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Photochemistry of Methylglyoxal in the Vapor Phase
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The photolysis of methylglyoxal (C}£OCHO) in the presence of synthetic air was studied by laboratory
experiments in a static reactor in order to determine its atmospheric lifetime. Quantum yields of the molecular
photolysis products CO and HCHO were determined at 298 K as a function of wavelengtk (260440

nm) and pressure (38 P < 900 Torr) using an optical resolution of 8.5 nm. The results can be distinguished
with respect to both UV/VIS-absorption bands of methylglyoxal. For the short-wavelength banek (260

< 320 nm) photolysis quantum yields were found to be unity, independent of wavelength and pressure,
y O,M
consistent with a dissociation mechanism yielding peroxy radicals and CO according;(’r?(ﬁ)()li—ﬂoL =

CHsCOQ;, + HO, + CO (P1). For the long-wavelength band (3801 < 440 nm) two different processes
were distinguished. The major process is photodissociation (P1) with quantum yigjdde€reasing with
increasing wavelength and pressure following the St&folmer relationship: Mp(1) = 1/po(L) + P/K'p(A)

with ¢o(4) = (8.15+ 0.5)(10°°) [exp(7131+ 267)] nmA andk'p(1) = (7.34+ 0.1)(10° Torr) [exp(8793+

300)] nmA. The minor process could be described by an H-atom transfer between electronically excited
MG and ground-state MG, vyielding the experimentally observed productsJOBHO]* + CH3;COCHO

o) CH3;COQG, + HCHO + CO + CH3COG; (R10). The atmospheric lifetime due to photolysis.g) was
calculated using an atmospheric radiation model and the above expressionggihere 1 for A < 380 nm,
resulting inzpnot = (4.1 0.7) h for a solar zenith angle of 5@t ground level. Therefore, photolysis can
be identified as the most important degradation process of atmospheric methylglyoxal.

Introduction CH,COCHO+ OH— CH,COCO+ H,0 (R1)
Methylglyoxal (CHCOCHO) is an atmospherically important CH,COCO— CH,CO+ CO (R2)

bicarbonyl compound since it is a major product of natural

isoprene oxidation. The oxidation of isoprene by OH radicals HCO+ O,—HO,+ CO (R3)

as well as @*® leads, besides other products, to the formation

of methyl vinyl ketone and methacrolein, which are further CH,CO+ O, M CH,COQ, (R4)

oxidized by OH8 or Oz*9to methylglyoxal and other products.

Methylglyoxal (MG) is also a product of the OH initiated The reactions of the intermediately formed peroxy radicals give
oxidation of hydroxy aceton®:!! In anthropogenically polluted ~ rise to the experimentally observed stable products CO and
air, MG may be formed by the oxidation of toluene, undergoing HCHO as discussed below. _

ring cleavage after OH attadk-14 The lifetime due to OH reaction can be estimated to be 16 h

. . o for an OH concentration of ¥ 10° molecules cm?3 and a room
Because MG is potentially an atmospheric important precursor temperature rate coefficient kf = 1.3 x 10~ 1 e molecule ™

of HO,, CH;COGQ; radicals, and peroxyacetylnitrate (PAN), s121

it has recently been observed in field experiments, where The photolysis of MG was already the subject of several

atmospheric mixing rz.mos of 50 Pptv were detected. laboratory investigations, resulting in estimates of the atmo-
The low concentrations of MG in the troposphere are due to spheric lifetime to 230.61° and 2.7 ht 0.7 h2° respectively.

efficient degradation pathways by photoly8g2OH reactior! The lifetime given by Plum et a3 is based on an

and dry and wet deposition. N@s well as @reactions are  environmental chamber study by use of an unfiltered Xe arc
atmospherically not relevaft?® No quantitative data are lamp to simulate the solar spectrum. They also determined
available concerning the efficiency of the deposition processes.adsorption cross sections that were half as large as the values

