle et af detected very small amounts of sulfur atoms
produced in the photolysis of S$SOwhich might undergo _
reactions with SO or SPto form SO. Unfortunately, the ~ Wherek = k x [O]o x (1 — [CH3]d/[O]o). [CH3]o/[O]o ratios
literature on reactions inv0|ving S atoms is very sparse, and were obtained from the initial radical concentrations (See Table
this particular channel remains unconfirmed. 2). In the data analysis, [Gfb and k' were floated freely,

The slight decay in the concentration of methyl radicals in Whereas [CHO]maxWas determined by averaging the last data
experiments without S€ran be explained easily by the radical  Points in the time profile and onli" was fitted (see Figures

recombination reaction: 3b and 5a,b). The first-order rate constaktsindk'’, were then
plotted against the oxygen atom concentration and fitted to a
CH;+ CH; + M —CHg;+ M (8) straight line whose slope gave the second-order rate coefficient

(see Figure 6). For the Ar-lamp experiments, signalsvat=
However, the rate coefficient of this reaction has an upper 15 and 30 were identified to be GH(IE = 9.84 eV2% AP-
value of only< 5 x 107! cm?® molecule! s™1 at pressures at  (CHy™) = 15.09 e\??) and CHO" (IE = 10.88 eV?’ AP-
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TABLE 2: Experimental Conditions, Calculated Product Yields, and First-Order Rate Constants

Protal, VUV [SO, [precursor], [CH4], [OCGP)], COyyield, CHOvyield, Kk (CHs), K'(CH0),
# Tor T,K gas  10%cm3 10%cm2 10%cm=  10%2cm 3 % % st st
1 1 300 Ne 10.4 104 ~1.5 20.4 18.14.0 2909
2 1 300 Ne 15.0 90 ~1.3 27.2 17.9+ 5.1 3887
3 1 395 Ne 8.53 6.27 ~0.9 14.0 16.17.0 2637
4 1 300 Ne 7.26 1.13 14.4 12.3 142+ 7.8 76.6+ 23 1901 2193
5 1 300 Ne 10.1 1.61 19.7 14.6 14.9+ 9.6 77.0+£ 23 2521 3220
6 1 300 Ne 6.14 0.725 7.97 8.7 12.5+10.1 72.3+ 22 1099 1678
7 1 299 Ne 6.7 6.46 ~1.0 11.2 18.0: 5.4 2652
8 1 299 Ne 8.48 8.07 ~1.4 14.1 20.2£ 5.0 4547
9 1 299 Ne 10.1 104 ~1.7 17.2 17.5-45 4426
10 1 298 Ne 5.35 5.05 ~0.9 8.84 13.6+ 14 2194
11 1 299 Ne 6.07 0.65 6.3 11.7 29.A4 4.8 86.8+ 26 2029 2723
12 1 299 Ne 8.28 0.91 7.9 15.1 29.2t 4.6 73.3£ 22 2661 2891
13 1 298 Ne 4.6 0.82 3.7 8.43 21.8£ 6.7 90.7+ 27 1363 1785
14 1 298 Ne 12 19 13 20.9 15.8£ 7.2 86.7+ 26 2681 3698
15 1 299 Ne 3.91 0.46 53 6.46 19.4+-7.9 95.0+ 29 1035 1237
16 2.5 297 Ne 5.41 0% 4.9 6.75 9.1+ 9 63.3+ 19 881 1072
17 2.5 297 Ne 5.72 3.45 35 11.6 28.8t 8.9 117.8+ 35 1675 2500
18 2.5 298 Ne 6.36 3.42 ~0.6 12.4 14.9+ 15 2900
19 1 300 Ar 8.03 1.58 17.3 12.6 2069 2249
20 1 300 Ar 7.03 15 16.3 11.0 2092 2378
21 1 299 Ar 8.6 0.8 3.7 16.8 2796 3455
22 1 299 Ar 3.99 0.45 3.1 7.41 1390 1590
23 1 301 Ar 3.91 05 3.8 6.1 1003 1149
24 1 300 Ar 6.02 0.66 2.5 111 2140 2330
25 1 300 Ar 10.1 2 21.4 17.0 2803 2957
26 1 295 Ar 5.21 05 7.3 6.81 1209
27 1 296 Ar 0 184 25.7 0 130

apPrecursor: CkBr. ® Acetone.

