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Rate Coefficients for the OH+ HC(O)C(O)H (Glyoxal) Reaction between 210 and 390 K
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Rate coefficientsky(T), over the temperature range of 21890 K are reported for the gas-phase reaction

OH + HC(O)C(O)H (glyoxal)— products at pressures between 45 and 300 Torr (He,Rate coefficients

were determined under pseudo-first-order conditions in OH using pulsed laser photolysis production of OH
radicals coupled with OH detection by laser-induced fluorescence. The rate coefficients obtained were
independent of pressure and bath gas. The room-temperature rate coefi¢®d6,K), was determined to

be (9.15+ 0.8) x 1072 cnm?® molecule™ s ky(T) shows a negative temperature dependence with a slight
deviation from Arrhenius behavior that is reproduced over the temperature range included in this study by
ki(T) = [(6.6 & 0.6) x 10 ¥ T{exp([8204+ 30]/T)] cm® molecule* s~%. For atmospheric modeling purposes,

a fit to an Arrhenius expression over the temperature range included in this study that is most relevant to the
atmosphere, 216296 K, yieldsk(T) = (2.8 + 0.7) x 10 *? exp[(340+ 50)/T] cm® molecule* s™* and
reproduces the rate coefficient data very well. The quoted uncertaintlgéTinare at the 95% confidence

level (20) and include estimated systematic errors. Comparison of the present results with the single previous
determination ofk;(296 K) and a discussion of the reaction mechanism and non-Arrhenius temperature
dependence are presented.

1. Introduction reported in the literature to date; Plum et&lsed a relative

Glyoxal, HC(O)C(O)H, the simplest-dicarbonyl, is a stable rate method a”‘ﬂ repqrtdd(296 K) = (1'.0§i 0.4) x 1071
end-product formed in the atmospheric oxidation of a number cr.n3 molecule s l: Th's k1(2.96 K) valge IS In poor agregment
biogenic and anthropogenic volatile organic compounds (VOCSs), with .the rgte coefficient estimated using the strucﬂueﬂwty
including isoprenkand terpenoid3:® Satellite-based measure- rE|at'°ESh'pS (SAR) d?V?|1Oped by lf;NOk and Atkgn§dr2._5
ments of glyoxal in the atmosphere suggest that the oxidation * 107 cm® molecule™ s™2. The JPL® and IUPAC® kinetic

of biogenic VOCs in tropical regions is an important source of data evaluations currently recommend t_he rate coeffl_cn_ent
glyoxal globally® Glyoxal serves as a marker for “hot spots” reported by Plum et al. but include large estimated uncertainties,

of atmospheric organic chemistry, in part because it is a f(298 K) = 1.5 an_dAIog(kl) = 0.4, respectively, due to t_he
significant oxidation product of a variety of organic com- lack of corroborative data. There are presently no published

poundsS” The atmospheric processing of glyoxal also represents XPerimental rate coefficient data for the temperature depen-

a significant source of HO(HOx = OH + HO,),® and it has dence ofk. The limited number of kinetic studies, the

been suggested that glyoxal may play a role in secondary Organicd|screpancy with the SAR-estimated rate coeff|(_:|ent, and_ the

aerosol (SOA) formatiof: 11 absence of temperature_—dependent data for reaction 1 motivated

The atmospheric lifetime of glyoxal is relatively short, on the present rate coefficient study.

the order of hours, and is primarily determined by its reaction ~ Gas-phase reactions of OH with aldehydes have been shown

with the OH radical8 12 to occur almost exclusively via H atom abstraction from the
aldehydic groug’~1°® However, despite numerous laboratory

OH + HC(O)C(O)H— HC(0O)CO+ H,0 (1) measurements and theoretical studies, the details of the reaction

mechanisms are at present not completely understood. A number

and by UV photolysi¥ of the OH+ aldehyde reactions exhibit non-Arrhenius behavior
and a negative temperature dependence, suggesting the forma-
HC(O)C(O)H+ hv — products (2) tion of a stable prereactive add@tin addition, theoretical

studies, such as those for the reactions of formaldehyde, HC-

Deposition, uptake onto existing aerosol (SOA formation), and (O)H, and acetaldehyde, GB(O)H, with OH2122 have pro-
gas-phase reaction with the Neadical are additional possible  vided evidence for an OH adduct as a reaction intermediate.
loss processes for glyoxal. Despite _the atmospheric ImportanceGlyoxal is a small organic molecule and therefore suitable for
of glyoxal and its molecular simplicity, only one experimental relatively high levels of theoretical treatment. Galano éfal.
determination of the rate coefficient for reactiorky,,has been have studied the reactions of OH with glyoxal and methylgly-
. oxal, CHC(O)C(O)H, theoretically using ab initio quantum
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Figure 1. Schematic of the pulsed laser photolysiaser-induced fluorescence (PtBIF) apparatus used to measure the rate coefficient for
reaction 1ki(T), OH + glyoxal— products. The dashed lines and arrows show the direction of the gas flow through the apparatus. Two OH radical
precursors were used: 6, or a mixture of NO and CH in a He bath gas. FT-IR Fourier transform infrared spectrometer; PMTphotomultiplier
tube.