Photolysis (P1a) and OH reaction (R1) lead, following O found by Meller et al® and Staffelbach et &
addition, to the formation of CO (R2, R3), acetyl peroxy radicals I the laboratory studies published by Raber and Mootfgét,
(R4), and HQ radicals (R3}% the photolysis of MG in the presence of-5060 Torr synthetic
air was investigated using two types of broad-band emitting
ho light sources (275380 and 396-470 nm) and FTIR detection.
CH;COCHO— CH,CO + HCO (P1a)  From the analysis of the photolysis products (COoQGCHO,
CH30H, CH;O,H, HCOOH, CHCOOH, CHCOGH,
* Author to whom correspondence should be addressed. E-mail: koch@ CHaCHO (275-380 nm), Q, H,0, CHCOCOOH), the major
mpch-mainz.mpg.de. photodissociation mechanism Pla could be proposed and the
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atmospheric lifetime was estimated from the average photolysis
guantum yield over the lower-wavelength range. Methodologi-
cally similar experiments were presented by Staffelbach#t al.
They investigated the photolysis products of MG in 20 Tosr O
and 740 Torr N using the light of a Xe arc lamp in conjunction
with several broad-band filters (43@18, 355-480, 286-420,
280—-420, and 246420 nm) and FTIR detection. The pho-
tolysis products found by Raber and Moortgat (except;-CH
CHO, CHO,H, and CHCOCOOH) and the major dissociation
mechanism were confirmed by Staffelbach et al., but a five times
larger atmospheric lifetime was determined from their quantum
yields.

With respect to the discrepancies and the insufficiencies of
the broad-band quantum yields determined in earlier experi-
ments, the quantitative determination of the quantum yields of
the photolysis of MG as a function of wavelength and pressure
were necessary in order to obtain reliable information on the
atmospheric lifetime of MG. Therefore, the quantum yields of
the molecular photolysis products CO and HCHO were inves-
tigated in order to derive quantitative information about the
primary photodissociation processes.

Experimental Section

Experiments were performed in a static reactor made of a
piece of Pyrex tubing of 100 mm length and 35 mm inner
diameter, fitted with double-sided evacuated quartz windows
on both ends. The inner surface of the reactor had to be
deactivated by silanization with hexamethyldisilazan (HMDS)
at 650 K5in order to minimize adsorption of MG on the reactor
walls, since in earlier experiments a significant amount of the
products observed were due to photolysis of MG adsorbed on
the reactor walls.

650 K

——

~Si—0—H + %H—N(—Si(—CH3)3)2

~Si—0—Si(CHy), + %NHsT

As light source a 150 W Xe arc lamp (Cermax LX150 UV)
equipped with a parabolic reflector was used, emitting a
continuous spectrum (24800 nm) without sharp maxima. The
nearly parallel light beam was focused with a quartz ldéns (
120 mm) onto the entrance slit (5 mm) of/2 monochromator
(Jobin-Yvon H.L.) equipped with a 1484 grooves/mm grating.
The divergent light cone was made parallel by a Idrs (20
mm) and passes through the reactor with little illumination of
the side walls. The photon flux was registered with a
manufacturer-calibrated photodiode (Newport 818 UV with

attenuator), and the digitized signals were stored in a computer.

The spectral resolution of the optical set-up was determined
using a second monochromator (AMKO Metrospec, 1200
grooves/mm, slit width 0.5 mm) to be 84$50.1 nm FWHM of
an almost Gaussian distribution.

The gaseous mixtures (0.63 Torr MG, 30-900 Torr
synthetic air) to be photolyzed were prepared in a mixing system
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Figure 1. Chromatograms of photolysis mixtures ((M&]5.3 x 10'°
molecules cm?, 300 Torr synthetic air, 280 nm) recorded after different
photolysis times, using the RGD.

Samples were analyzed using a gas chromatograph (Hewlett
Packard 5890) equipped with a flame ionization detector (FID),
a quadrupole mass selective detector (HP 5970 MSD), and a
reduction gas detector (Trace Analytical RGD 2). Samples to
be analyzed with the reduction gas detector (RGD) or the FID
were isothermally separated within 80 s (Figure 1) on a 60 m,
0.5 mm i.d. quartz capillary column coated with & poly-
methylsiloxane phase (Quadrex 007) with a He carrier gas flow
rate of about 60 mL/min. The MSD was connected directly to
a 30 m, 0.25 mm i.d. column (@m poly-methylsiloxane, J&B
5) using a flow rate of 0.8 mL/min.

Quantitative detection of the photolysis products CO, HCHO,
and CHCHO was performed with the reduction gas detector
(RGD) which is particularly selective and sensitive for CO and
carbonyl compounds. Yellow HgO in a stainless steel tube of
35 mm length and 4 mm i.d. is reduced by CO and carbonyls
at 550 K to Hg vapor which is detected by absorption of the
254 nm line of a Hg lamp.

CO+ Hgo 2% co, + Hgt

HCHO + 2HgO " CO, + H,0 + Hgt
Due to adsorption of analytes on the HgO surface, peak tailing
(Figure 1) and saturation effects were observed. The signals
were digitized and integrated on a computer.