(HCO") = 11.97 eV, AP(CO) = 14.1 e\#9), respectively. In conditions chosen. A candidate for this loss could be a temporary
the Ne-lamp experiments where acetone was used as theadsorption of formaldehyde on the reactor walls. However,
precursor, the peak ate = 14 originating from dissociation  second-order rate coefficients calculated separately from the
of excited CH* into CH,™ was taken for the fitting procedure  methyl decay or formaldehyde increase lie within 10% of the
because the separation of the actual methyl radical signal fromsecond-order rate coefficient calculated considering all data. In
the acetone cracking into the same channel was not possiblegeneral the statistical error for each evaluated rate can be given
For bromomethane (IE 10.53 eV8* AP(CHs*) = 12.8 eV, by approximately 10% @ for the methyl decay and 20%dp
AP(CH;") = 14.7 e\#9) neither channely/e = 14 nor 15, could for the formaldehyde increase.
be used so that only kinetic data from the formaldehyde  With bromomethane as precursor, the data show a large
formation could be obtained. The fit for formaldehyde formation amount of scatter, which we attribute to wall reactions caused
was checked against the increase in the signaivat= 29, by surface contamination with bromine atoms or bromomethane
which should originate mainly from cracking of GBI* into itself. Therefore, only data from experiments in which acetone
HCO". For this test the formaldehyde fit fave = 30 was as precursor was used were taken for both the @#tay and
multiplied by the respective calibration ratio (see Table 1) CH,O increase. The overall second-order rate coefficient for
resulting in the equivalent value for the'e = 29 channel of the reaction Ckl+ O(P) — products aP = 1 Torr (He) and
the CHO™ dissociation. Afterward, the offsets caused by T = (2994 2) K is given by
dissociation of CHCOCH;™ were added. The resulting profiles
described the actual data very well for all experiments, confirm- k,=(1.7+£0.3) x 10 *°cm® molecule* s
ing the fit and the identity of thawe = 30 channel as
formaldehyde. For the fitting procedure, the data points were in excellent agreement with the recommended value ofx1.4
shifted in time by one time step (4&) to account for the finite ~ 1071° cm® s1.11 The error given here is twice the standard
travel time of the molecules from the orifice to the ionization deviation.
region. Product Analysis. Products of reaction 1 identified in this
As can be seen in Figure 6, the reaction rates obtained frominvestigation were CKD and CO. The high ionization energy
the rise time of formaldehyde (shown as open triangles down) of CO made it necessary to use high-energy photons from a Ne
are generally larger by up to 20% compared to the rates discharge for ionization. Under these conditions there were
calculated from the decrease in the £38ignal (solid triangles several sources of the signalmafe = 28: N;* from background
up). The most likely source of error lies in the fitting procedure gas, CO from cracking of CHO and acetone, and Cdrom
(see above), for which the infinity value, [G8]max Was fixed. photolysis of acetone and finally from reaction 1c. Taking the
Even a slow loss reaction for GB molecules could easily lead  actual counts of acetonemate = 43 and multiplying the number
to an overestimate of the observed reaction rate. As a test weby the calibration ratio CR(acetone,28: acetone,43) gives the
generated curves composed of two exponential functions contribution to the counts in channel 28 from cracking of
mimicking a fast rise and a slow decrease and fitted single- acetone. The amount of CO originating from acetone photolysis
exponential functions to these. Even small decay rates-8f4 can be determined by multiplying the drop in acetone counts at
compared to the rate of production resulted in apparent reactionm/e = 43 by CR(CO,28: acetone,43). After subtraction of all
rates 5% to 10% higher. Unfortunately, we were not able to contributions, the remaining countsrafe = 28 were associated
observe such small decay rateslQ s %) under the experimental ~ with CO produced in reaction 1. Figaib ¢ shows the evolution
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Figure 6. Second-order plot of first-order rate constants vs the
concentration of oxygen atoms under various conditions. (a) Ar
emission: observed were masses 4p&nd 30 §), both with acetone

as precursor. (b) Ne emission: observed were mas®BWith CHs-

Br as precursor, and masses W) agnd 30 §) both with acetone as
precursor. The solid line<) in (a) and (b) is obtained by a linear fit
to all first-order rate constants with acetone as a precursor.