quartz lens

mechanism that involves a weakly stabilizee3(kcal mol™?)
OH—glyoxal adduct. The calculatdd(296 K) is in reasonable
agreement with the available experimental data but a factor of

pulsed photolysis of pD in the presence of excess ¢t a
He bath gas

2 smaller (the agreement for the OHmethylglyoxal reaction N,O+ hv — N, + o(lD) 4)
rate coefficient is much better). In addition, a negative temper-
ature dependence fiy(T) was calculated with a slight deviation O(*D) + CH,— OH (4= v = 0) + CH, (5a)
from Arrhenius behavior. Accurate experimental datakigr)
over a wide temperature range will provide the information —CH;O+H (5b)
needed to validate and/or improve the theoretical methodology —CHO-+H (5¢)
for this reaction. 2 2

In this paper, we report measurementskefT) over the —O(CP)+ CH, (5d)

temperature range of 23390 K using the pulsed laser

photolysis-laser-induced fluorescence (PLEIF) technique. 1o NO/CH, source was used for rate coefficient measurements

Our re_sults are compar_ed with previously reported OH rate ,ar the temperature range of 21890 K. The quantum yield
coefficient data for reaction 1 and several other small carbonyl ¢, O('D) production in reaction 4 is unity at 193 nm, and the

compound reactions as well as rate coefficients estimated usmgbranching ratios for reactions 5a, 5b, 5¢, and 5d are{1%)%
the structure-activity relationships of Kwok and Atkinsot. (20 + 7)%, (5 + 5)%, and <1% ’res,pectivel)}?’ The OH
The mechanism for reaction 1 is discussed in light of the recent produced in reaction 5a has38% of its population initially in

theoretical study? The significance of our rate coefficient o, it vibrational level2 The impact of vibrationally excited
measurements with regard to the role of glyoxal as an gy gn the rate coefficient data analysis is discussed later. For
atmospheric source of HGs also discussed. the conditions used for the®/CH, source in our experiments,
>70% of the initially produced OD) was converted to OH
within 1 us. Nitric acid photolysis at 248 nm was also tried as

Pulsed laser photolysis production of OH radicals coupled a source of OH radicals
with its detection by laser-induced fluorescence (PLFF) was
used in the determination of the rate coefficient for reaction 1,
ki(T), under pseudo-first-order conditions in OH, [OK&
[HCOCOH)]. The PLP-LIF apparatus is shown in Figure 1 and However, problems associated with secondary OH generation
has been described in a recent study from this labordfory. limited the usefulness of this OH source. A possible interpreta-
Therefore, the apparatus is only briefly described here. The LIF tion of the secondary OH generation is presented in the Results
reactor was a Pyrex-jacketed cell, internal volume-@60 cn#, and Discussion section.
housed in a vacuum chamber. The temperature of the reactor The initial OH radical concentration, [Obj]Jwas estimated
was maintained by circulating fluid from a heating or cooling using
reservoir through the reactor jacket. The temperature of the gas
in the LIF reactor was measured with a calibrated thermocouple (7
and was accurate t&1 K.

OH radicals were produced using two different pulsed laser where ¢; and ®, are the absorption cross section and OH
photolysis sources. 4, photolysis at 248 nm (KrF excimer  quantum yield, respectively, for the OH precursor at the
laser), photolysis wavelength{, F is the photolysis laser fluence
(photon cm? pulse?), and [precursor]r is the OH precursor
concentration in the LIF reactor. The photolysis laser fluence
was measured at the exit of the LIF reactor with a calibrated
where the quantum yield for OH production at 248 nm #§ 2,  power meter. [precursqif was determined from flow rates or
was used foki(T) measurements at temperatures between 240 from the measured pseudo-first-order rate coefficient for the
and 390 K. The KO, source was not used below 240 K due to loss of OH in the absence of glyoxal
condensation of kD, in the LIF reactor at lower temperatures.
The second OH source used was the 193 nm (ArF excimer laser)

2. Experimental Section

HNO, + hv — OH + NO, (6)

[OH], = 0,P,F[precursor] ¢

H,0, + hv — OH + OH

3)

OH + precursor— products

)
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with kg(T) for CHs and HO; taken from Sander et &.The by passing a small flow of bath gas,1% of the total gas flow,

ranges of [precursark used in our experiments were-(80) through a bubbler containing the95% pure liquid HO,. The

x 103 molecule cm for H,0,, (4—10) x 108 molecule cnm3 H,0, reservoir was kept at or below the temperature of the LIF
for CHy, and (5-20) x 10 molecule cm?® for N,O. [OH]o reactor to avoid condensation ob®b in the LIF reactor.

values were in the range of{80) x 10 molecule cm during Glyoxal was obtained commercially in a stable hydrated form
the course of this study. (glyoxal trimer-dihydratez95%). Pure glyoxal monomer was

OH (OD) radicals were excited in the’&" — X?[Tband at  prepared from the solid trimer-dihydrate using the method
282 nm (287 nm) using the frequency-doubled output of a pulsed described by Volkamer et &l.Equal masses~5 g) of glyoxal
Nd:YAG pumped dye laser. The OH (OD) fluorescence signal trimer-dihydrate and solid phosphorus pentoxidgog? > 98%)
was detected by a photomultiplier tube (PMT) mounted were mixed and slowly heated under vacuum from 25 to
orthogonal to the photolysis and probe laser beams. A band-~160°C. A small flow of He <20 STP crd min~?) was passed
pass filter (peak transmission at 310 nm and a 20 nm band-over the heated sample and through a collection reservoir where
pass, fwhm) mounted in front of the PMT was used to isolate the bright yellow pure glyoxal solid was collectedrat-70 °C.
the OH fluorescence. The PMT signal was averaged using aThe glyoxal sample was used without further purification. The
gated charge integrator for 100 laser shots at reaction timesyapor pressure of the glyoxal sample at 200 K was measured
between 1Qus to 50 ms. to be~0.05 Torr (2 x 10 molecule cm?3).