The specified purities of the gases used in the photolysis
experiments and for chemical actinometry were, if not stated
otherwise, 99.999%: He, synthetic air, KD,, H, CO 99.997%,

Cl 99.96%, CH 99.95%, GHg 99.95%. The carrier gas was
further purified by use of filter cartridges with respect to traces
of CO, O, and hydrocarbons.

Acetaldehyde was obtained with a purity of 99% and degassed
by repeated trap-to-trap distillation. Formaldehyde was prepared
by gentle heating of paraformaldehyde (95%), and traces of
water and oligomers were removed using a cold trap at 170 K.

Methylglyoxal, obtained as a 40% solution in water, was
concentrated by pumping off the water for several hours. The

equipped with capacitance manometers (MKS Baratron, 10 andresulting high-viscous polymer was distilled at 330 K and31.0

1000 Torr range) and expanded into the evacuated reactor.
Samples were taken in intervals of 5 min, by expansion of

Torr over a column of 300 mm length and 30 mm i.d. packed
with phosphorus pentoxide (98%). The freshly prepared MG

the gas mixture into an evacuated sample loop consisting of astill contained impurities of CO {2%), HCHO (<0.5%),

1 m, 0.5 mm i.d. deactivated fused silica capillary connected
to a six-port valve (Valco) which served as a splitless injector.

CH3CHO (<0.5%), and traces of biacetyl and pyruvic acid
which were identified by their mass spectra. Although CO,

Each sampling step reduced the pressure in the reactor by 0.85%1CHO, and CHCHO were also found as photolysis products

+ 0.05% which had to be taken into account when calculating
photochemical yields.

(Figure 1), their concentration also increased during storage in
the dark. A 5% decomposition of the sample as determined by
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12 Kerodlor P) = 00 PV 30o) [ 1) dd - (2)
L ¢ e The photon flux (lo(A) d1) was determined as a function of
‘“E‘ 0.8 wavelength using Glas gaseous chemical actinometer, as it
o can be used in the same apparatus as used in the MG
= 0.6 experiments. Molecular chlorine photodissociates with quantum
g_‘ 0.4] o yields of unity and shows sufficiently large cross sections in
5 the wavelength range of interest (2604 < 440 nm)?®

0.2 Absorption Cross Sections. The absorption cross sections
were determined at 298 K in the wavelength range between
04 260 and 440 nm in intervals of 20 nm with the same
experimental set-up and the same optical resolution as used in
the photolysis experiments. The cross sections ofvidre
anC]CIlgth [Ill'Il] obtained with a relative precision of 2% but_ were somewhat
lower (R2%) than the values reported in the literatéfreshich
Figure 2. Absorption spectrum of MG. Symbols: cross sections s expected due to the lower resolution used in this work.
determlneéj in this work, at a resolution of 8.5 nm. Line: high-resolution The UV/VIS absorption spectrum of MG, consisting of two
spectrurt absorption bands (Figure 2), determined by Meller éf ahd
Staffelbach et &% were in very good agreement. The short-

the CO production, occurred within a period of several hours wavelength bandi(< 340 nm) is assigned by an electronically
to several weeks. Therefore, the MG used in experiments wasp_ — ;. "transition, the long-wavelength bandl ¢ 340 nm)

freshly distilled from the polymer, as the accuracy of the product by a n, — x5 transition27.28
yield determina’gipr} was Iimiteq by the amount of impurities, The absorption cross sections found for MG, displayed in
not by the sensitivity of detection. Figure 2, are systematically about 10% lower than given in the
literature!®20 This discrepancy can be explained by heteroge-
neous losses of MG, as reported by Meller efallhe relative
The photodissociation of a molecule is generally described statistical errors in the determination of the cross sections were
by a first-order kinetic process with the photodissociation found to be+6% and are caused by the uncertainty of the MG
coefficient o) given as an integral over the observed concentration.
wavelength range, Photon Flux. Mixtures of GHg (5 x 108 to 5 x 10
molecules cm?®) and C} in at least 10-fold excess (b 10'“to
9 x 10% molecules cmd) in 760 Torr synthetic air were
photolyzed at 298 K to an amount of ca. 10% removal gfi
The decay of ethane was monitored by use of the FID, and the
where ¢ represents the quantum yield of the procdsshe results were numerically fitted to the kinetic model shown in
photon flux per unit wavelength, and the absorption cross  Table 1 using Facsimi. The photon flux ( Io(1) d1) obtained
section. Under the assumption that these parameters do noat the selected wavelengths was in the range between £0.81
change significantly, the integral can be substituted by mean 0.07) x 10* photons cm? s™1 at 260 nm and (3.84 0.22) x
values (eq 2) as it was done in this work. 10 photons cm? s~1 at 440 nm. The relative statistical error