Reaction

laser fires and after reaction 1 is complete, itemized by
contributions of its sources. In experiments with acetone oF CH
Br as the precursor molecule approximately 10% or 20%,
respectively, of the total counts at this mass could be attributed
to CO from reaction 1.

The quantification of the yields was carried out in two
different ways. First, the final amount of formaldehyde produced
was compared with the drop in concentration of acetone after
. : : : photolysis, assuming a methyl quantum yield of two (see

1.0 15 20 25 3.0 35 40 Discussion on correction). Second, the increase in the CO

Time /ms concentration was compared to the increase i,@HThe
Figure 5. lon signals of reactants and products plotted vs time recorded concentration ratios were calculated from the differences in
in experimen# 5 (see Figure 4 and Table 2). The solid lines in plots counts of acetonenfe = 43), CHO (m/e = 30), and CO1fve
(a) and (b) are fits to second-order decay and rise functions. The broken= 28) before the excimer laser pulse and after all methyl radicals
lines were obtained by normalization of the data according to the \are consumed, and corrected according to the calibration ratios
respective calibration ratios and adjusting for different offsets. Plot (c) from Table 1. The results are shown in Table 2 and Figure 7.

shows data for channeive = 28 and the contributions to the signal . .

counts from the different sources. First-order rate constants aké (a) 1N€ average CHO yield for reaction 1 was>,(CH,0)= 0.84

= 2521 s, (b) K" = 3220 sL. + 0.15 whereas for the CO yield, a value®f(CO)= 0.18+
0.08 was found foiT = (299 + 2) K andP = 1 Torr (He),

of the signal atm/e = 28 and the average values before the confirming the findings of Seakins and LeoHeThese results

Counts / 102k Sweeps

® m28:CO" N,

1 1 L i 1 L
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T R nm did not detect either CHor CH,CO, thus confirming the
140 Precursor 1 upper limit given by Lightfoot et al. However, North et al. found
Acetone i that all detected H atoms could be attributed to secondary
120 photolysis of methyl fragments, leaving the 3% value of the
CH,COCH; + H channel questionable.
We attempted to detect GHadicals (IE= 10.35 eV\®) in
* 100 separate experiments photolyzing acetone at the highest obtain-
= able laser intensities. Using Ar as the discharge gas the formation
T 80 of CH,™ from CH; was not possible, providing a low back-
o ground for the detection of CHradicals. At bath gas (He)
> 60 pressures of 1 Torr, electronically excited singlet,CiHould
gw be quickly quenchedr(~ 104s%*) into the less reactive ground
o triplet state. Assuming a reactive removal of singlet methylene
40 on every collision with acetone, less than 50% of the,CH
produced is supposed to elude detection. However, even at
20 methyl radical concentration of larger thank110'® molecules
cm~2 no signal aim/e = 14 could be observed. Assuming that
the ionization cross section of GHs comparable to that of

J CHs, we concluded that the photon density was not high enough
Precursor to produce methylene radicals in any significant amount.

CH.Br ] As mentioned earlier, the chemistry of the system with
Acetone bromomethane as the precursor species does not appear to be
as clean as in the case with acetone. We assume that hetero-
geneous reactions on the reactor walls involving bromine species
are responsible for the observed fluctuations in the reaction rate,
so that it is unlikely that the products are either CO or,OH
Therefore, the measured concentration ratio of these species
should simply reflect exactly the product distribution of reaction

1. As can be seen in Figure 7, consistent yields of CO were
determined from experiments using eitherBHor acetone as

a methyl radical precursor.

Since ethane produces a strong dissociative ionization signal
at m'e = 28, we also considered the effect of methyl radical
recombination to ethane as a possible contribution to the total
signal atm/e = 28. Calculations based on rate coefficients and

il 12 measured ionization efficiencies suggest the effect should be
1234567 8 9101112131415161718 undetectable at our noise levels. Furthermore, no correlation
# of Experiment exists between the [O]/[Cffiratio and the computed CO vyield,
justifying the neglect of corrections for ethane formation and
dissociative ionization.