OH temporal profiles were measured under pseudo-first-order 5 3 1 concentration Determinatiolyoxal was introduced
conditions in OH, [HC(O)C(O)HP> [OH]o. .For the HO, into the PLP-LIF gas flow from dilute gas mixtures of glyoxal
source, the OH decay followed the expression in He. The mixtures were prepared manometrically in 12 L

[OH] S Pyrex bulbs (darkened to minimize exposure of the sample to
In( ‘) =1In _) = —(k,[HC(O)C(O)H] + k)t room light). Several gas mixtures were prepared over the course
[OH], S of the study with glyoxal mixing ratios 0f0.5% at total

= —Kt (9) pressures of~1000 Torr (He). The glyoxal/He mixture was
added to the PLPLIF gas flow through a calibrated flow meter.
WhereS is the OH LIF Signal at time that is proportional to The g|y0xa| concentration in the LIF reactor, [g|y0x_&]] was
[OH]:, k' and ky are the pseudo-first-order rate coefficients determined using the measured flow rate and the sample mixing
measured in the presence and absence of glykxegpresents  yatio in addition to the in situ optical absorption measurements
the loss of OH radicals due to reaction with the OH precursor, described below.
buffer gas impurities, and diffusion out of the detection volume. ; PR
Values ofky were between 50 and 500%s k' was measured an)th[g I)(ng?IS]a,a\évggodiﬁrlr)n|2;)asdolrjst|ir(1)gr]].|r]r;guUL{l/Va(r?(; 1”25
for a range of [HC(O)C(O)H] at each temperature, &) absorptions were also used to check the glyoxal sample purity
was determined from th_e slope I_dfvers_us [HC(O)C(O)H]. and for possible loss of glyoxal in the flow through the PLP
.The OH temporal profiles obtalne_d with thQNCH“ source LIF apparatus. UV absorption was measured using a Hg pen-
differed from eq 9 due to the formation of vibrationally excited ray lamp, a 100 cm long (2.5 cm diameter) absorption cell, a

OH (4= v = 0) in reaction 5a and its Ssubsequent collisional 1 g5 nm narrow band-pass filter, and a solar blind photodiode.
relaxation to the ground vibrational st&t&8In our experiments, Infrared absorption spectra were recorded using a Fourier

only the temporal profile of QHL( = 0) was observed. The  angform spectrometer between 500 and 4000'@na spectral
opserved C.)H temporgl profile were well represented by a yogoyytion of 1 cmt using 20 coadded scans. A multipass
biexponential expression: absorption cell (485 cm optical path length, 750 3ctutal
= A expl=k 1) + A. exp—Kt 10 volume, anq KBr windows) was used for all IR measurements.
3 1 &XP( kq) 2 XPEKY) (10) UV absorption was measured before the LIF reactor while the
wherek, is an effective first-order rate coefficient for the total  Infrared absorption spectra were measured either before or after

loss of vibrationally excited OH > 0), which includes  the LIF reactor.

quenching and reactive loss. Vibrational quenching was prima-  The [glyoxallir determined from the optical methods were
rily by CHg. [Note: OH @ = 1) + He — OH (v = 0) + He, scaled to account for differences in temperature (UV and IR
k=1.2 x 10°18 cm® moleculel s~1 so that under the conditions  absorption were measured at 296 K), dilution, and pressure
in our experiments He quenching of vibrationally excited OH between the LIF reactor and absorption cells. The [glyexal]

is small.] Representing OH vibrational relaxation with an Was varied over the range of{250) x 10" molecule cm?®
effective first-order rate coefficient is an oversimplification of ~during the kinetic measurements. The three methods (flow rates
the actual relaxation mechanism. However, this approximation and UV and IR absorption) used to determine [glyaxaHgreed
does not impact the determinationldfiue to the separation of ~ t0 within 5% under all measurement conditions used in the

time scales for OH vibrational relaxation and Ok € 0) determination oky(T).
reactive lossk' was determined by fitting the OH signal versus The optical absorption methods were performed indepen-
time to eq 10. dently but do share a common basis in the absorption cross

2.1. Materials. He (UHP, 99.999%), N(UHP, >99.99%), sections used to determine [glyoxai] The infrared and UV
02 (UHP, >99.99%), CH (>99.97%), NO (99.999%), HO (185 nm) glyoxal absorption cross sections were determined as
(>99.99%), and BO (>99.9%) were used as supplied. He and part of this work. Glyoxal/He mixtures were used to determine
N, were used as buffer gases in the kinetic measurements wherabsorption cross sections using static fills of the absorption cells
using the HO, photolysis OH radical source. Concentrated and absolute pressure measurements. Absorbances varied lin-
H.0,, >95% purity, was prepared by bubbling for several early with glyoxal concentration over the range of (6-352)
days through a bD, sample that was initially at~60% x 10' molecule cm? (i.e., obeyed a linear Beet.ambert
concentration. Deuterium-enriched,®/D,0O, samples were relationship) and yielded an absorption cross sectiggsxar
prepared by adding O to the HO, sample at the beginning (185 nm), of (3.58+ 0.07) x 1071° cn? molecule’® (base e).
of the purification process. #, was added to the LIF reactor The absorption cross section at the peak of the R-branch, 1740
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TABLE 1: Summary of Experimental Conditions and Measured Rate Coefficients for the OH+ HC(O)C(O)H (Glyoxal)
Reaction, ky(T), Using Pulsed Laser Photolysis of kD, as the OH Radical Source

photolysis ka(T)