T T

250 300 350 400 450

Actinometry

konolP) = @2, P) 1o(2) 0(2) d2 @)

TABLE 1: Reactions of the Ethyl Peroxy Radical

k(298) [cn? s7Y] ref
Cl+ CHe M CHy0, + HCI (5.9+ 0.3) 101 24
CoH50, + CoHs0, C,HsOH + CHsCHO + O, (4.440.8) 1014 41
0, M
2 . 2CHCHO+ 2HO, (2.3+0.4) 10 41
HO, + C:Hs0, CoHsO:H + O, (5.4+1.0) 1012 42,43
o,,M
Cl + C,HsOH 2 . CHsCHO+ HCI + HO;, (9.4+1.0)101 24
0,,
Cl + CHsCHO 2Y  CH,CO0; + HCl (7.2+1.0) 101 24
0, M
Cl + C;HsO,H 2 . productst+ HCI (1.1+£0.2) 1020 44
TABLE 2: Reactions of the Acetyl Peroxy Radical
k(298) [cn? s7Y ref
, M
CHsCOO; + CHsCOO;, —2— 2CHs;0; + 2CO; (1.44+0.2) 101 45
O, M
CHs0; + CHsCOQ; 2 . CHzO; + CO, + HCHO+ HO, (8.8+ 1.5) 10712 45
HCHO + CHsCOOH+ O, (1.040.5) 1012 45
HO; + CH;COG; —— CH;COOH + O, (8.5+ 4.5) 1012 46
—— CHsCOOH+ O3 (2.940.7) 1012 46
HO, + CH0;, CHsO,H + O, (5.24+0.3) 1012 24
HO, + HO, H.0, + O, (1.6+0.2) 1012 24
M H0,+ O, (1.6+ 0.2) 10132 24

2100 Torr synthetic air.
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in the determination of the photon flux #57% and is caused  detector; therefore, the initial concentrations of methylglyoxal
by the error of d[GHg]/dt. Possible systematic errors, intro- could only be quantified volumetrically.

duced by uncertainties of the reaction rates (Table 1), were The product quantum yieldspé,,9 were derived from the
estimated to affect the results not more than 3%. The output slope of the concentratiertime profiles (d[Prod]/6), which

of the lamp was monitored during each experiment and correctedwere linear in all cases.

for long-term fluctuations.
d[Prod]/d(4, P)

Results and Discussion Bprod s P) = (3)
Depending on the energy of the photon absorbed, the [MG], 0(4) f [,(4) dA

following thermodynamically allowed pathways of dissociation

of electronically excited MG are possible. The quantum yields of CO, G&@HO, and HCHO are displayed

in Figures 3, 4, and 5 as a function of the pressure ofRjir (
CH3COCHOE> CH,CO+ HCO (A < 422nm) (Pla) for all Wavele_rngths investigated. The error bars re_present_the
standard deviation of the slope of the concentration-time profiles
tw (A(d[Prod)/d)). In separate experiments using the FID, the dark
— CH,COCO+H (2 <385nm) (P1b)  |os5 of MG to the reactor walls was determined tokipgc= (2
) + 1.5) x 1075 s71, of the same order of magnitude as the
—~CH,+ COCHO @l <370nm) (P2a) photolysis rates of MG. Therefore, dark losses resulted in
underestimations of the quantum yields, comparable to of the
amount of reaction, less than 5%. The quantum yields can,
2b) like the UV/VIS spectrum, be distinguished with respect to both

™. CH, 4+ CO+ HCO (i < 343 nm)
P
( absorption bands, consequently they will be discussed separately.

LA Short-Wavelength Band (260< 4 < 320 nm). The product
CH,CHO+ CO (all2) (P3) guantum yields obtained in this region are independent of

b wavelength as well as pressure (Figures 3, 4, 5).