The surface adsorption of formaldehyde mentioned above
would definitely alter the measured @Bl and CO yields
also indicate that formaldehyde and carbon monoxide are thedirectly. However, itis very unlikely that the loss amounted to
dominant carbon-containing products of reaction 1. more than a few percen.t, and even with an ynreahsuc correptlon

for the formaldehyde yield to 100%, the yield for CO (which
depends on the [CO] to [GID] ratio), would drop only to 85%
of its calculated value.

Two precursor substances were used for these investigations, Averaging all measured product yields of CO from reaction
and each had its advantages and disadvantages. The photolysis, &,(CO), including the results for the formaldehyde yield with
of acetone at = 193 nm is essentially a clean source for methyl &,(CO) = 1 — ®1(CH,O) results in
radicals as Lightfoot et al. showé#lAccording to these authors,
the channel leading to 2GH+ CO accounts for95% of the $,(CO)=0.17£0.11
total dissociation. The apparent CO vyield of reaction 1 would
have to be corrected upward by approximately 14% whereasfor T = (299+ 2) K andP = 1 Torr (He). The error given is
the CHO vyield would have to be raised by 0:95f 5% of the one standard deviation. Correcting the product yield according
photolyzed acetone went into minor channels. The reported to the quantum yield measured by Lightfoot et al. would lower
minor products are C}¥OCH; + H (~3%), CH; + CH,CO ®4(CO) by less than 10%, which lies well inside the error limits.
(= 2%), and CH from secondary photolysis of methyl radicals. Another source of error might come from reactions of
A subsequent reaction of GBOCH; with O atoms might lead  vibrationally excited photolysis products. A number of authors
directly or indirectly to CO or CHO, thus obscuring any  have investigated the energy distribution in the photofragments
production of carbon monoxide or formaldehyde from reaction produced in the photolysis of acetonejat= 193 nms37:40.41
1. In turn, this would lower the apparent yield for both reaction The internal energy in the methyl fragments is considerahle (E
products by a slight amount depending on the actual product= 98.7 kJ/mol§” which might influence the dynamics as well
distribution of the reaction C}OCH; + OCP). Studies as kinetics of reactions 1. However, deactivation through
performed by North et & on acetone photolysis dt= 193 collisions with the bath gas, H&*3 or the reactor walls is

CO-Yield in %

10

Figure 7. Plot of product yields for CkD and CO from reaction 1.
Average values are marked by)Y and (- - -), respectively. The data
are numbered according to Table 2.

Discussion
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sufficiently fast, resulting in a lifetime of vibrationally excited observation of the kinetics and mechanism of fast radical
methyl radical ofr < 100us. The time constant for the reaction radical reactions possible. The reaction of methyl radicals and
is up to 10 times longer than that for deactivation, so that a oxygen atoms was investigated. The results of Seakins and
possible influence on the mechanism for reaction 1 should be Leone!* showing the existence of a second reaction channel
minimal. Moreover, a few experiments were performed at bath producing carbon monoxide, was confirmed. The 17% yield
gas pressures d® = 2.5 Torr, accelerating the deactivation determined in this work would indicate that a nonnegligible
without any detectable effect on kinetics or product distribution. amount of the CO formed in important combustion systems
The literature on the photodissociation dynamics of bro- would come directly from reactions 1. The remainng0%
momethane at = 193 nm is unfortunately very sparse. Van would have to be produced in an oxidation chain beginning with
Veen et al investigated the translational energy distribution CH,O. The exact influence on flame properties can only been
in the methyl and bromine fragments and concluded that the determined in simulation calculations. Further experiments,
internal energy in the Cifragments is considerably less than especially on the temperature dependence of the branching ratio,
in the case of acetone photodissociati&m: (= 30.6 and 18.5 are necessary to establish these results under more combustion-
kJ/mol for the Br/Br* channels). Most of the excitation is in relevant conditions and are planned for the future.
the v, (CH, umbrella) vibrations, which are quenched much
faster by He atoms than the (antisymmetric G-H stretch) Acknowledgment. The authors thank Dr. Herbert J. Bern-
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