T P v [H207] (10 laser fluence [OH]o (10%* [HC(O)C(O)H] (10 *2cm?
(K) (Torr)  gas (cms!)  moleculecm®  (mJcnm?pulse?)  molecule cm®) (10" molecule cm®  molecule! s 1)
240 104 He 5.6 0.75 8.5 1.4 214.0 12.3+ 0.29
247 109 He 12.4 1.3 12.9 3.9 8.5 11.7+£0.29
257 95 He 19.4 14 12.1 3.7 0:8.1 9.67+ 0.30
281 104 He 11.9 1.2 8.5 2.3 0.4 9.61+ 0.25
281 105 He 12.1 15 6.7 2.2 6.4 9.33+0.18
296 45 He 9.6 1.8 17 6.8 1.16§.25 9.284+ 0.37
296 53 He 19.2 1.2 7.9 2.1 =r.8 8.87+ 0.23
296 97 He 20.1 4.7 2 2.1 5.4 9.08+ 0.41
296 97 He 20.3 1.4 6.6 2.1 7.9 8.63+ 0.20
296 98 He 7.1 2.0 7.7 3.5 1.29.69 8.91+ 0.22
296 99 He 9.4 1.3 7 2.0 1-911.6 8.71+ 0.41
296 100 He 6.9 2.2 8.1 4.1 1.372.74 9.284+ 0.22
296 103 He 6.8 3.6 6.9 5.6 5.515.0 9.13+0.24
296 307 He 5 1.5 4.1 1.4 2.923.9 9.44+ 0.25
296 45 N 8.1 1.4 51 1.6 2.1112.1 9.03+ 0.16
296 46 N 8.1 5.2 1.3 1.5 2.3713.0 9.18+ 0.24
296 96 N 9 2.2 4.1 2.1 1.427.09 8.67+ 0.26
317 102 He 10.1 2.1 8.4 4.0 +=B.3 8.70+ 0.27
342 107 He 8.4 1.4 20.8 6.5 +11.1 8.60+ 0.27
367 43 He 12.7 2.0 17.7 7.9 3.7 8.21+ 0.18
388 111 He 18 1.4 13.4 4.1 0-A.6 8.07+£ 0.23
388 304 He 8.5 1.1 6.5 1.5 2811 8.15+ 0.27
391 102 He 9.5 0.89 7.3 1.5 +11.2 8.24+ 0.25
391 103 He 9.2 15 8.2 2.8 EB.6 8.13+ 0.26
391 104 He 10.5 4.3 3.5 34 Y5 8.18+ 0.26

2 The quoted uncertainties are the @recision values obtained using eq 5.

TABLE 2: Summary of Experimental Conditions and Measured Rate Coefficients for the OH+ HC(O)C(O)H (Glyoxal)
Reaction, ky(T), Using Pulse Laser Photolysis of BD/CH,4 as the OH Radical Source

photolysis ka(T)

T P v [N2O] (10 [CH,] (10 laser fluence [OH]o (20 [HC(O)C(O)H] (1072 cm?
(K) (Torr,He) (cms?) molecule cm® molecule cm®) (mJcnt?pulse?) molecule cm®) (10 molecule cm®) molecule! s7%)2
209 51 8.4 5 4 0.326 2 1.7 14.2+ 0.32
211 101 7.3 7 5 0.326 2 3.5 14.0+ 0.53
221 98 6.8 7 5 0.295 2 2110.6 13.5+ 0.59
231 100 6.6 6 5 0.282 2 246.7 12.14+ 0.53
241 49 13.8 6 5 0.16 0.9 0-77.5 11.3£ 0.72
241 102 6.5 6 5 0.138 0.8 314.9 12.3+0.24
241 103 6.4 6 5 0.16 0.9 1-60.5 11.44+-1.03
255 104 6.6 6 6 0.138 0.9 2432 10.0+ 0.86
268 104 6.6 6 6 0.15 0.9 2485.2 9.3%+ 0.87
296 99 6.6 20 5 0.165 4 1-41.2 8.55+ 0.35
296 101 6.8 5 5 0.165 0.9 110.2 9.14+ 0.75
296 110 6.3 7 10 0.144 1 325.8 8.94+ 0.98
323 107 7.7 8 6 0.139 1 2614.4 8.47+ 0.33
388 53 8.3 8 4 0.15 1 1.7 8.12+ 1.23
388 108 7.5 9 7 0.15 1 1-712.8 8.04+ 0.98

2 The quoted uncertainties are the @recision values obtained from the fits to eq 5.

cm1, and the G-H stretch integrated band strength for glyoxal 3. Results and Discussion

were determined to begyoxa(1740 cmt) = (8.11+ 0.10) x - . )
10719 cn? molecule? and Syyoxa(2724-2940 cnl) = (1.63 Rate coefficients for reaction k;(T), were determined under