— CH,CHO+ CO (alll) (P3)

$co(260= 4 < 320 nm)= 1.20+ 0.09
The threshold wavelengths were calculated from enthalpy data

(AH{298))?**° However, considering that the mean enthalpy Prcro (260 =< 4 < 320 nm)= 0.19+ 0.02
of vibration and rotation is 2.5 kJ/mol (200 cf) per degree
of freedom, it follows that Pla is thermodynamically allowed bencro (260 = A =320 nm)=0.18+ 0.04

at all wavelengths investigated in this study.
The primary steps Pla and P1b cannot be distinguished in  CO and CH;CHO Quantum Yields. In order to explain
the presence of ©since their primary products yield by fast  the experimentally observed CO quantum yields higher than
reactions the same peroxy radicals (R3, R4 and R2, RS, unity, gas phase processes with yields higher than 1.0 (P2, P4),
respectively). P2a and P2b are also indistinguishable andor heterogeneous photolysis of MG adsorbed onto the reactor
yield two molecules of CO per molecule dissociated (R7, R3). walls have to be assumed, since the radical intermediate of P1,
CH3COO0;,, does not represent a source of CO (Table 2).

HCO+ 0O, LN HO,+ CO (R3) The photodissociation channel P4 can be excluded, since no
CH, could be detected as photolysis product in experiments (260
M < 1 < 440 nm) using the FID. Note that, with respect to the
CH,CO+ O,— CH,CO R4
3 2 00, (R4) detection limit of CH, one obtaingcn, < 0.002, in accordance
. with earlier work!920
CH,COCO™ CH,CO+ CO (R2) Assuming that CO is formed via PP2, and P3 (eq 4) and
M that CHCHO is produced via P3 (eq 5),
H+ O,— HO, (R5)
y OxM
y CH,COCHO% —2* CH,CO0, + HO, + CO (P1)
CH; + O,— CH;0, (R6)
y OuM
y o 2 CH,0,+ HO,+2CO (P2
COCHO— CO+ HCO (R7)
The formation of HCHO and other molecular and intermediate LA CH,CHO+ CO (P3)
radical products are expected due to the known peroxy radical
reactions given in Table 2. one obtains under the condition that the sum of primary quantum

Therefore, in principle, the primary dissociation pathways vyields is unity (eq 6) the following equations:
(P1—-P4) can be quantitatively distinguished by examining the

quantum yields of the molecular photolysis products CO, 1+ 2¢, 1t ¢3=1.2= ¢o (4)
HCHO, CHCHO, and CH.

Product Quantum Yields in Synthetic Air. Mixtures of $3=0.2= ey cro ®)
MG (1 x 10'5to 1 x 10 molecules cm?®) in 30—900 Torr of
synthetic air were photolyzed for up to 60 min, consuming not ot o, T py=1 (6)

more than 5% of the initial MG, at 298 K and wavelengths

between 260 and 440 nm. CO, HCHO, andsCHO could with (4) and (5),

be detected as products with the RGD. Relatively large amounts

of MG as used in these experiments led to saturation of the ¢+ 2¢,=1 (7)
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Figure 3. Quantum yields of CO as a function of pressure obtained

in synthetic air. Symbols: experimental data at the indicated wave-
lengths; horizontal line: mean values of experimental data obtained at
wavelengths between 260 and 320 nm; curves: fit according to eq 12.

with (5) and (6),

¢, +¢,=0.8 (8)
with (7) and (8),
¢$,=0.6
and
¢$,=0.2

From model calculations of this case, according to the reaction
scheme in Table 2, a HCHO quantum yield of 0.15 is expected.
However, this explanation is unrealistic for several reasons.
Staffelbach et al. did not find G&€HO as photolysis product

of MG?®using a stainless steel reactor. On the other hand, Raber

and Moortgat, using a reactor made of quartz, observed
CH3CHO with quantum yields of 0.1 when photolyzing MG in
the wavelength range between 275 and 380hnHowever,

constant and pressure independent quantum yields over the

wavelength range 2668320 nm are not expected if they do not
correspond to a primary process with a quantum yield of unity.

Also, formation of CO and CECHO via chain reactions of
the acetyl radical with MG (R8, R2) can be excluded with
respect to the fast reaction with, (R4).

CH,CO + CH,COCHO— CH,CHO + CH,COCO  (R8)

CH,COCO— CH,CO+ CO (R2)

CH,CO + 0, CH,CO0, (R4)

No oxygen partial pressure dependence of thezCHHOD
guantum yield was observed under the experimental conditions
employed in this work.