_ : do-first-order conditions in OH over the temperature range
+ 0.02) x 10717 cm? molecule’ cm™, respectively (base e). pseu .
The quoted uncertainties in the cross sections araritl are of 210--390 K at pressures between 45 and 300 Torr in He and

based on the precision in the slope of the linear Ieast-squares50 and 100 Torr in hibath gases. The lowest temperature used

analysis fhe measured bsotbance versus [HC(OIC(O) . Thel 2 4) messurements, 210 wes csbioned fo avor
IR cross sections measured in this work are in excellent 4 o ver temperatures. Tables 1 and 2 summarize the experi-
agreement (within 5%) with those reported by Volkamer &f al. mental conditions used and the measuegd). ki(T) was found
Pressures were measured with calibrated 10, 100, or 1000to be independent of pressure and bath gas over the range of
Torr capacitance manometers. Calibrated electronic mass flowconditions covered in this study.
transducers were used to measure gas flows. The gas flow Figures 2 and 3 show OH temporal profiles that are
through the reactor was sufficient to flush the gas mixture representative of the data recorded during ki) measure-
through the reaction volume between photolysis laser pulses,ments. The OH decays were exponential (biexponential when
10 Hz. the NbNO/CH; OH source was used) for all temperatures and
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Figure 2. Examples of OH temporal profiles measured using laser-induced fluorescence (LIF) with different glyoxal concentrations: [HC(O)C-
(O)H] (10 molecule cm®) = 0 (v), 2.0 (), 8.1 ©), and 13 A). OH profiles were measured at 220 K in 100 Torr of He using 193 nm photolysis
of a NbO/CH, mixture as the OH radical source. The error bars on the data points are (88% confidence limit) uncertainties from the precision

of the OH signal measurement (100 laser shots). The lines are the precision-weighted biexponential fits of the OH profiles to eq 10. The inset
shows an expanded view that more clearly shows the rapid growth in ground-state vibrational OH at early times (see text).
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Figure 3. Examples of OH temporal profiles measured using laser-induced fluorescence (LIF) with different glyoxal concentrations: [HC(O)C-
(O)H] (10 molecule cm®) = 0 (@), 1.7 O), 2.2 (x), 3.6 ©O), 6.5 (1), and 11.2 7). OH profiles were measured at 390 K in 100 Torr of He using
H.0O, photolysis at 248 nm as the OH source. Profiles measured at other temperatures and pressures were of similar quality. The error bars on the
data points are thed2(95% confidence limit) uncertainties from the precision of the OH signal measurement (100 laser shots). The lines are the
precision-weighted linear least-squares fits of the OH profiles to eq 9.

experimental conditions usdd(T) was found to be independent temperature using eq 9. Figure 4 shows a summary okthe (

of variations in the experimental conditions such as [H] kg) data obtained at 240 and 296 K. The consistency of the data
photolysis laser fluence, pressure, and gas flow velocity, as sets indicates the independence of the measurements to varia-
outlined in Tables 1 and 2. Therefore, we obtaikgd) from tions of the experimental conditions. This analysis yielded

a simultaneous analysis of all data obtained at a given k(296 K) = (9.154 0.8) x 10712 cm?® molecule’! st where
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(95% confidence limit) uncertainties obtained from the measurement precision. The lines are from the linear least-square analysis of the data, eq
9, and the slopes yielki (220 K) andk;(296 K).

the quoted uncertainties arer Z95% confidence level) and  a linearized Arrhenius expression yielkg(T) = (3.7 £+ 0.5)
include estimated systematic errors (see section 3.1). x 10712 exp[(285+ 40)/T] cm3 molecule® s~ and is consistent
The temperature dependencekg(T) is shown in Figure 5. with a small secondary kinetic isotope effect (G9%/kig <
ki(T) shows a negative temperature dependence and deviated). The measureb4(T) values are also included in Figure 5.
slightly from Arrhenius behavior over the range of temperatures 3 1. Error Analysis. The accuracy oki(T) obtained in this
studied. A fit of ky(T) to the formk(T) = AT? exp(~B/T) work was dependent on the precision of the measurements, the
reproduces the experimental data, within the measurementyncertainty in the determination of [glyoxall, and possible
uncertainty, over the entire range of temperatures included in gystematic errors. The kinetic measurements are of high

this study precision and contributes5% to the uncertainty itk (T). We
e o estimate the systematic uncertainties in the experimental
ky(T) = [(6.6 & 0.6) x 10 *| T’[exp([820=+ 15]/T)] parameters to be relatively smal:1% in total pressure:2%
cm’® moleculé®s™, T=210-390K (11) in flow rate, and<1% in temperature. The largest source of

uncertainty (systematic) in the present study lies in the deter-

The mechanism for reaction 1 and the non-Arrhenius behavior mination of [glyoxall . The uncertainty in the UV and infrared
of ky(T) are discussed later. For atmospheric modeling purposes,absorption cross sections of glyoxal determined in this work
a fit to an Arrhenius expression over the temperature range are estimated to be5%. Absorption measurements made before

included in this study that is most relevant to the atmosphere, and after the reactor were in excellent agreement, within 2%,

210-296 K, yields at all temperatures, implying no measurable loss of glyoxal in
the LIF reactor. In addition, no evidence for glyoxal dimeriza-
ky(T) = (2.8+ 0.3) x 1012 exp[(3404+ 30)/T] tion?® at low temperatures was observed, i.e., the measured

3 11 _ pseudo-first-order rate coefficients were linear with respect to
cm'molecule”s %, T=210-296K (12) the glyoxal concentration as shown in Figure 4. At elevated

which reproduces the measuriedT) very well and is included temperatures, no thermal decomposition of the glyoxal was

i . observed.
in Figure 5 for comparison. .
Rate coefficientsky(T), for the reaction The possible loss of glyoxal from the gas flow due to
homogeneous or heterogeneous reaction wif® Mapor was

OD + HC(0)C(O)H— HOD + HC(O)C(O)  (1d) tested experimentally and found to be insignificant under our
normally dry measurement conditions,,fB] < 104 molecule

were measured under pseudo-first-order conditions in OD at cm™3. However, the addition of 1.5 10'® molecule cm® of
296, 350, and 390 K at total pressures of 45 and 100 Torr He. H2O to the LIF reactor (296 K) lead to a measurable glyoxal
OD radicals were produced by the 248 nm pulsed laser loss; a 25% loss was observed between the UV and IR
photolysis of BO, (using a deuterium enriched,&, sample). absorption cells. In summary, the [glyoxa#]determined from
The OD temporal profiles were exponential for all experimental the gas flow and UV and IR absorption measurements are
conditions, i.e., obeyed eq 9. Table 3 summarizes the experi-accurate to withint6% for all the experimental conditions used
mental conditions used and the measug(T) values. A fit to in the determination oky(T).
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Figure 5. Temperature dependence for the GHglyoxal reaction rate coefficient,(T), and comparison with previously reported values.
The data from this work are given as solid symbdis H,O. source;®, N;O/CH, source;a, OD + glyoxal reaction, 3O, source). The error
bars are the @ precision values (95% confidence limit) from the analysis of the data using eq 9 with the exception of the data points at
the temperature extremes that also include estimated systematic errors (see text for error analysis). A fit to all ofithglyokhl data
from our work (dotted line) yields(T) = [(6.6 & 0.6) x 1078 Tqexp([820 £ 15]/T)] cm® molecule® s7! for the temperature range of 220

390 K. A fit to an Arrhenius equation (solid line), over the temperature range 0296 K, yieldsky(T) = (2.8 &+ 0.3) x 102 exp[(340+
30)/T] cm® molecule® s™X. The dashed lines are thes Zincluding estimated systematic errors) range of rate coefficients from the global

fit. The room-temperature measurement of Plum et al. (ref @?)afd the
parison.

TABLE 3: Summary of Experimental Conditions and Measured R
Reaction, ki4(T)

theoretical results of Galano et al. (ref 2B) &re included for com-

ate Coefficients for the OD+ HC(O)C(O)H (Glyoxal)

photolysis
T P v [D207] (104 laser fluence [OD]o (10t [HC(O)C(O)H] kio(T)P (L0722 cm®
(K) (Torr, He)  (cms?) molecule cn®) (mJ cnT? pulse?) molecule cm®) (10 molecule cn®) molecule? s71)2
293 107 6.0 1.1 13.5 3 1-510.5 9.68+ 0.19
296 45 6.5 1.5 9.9 3 3:8.9 9.37+ 0.27
349 101 6.0 1.6 12.8 5 4612.4 8.54+ 0.19
390 45 6.2 1.4 16.1 5 21M.0 7.67+0.17

2 The quoted uncertainties are the @recision values obtained from the fits to equation 5.

Impurities in the glyoxal sample represent another potential
source of systematic error in the determinationkgf). The
most likely reactive impurities originate from the sample
preparation and include CO and HC(O)H. The purity and
stability of the glyoxal/He mixtures were checked periodically
via infrared absorption spectroscopy. Infrared absorption
spectra showed no loss of glyoxal from the initially pre-
pared mixture or formation of any degradation products for
samples kept for up to 3 weeks. The most reactive of the above
impurities with OH is HC(O)H, which has a temperature-
independent rate coefficient of 90 10712 cm® molecule!

Nitric acid was used as a source of OH in a few test
experiments. The OH temporal profiles measured were nonex-
ponential and consistent with OH production due to secondary
chemistry. We attribute the formation of OH under these
conditions to the following sequence of reactions

HCO+ NO,—H + CO, + NO (13)

H + NO,— OH + NO (14)

wherek;3(296 K) = 3.0 x 10~ ¢cm? molecule? s71,2° and

s 115 Based on our infrared measurements, we estimate theki4(296 K) = 1.4 x 10719 cm® molecule’? s71.15 NO, was an

HC(O)H impurity to be<1%, which would not significantly
affect the ki(T) measurement. In addition, rate coefficient
measurements performed using the same glyoxal/He mix-
ture ove a 3 week period yielded identicki(T) values. Finally,
experiments performed using glyoxal samples prepared
in separate synthesis also yielded identical rate coefficient
results.