Assuming that the formation of acetaldehyde is caused by
photolysis of MG adsorbed onto the reactor walls

(CH,COCHO), ;, — CH,CHOt + COt

the CO quantum yield of the gas phaged) is then

¢CO = ¢CO - ¢CH3CHO =1.0+0.1 (9)

This supposition is reasonable with respect to the experimentally

Koch and Moortgat
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Figure 4. Quantum yields of CECHO as a function of pressure
obtained in synthetic air. Symbols: experimental data at the indicated
wavelengths; horizontal line: mean values of experimental data obtained
at wavelengths between 260 and 320 nm.

observed dark loss of MG. Consequently, the CO quantum
yields (@co) mentioned further in the text reflect the experi-
mentally observed CO quantum yields reduced by the@HO
guantum yields (eq 9).

HCHO Quantum Yields. The quantum yields of formal-
dehyde, initiated by P1, can very well be explained by the
reaction sequence of the intermediately formed peroxy radicals,
as given in Table 2. Numerical simulation of this system shows
a very good agreement between the experimentally observed
quantum yieldprcro = 0.194 0.02 and the result of the model
calculation (0.2H- 0.05). The uncertainty of the kinetic model
was investigated by repeated random variation of the rate
coefficients within their error limits, given in Table 2. The
assigned error is the FWHM of the Gaussian-like distribution
of the quantum yield obtained after 1000 computations.
Photodissociation of MG yielding 2 equivalents of CO
according to P2

» O,M
CH,COCHO™ —2 CH,0, + HO,+ 2CO (P2

can be ruled out, since quantum yields¢gb = 2 and¢ncho
= 0.12 are expected from numerical analysis of the kinetic
model in contradiction to the experimental results.

Long-Wavelength Band (380< 4 < 440 nm). The quantum
yields of CO and HCHO from the long-wavelength transition
increase with the energy of the photon absorbed. The acetal-
dehyde yields do not exceed 5% of the CO yields, hence they
are practically negligible.

CO Quantum Yields. The CO yields decrease with increas-
ing pressure and show in the Steiolmer representation a
nonlinear relationship between the reciprocal quantum yields
and total pressure (Figure 6). These findings can be empirically
described, if the experimentally observed quantum yields are
assumed as a sum of two independent yiefgsand ¢co..

Pcold, P) = ¢p(4, P) + ¢cow(i)

_ (¢p) "4, P)
1+ ¢com(/1) X (¢D)_l(/1! P)

(b0 (4. P) (10)

The first term ¢p) is supposed to represent the photodissociation
as a function of pressure, obeying the Steviolmer relationship
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TABLE 3: Coefficients of CO Quantum Yield According to

Equation 12
Alnm] o ¢ca. ks [Torr]
380 1.10+ 0.12 0.043+ 0.040 76+ 21
400 0.37+0.03 0.030+ 0.013 36+ 9
420 0.18+ 0.03 0.030+ 0.004 9+ 2
440 0.05+ 0.01 0.018+ 0.002 4+ 1

displayed in Figure 6 with coefficients given in Table 3.

(6o) ' + Plk,
1+ o (@0 + PIKp)

(b0 (W) = (12)

p [TOI'I'] _ HCHO Q_uantum Yields. Quantum yields of forma_ldehyde _

increase with photon energy and show at 380 nm little and in
Figure 5. Quantum yields of HCHO as a function of pressure obtained the range of 4086440 nm no dependence upon pressure (Figure
in synthetic air. Symbols: experimental data; horizontal line: mean 5) T explain these unusual observations, the quantum yields
values of experimental data obtained at wavelengths between 260 a”dare, as in the case of CO, assumed to be described by a sum of
320 nm. . . L

two functions. If the first term is given by a Sterivolmer
function analogous to eq 11, then the second term must show
a positive pressure dependence (in order to compensate the first)
so to reach constant values at high pressure, when the contribu-
tion of the Stera-Volmer function becomes zero. Therefore,
a process has to be postulated which reflects a rate of HCHO
formation increasing with pressure and reaching a limit at high
pressures.
The rate of the reaction R9

CH,0 + 0, — HCHO + HO, (R9)

is proportional to the @partial pressure and might therefore

0 200 400 600 800 appear as a pressure-dependent source of HCHO in experiments
performed in synthetic air, since the {|P ratio is constant.
P [Torr] However, quantum yields obtained at wavelengths shorter than

320 nm show no @partial pressure dependence. Therefore, it
can be concluded that eventually competing reactions are slow
compared to R9 under the experimental conditions employed
in this work.

For the intramolecular rearrangement of an H atom

Figure 6. Stern-Volmer representation of reciprocal quantum yields
of CO obtained in synthetic air. Symbols: experimental data at the
indicated wavelengths; curves: fit according to eq 12.