impurity in the HNQ sample, and the HCO radical was
produced as a glyoxal reaction product. Based on our infrared
absorption measurements, we estimates& NO, impurity in

the HNG; sample used. This corresponds to [l = ~1 x

10" molecule cm?® and a first-order rate coefficient for OH
formation of~3000 s. Due to uncertainties in the interpreta-
tion of this chemistry and its possible impactkiT), we have
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TABLE 4: Comparison of Rate Coefficients for the OH Reaction with Several Small Aldehydes

k(296 K) SARK(296 K)
molecule (1072 cm® moleculel s ref (10*2 cm?® moleculet s71)2
glyoxal HC(O)C(O)H 9.15+ 0.8 this work 25.3
formaldehyde HC(O)H 8.51.7~1.4 16 8.1
acetaldehyde CIC(O)H 15+ 3 16 17
methylglyoxal CHC(O)C(O)H 13.2+3 31 13
glycolaldehyde HOCKC(O)H 8.0+ 0.8 32 23.4

a Rate coefficients calculated using the structtaetivity relationships (SAR) reported by Kwok and Atkinson (ref 14).

not included measurements using the HN§burce in the The mechanism for the OH- glyoxal reaction has been

determination ok;(T). studied theoretically using quantum chemistry and canonical
The overall uncertainty ik;(T) including the propagation of  variational transition state theory including small curvature

possible systematic errors is estimated to#2% at the 2 tunneling by Galano et &F to determinek,(T). The reaction

level. The estimated systematic uncertainty is included in the mechanism includes the formation of a hydrogen-bonded adduct
pre-exponential factors in egs 10 and 11, whereas the uncertainas a reaction intermediate
ties in the exponential terms were taken from the precision of
the least-squares analysis. OH + HC(O)C(O)H< HC(O—HO)C(O)H  (15)

3.2. Comparison with Previous Studies.Plum et al.
reported?16 k(298 +£ 2 K) = (11.5 + 0.4) x 10722 cm? where the stabilization energy for the adduct&.5 kcal mot L.
molecule’? s from a relative rate study using the OH Formation of reaction products proceeds by abstraction of the
cyclohexane reaction as the reference WigRionexane— 7.57 x H atom from the adjacent C atom. The experimentally deter-
10712 cm® molecule® s71. Since the Plum et al. study was mined pressure independence of reaction 1 is consistent with
completed, the recommended rate coefficient for the ®H  such a low adduct stabilization energy. Similar pressure-
cyclohexane reaction has been reviskgeiohexane= 2.88 x independent behavior has been observed for thetCi¢etone
1071772 exp(3091) cm® molecule? s71,20 which results in a reaction, for which the hydrogen-bonded adduct has a stabiliza-
decrease in thek;(298 K) value to (10.9 0.4) x 10712 cm? tion energy of~5 kcal mol1.35 The calculated; (296 K) value
molecule? s71. Our k(296 K) value of (9.15+ 0.8) x 10712 of 5.35 x 10712 cm?® molecule? s71 is ~40% lower than our
cm® molecule st is in reasonable agreement with the Plum experimentally observed value. The calculations yielded a
et al. value, although 15% lower than their revised value. The negative non-Arrhenius temperature dependence, which is
source of the small discrepancy between the two values is notalso in qualitative agreement with our experimental results.
clear. However, we should point out that the uncertainty in the However, the calculated temperature dependence is significantly
Plum et al. rate coefficient is based solely on the precision of greater than observed in our measurements as shown in
their relative rate measurement and may be somewhat under+igure 5. The source of the discrepancies between the theoretical
estimated. There are no experimental values available topredictions and our experimental results are, however, not
compare with our measured temperature dependence for reactioeasy to identify. The energies of the adduct and the transition
1, ky(T). The theoretically predicted temperature dependence state relative to the reactants were calculated te-Be5 kcal
for k; is, however, similar to that measured in this work as mol~t and—1.3 kcal mot?, respectivel\? where the uncertainty
discussed further below. in these values is expected to #d kcal mol 1.3 Due to the

The present results can also be compared with OH rate small energy differences between the adduct and transition
coefficients for other aldehydes. Table 4 lists rate coefficient state, the structures and exact energies of the adduct and
data for formaldehyde, acetaldehyde, glycolaldehyde, and me-transition state can critically affect the calculated rate coef-
thylglyoxal and includes the room-temperature OH rate coef- ficients. It is also important to note that the study by Galano et
ficients calculated using the SAR for compariséimn general, al.2® assumes that the hydrogen-bonded adduct is collisionally
the SAR estimation method works very well, and Table 4 shows stabilized (i.e., has reached thermal equilibrium). The works of
that the agreement between the SAR and experimental valueKlippenstein and co-worket438 have shown that such an
is within 15% for formaldehyde, acetaldehyde, and methylg- assumption may not be correct and a more thorough theoretical
lyoxal. However, the experimental and SAR values for glyoxal treatment may be required to accurately predict the reaction rate
and glycolaldehyde differ by nearly a factor of 3. The large coefficient.
differences found for the glyoxal and glycolaldehyde reactions  Despite discrepancies in the magnitude of the theoretical
imply that their reaction mechanisms differ from that of the values reported by Galano et %dl.and the experimental
other aldehydes. rate coefficient data obtained in this work, the qualitative

Figure 5 shows that;(T) exhibits a non-Arrhenius temper- agreement suggests that the proposed reaction mechanism is
ature-dependent behavior. A non-Arrhenius behavior has beengenerally correct. Our experimental results, including our OD
observed for other carbonyl containing compounds, including + glyoxal rate coefficients, should therefore provide the basis
formaldehyde (HC(O)H3? formic acid (HC(O)OH)?® acetic for further more refined computational studies. Additional details
acid (CHC(O)OH)3* and acetone (C¥C(O)CHs),® and is regarding the reaction mechanism could also be obtained from
generally attributed to the formation of a hydrogen-bonded the OH + glyoxal-d, rate coefficient, which is presently not
prereactive comple®2! The shape and magnitude of the known.
temperature-dependent behavior in each of these cases is 3.3. Secondary Chemistry and the Formation of OH
different and depends on the specific details of the reaction Radicals. It was discovered, during the course of our work,
potential energy surface, including the stabilization energy of that the addition of @to the reaction mixture resulted in the
the reaction complex, the transition state structure and energy,formation of OH in the chemistry following reaction 1. OH
and tunneling probabilities. formation was observed indirectly through a systematically
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lower ky(T) measured in the presence of &d nonexponential HC(O)C(O)H
decays of OH at longer measurement times. The observed
change inky(T) increased with decreasing temperature and
increasing [@]. For the limited range of conditions used in these
experiments, the largest changekiiiT) observed was-30%.
The chemistry leading to the formation of OH radicals is not
known, but there are only a few reactive species expected to be
present following reaction 1. A primary radical product in
reaction 1 is HC(O)C(O). The formation of OH as observed in
our experiments is, however, not consistent with the currently
accepted chemistry for the HC(O)C(O) radigdt? In the
presence of @ the HC(O)C(O) radical is expected to either
thermally dissociate

HC(O)C(0)O:

wherekyg(T) = 1.4 x 102 exp(—31607) s~ at 700 Torr;kee v 2 M'l,,&?
(296 K)= 3.2 x 10" s 1,0 or react with Q, by either hydrogen
abstraction or addition,

HC(0)C(0)— HCO + CO (16)

N
ac
=

HC(O)C(0)+ O,— HO, + 2CO (17a)
HC(O)C(0)+ O, + M — HC(0)C(0)Q* + M (17b) Figure 6. Simplified atmospheric degradation scheme for glyoxal
2 showing its loss via UV photolysis, leading to a net production ofHO
) ] and the OH reaction with no net H@roduction. The branching ratio
where HC(O)CO®* represents an energetically excited peroxy  for the loss of glyoxal favors UV photolysis over OH reaction under
radical.ky7 is not known but is expected to be on the order of typical atmospheric conditions. However, the photolysis rate is pressure
10 1 cmB moleculel s 149 The HCO radical formed in reaction  and wavelength dependent, and thus the branching ratio for loss of

16 will rapidly react with the @that is present in large excess glyoxal will depend on altitude, solar zenith angle, and cloud coverage.
to produce HQ® The fate of the HC(O)C(O)©radical is not currently understood, but

experimental evidence from this work and previous studies (refs 39
and 40) suggests it will lead to the formation of H@hder atmospheric
conditions.

HCO+ O,— HO,+ CO (18)
The rate coefficient for the reaction of H@ith glyoxal is slow, phase loss process for glyoxat**Nevertheless, it is important
5 x 1016 cm® molecule! s71,39 and therefore not important  to quantify all loss processes for glyoxal that occur in the
on the time scale of our measurements. In addition, the radicalatmosphere.
concentrations in our experiments are sufficiently low that HO, production from glyoxal depends on the branching
radicat-radical reactions will also not be significant on the time  between its loss by UV photolysis and reaction with OH as
scale of our measurements. We speculate that OH could beoutlined in Figure 6. UV photolysis of glyoxal leads to the
formed from HC(O)C(O)@* prior to its collisional stabilization  formation of 2 HCO radicals under atmospheric conditiths,
via a mechanism analogous to that observed for theGTH- which in turn yields a net production of two H@adicals. The
O, + M reaction?}42 Additional data are needed to identify OH + glyoxal reaction, on the other hand, leads to the formation
and quantify the actual source of the observed OH production; of an unstable carbonyl radical, HC(O)C(O). As discussed
however, it is important to note that OH production from earlier, HC(O)C(O) will thermally decompose or react with O
secondary chemistry in the presence ofdd not affect our to form HC(O)C(O)Q. The fate of the peroxy radical, HC-
determination oky(T) or the relative rate study of Plum et'&l. (O)C(0)Q, is uncertain, but it is expected to yield a ki@dical.
In the relative rate study, the relative loss rates of glyoxal and Therefore, the OH- glyoxal reaction overall yields no net HO
cyclohexane by reaction with OH would remain unchanged. In radical formation. In other words, two H@adicals are produced
our work, there was no experimental evidence for secondary in the UV photolysis of glyoxal while no net HOradical

formation of OH that would influence our determinationkef production occurs for OH reactive loss. On the basis of our

(T) in the absence of £ The consistency of our measured rate ky(T) measurements,ka(296 K) value that is~15% lower than

coefficient for the OD+ glyoxal reactionkyg, with ki, ki¢(296 currently recommendel;16 the loss of glyoxal via UV pho-

K) = 1.07 k(296 K), also implies that OH generation in the tolysis and its HQ production are underestimated in current

absence of @did not impact our determination &f(T). Thus, atmospheric models. Including the temperature dependence for

secondary OH formation is not the source of the small the OH+ glyoxal reaction will, however, partially offset the

discrepancy irk;(296 K) from these two studies. underestimation.
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