(eq 11),
CH3COCHOM H,C=CO+ HCHO

(¢o). P) = . .
leading to the formation of ketene and formaldehyde, pressure-
dependent quantum yields would be expected since this process
represents a photodissociation. No hint of this pressure
dependence has been observed in this study or earlier investiga-
tions. This is reasonable, since the thermodynamically favored
pathway leading to methane (P4) also does not occur.

A reaction path yielding HCHO is feasible via intermolecular
H atom transfer between electronically excited MG and ground-
state MG, followed by fragmentation of the-© bond leading
to CO, HCHO, and acetyl radicals.

ko(?) kO
Ko2) F K@)+ Ke) x P () + Ko() + P

1 _ 1P
P4, P)  ¢o(d)  Kp(4)

(11)

with

1 kx(4)

PYORRA7)

[CH,COCHOJ* + HCOCOCH, —
CH,CO+ HCHO + CO+ CH,CO (R10)

A comparable gas phase reaction was observed by the photo-
r{{agmentation of 2-pentanone. This Norrish Type Il reaction
proceeds via formation of a biradical intermediate undergoing

wherekp, kx, undkp represent the rate coefficients of dissocia-
tion, the pressure-independent, and the pressure-depende
deactivation of vibronically excited molecules. The coefficients

kp und ki are normalized tdp, andg¢o indicates the quantum
yield extrapolated to zero pressure. The minor yielgd() is
assumed to be pressure independent, giving the limit of the C
quantum yield at infinite pressure. Substituting eq 11 in eq 10
yields the expression ofpto)~! as a function of pressure as

an intramolecular H shift, followed by fragmentation of theC
bond yielding enol-acetone (GB(OH)=CH,) and ethene as

Oproducts?:l

CH,COCH,CH,CH, = [CH,C(OH)CH,CH,CH,J*
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Wavelength fom]
0.151 ) M0 80 40 40 40 W0 3 30
100.0 4
o 0.10 -
g 8 100
= g
=Y g
0.051 S 103
0.14 )
0.004 . ' - - , - . .
22000 23000 24000 25000 26000 27000
0 0.5 1
Wavenumber [cm"l]
[MG] [TOIT] Figure 9. Coefficients of quantum yield of dissociation as a function
Figure 7. Quantum yields of HCHO as a function of MG concentration  Of reciprocal wavelength. Symbols: coefficients as given in Table 4;
(380 nm: P = 400 Torr, [Q] = 90 Torr; 440 nm:P = 760 Torr, [Q] lines: fit according to eqs 17 and 18, respectively.

= 150 Torr). Symbols: experimental data. ) o
product yields of each process. If these coefficients are known,

the quantum vyieldspp and ¢r can be extracted from the
experimentally observed quantum yields.
$p = (09co — YPucro) € (15)
A = ( - € 16
§ ¢R ( ¢’HCH0 ﬁ(bco) ( )
with
e= (a0 —py)"

The relative product yields can be predicted by numerical
analysis of the reaction scheme given in Table 2. For the
dissociation yield via P1a, one obtains= 1.00+ 0.00 ands
P [Torr] = 0.21+ 0.06, which means that per molecule dissociated, one
Figure 8. Stern-Volmer representation of reciprocal quantum yields molecule of CO as well as 0.2 molecules of HCHO are formed.
of dissociation obtained in synthetic air. Symbols: calculated from These results agree with the quantum yields obtained at short
experimental data according to eq 15; curves: fit according to eq 11. wavelengths. The coefficients due to R10 were calculated using
the reactions given in Table 2,= 1.00+ 0.00 andd = 2.03
[CHZC(OH)CH,CH,CH,|* — + 0.03 with e = 0.55 + 0.02. The assigned errors were
CH;C(OH)=CH, + H,C=CH, estimated regarding the uncertainties of the rate coefficients of
the peroxy radical reactions. By variation of the boundary
If reaction R10 occurs, then the yield of HCHO should increase conditions it was found that the values of the coefficients,
with MG concentration. Testing this hypothesis, further experi- ¥, andd do not change significantly, if both processes take place
ments were performed at 380 and 440 nm, under constantsimultaneously with variable contributions.
pressure and variable MG concentrations. Figure 7 shows the Quantum Yields of Photodissociation The quantum yields
increase ofpycro With MG concentration reaching a plateau at  of photodissociation (P1a) were extracted from experimental
partial pressures higher than about 1 Torr. This experiment data according to eq 15. The reciprocal yields are shown as a
clearly demonstrates the dependence of the HCHO quantumfunction of total pressureP] in Figure 8 and are found to be
yields on MG concentration; however, no information concern- consistent with linear SterrVolmer functions (eq 11). The
ing the total pressure dependence is obtained. Therefore, furthecoefficients of these functions are given in Table 4 and are in
experiments were performed in order to verify this approach. very good agreement with those in Table 3. The assigned errors
represent the standard deviations of the parameters obtained
Elementary Processes from weighted least-squares fits. The coefficiekifsand ¢q
can also be described by an exponential function of the

Supposing that in the long-wavelength band the experimen- reciprocal wavelength as shown in Figure 9.

tally observed yields are caused by two different processes,
photodissociation (P1a) and chemical reaction of electronically

- 9
excited MG (R10), then the CO and HCHO quantum yields Ko(d) = (7.34% 0.1)(10 " Torr) [exp(8793+ 300)] nmA

represent a linear combination of the quantum yields of both (17)
elementary processegp andgr, (1) = (8.15+ 0.5)(10°%) [exp(7131:+ 267)] nmA
Pco= adp t g (13) for A > 380 nm (18)
Prcho = BPp + Odr (14) ¢o(4) = 1 fori < 380 nm

where the coefficients, §, y, and 0 represent the relative  Using eq 11 together with the expressions given in eqs 17 and
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Figure 10. Quantum yields of dissociation as a function of wavelength Figure 11. Quantum yields of R10 as a function of total pressure

for various pressures. Symbols: calculated according to eq 11 usingoptained in synthetic air. Symbols: calculated from experimental data
the coefficients given in Table 4; lines: calculated according to eqs according to eq 16; curves: fit according to eq 20.
11, 17, 18.

TABLE 4: Coefficients of Quantum Yield of Dissociation 0.06
According to Equation 11
Alnm] o kp [Torr] ky [Torr]
380 1.10+0.14 78+ 9 —-7+8 0.041
400 0.47+ 0.09 31+4 41412 o
420 0.21+ 0.06 10+ 1 32+6 <
440 0.08+ 0.02 4+ 0.3 46+ 7
0.02
TABLE 5: Relative Errors of the Quantum Yield of
Dissociation
error source relative error 0.00 . . : . .
photolysis rate (d[Prod]tf) +7% 0 0.2 0.4 0.6 0.8 1
actinometry (o) +10%
adsorption cross section)( +6%
concentration of MG ([MG]) +6% [MG] [TOIT]
dark loss of MG Kgari) 4504 ) . . .
coefficients 0, ) j:%"/ Figure 12. Quantum yields of R10 as a function of MG concentration
cal | € 3 % 0 (380 nm: P =400 Torr, [Q] = 90 Torr; 440 nm:P = 760 Torr, [Q]
optical resolution A1) +% = 150 Torr). Symbols: calculated from experimental data according
guantum yield ¢p) +17% to eq 16; curves: fit according to eq 23.

18, the quantum yield of photodissociation can be specified as YP€
a function of wavelength and pressure (Figure 10), as required kMG K
for the calculation of the lifetime of MG. In the range between ~ S = MG
335 and 345 nm, these functions were interpolated to form a R KswaIMG] +k 1+ K/[MG]
smooth transition t@p = 1 of the short-wavelength band.

The relative standard deviations of the quantum yields as a
function of wavelength were determined to be 7%, possible
systematic errors introduced by uncertainties of the coefficients
0 and e are thought to be less than 5%. The finite optical
resolution (8.5 nm) leads to an overestimation of the quantum
yields of not more than 6%. Summarizing all statistical as well
as systematical errors, shown in Table 5, results in a relative

(19)

where kvc)[MG] represents the effective rate of RIKsvc
the sum of all quenching processes dependent on [MG]kand
all deactivation processes obeying first- as well as pseudo-first-
order kinetics. The ratitvc/ksmc = Kue gives the limit of
the yield at high concentrations.

The effect of Q partial pressure ogir was investigated under
conditions of constant MG partial and constant total pressure
at 380 and 440 nm. The results shown in Figure 13 can also

uncertainty of the quantum yields determined &pp/¢pp = be represented by a saturation function,
+17%.
Quantum Yields of Reaction R10. The quantum yieldgr ko, [0, Ko,
of the reaction of electronically excited MG with ground-state PR~ = ] (20)
' ically exci with grou R k5o O + ke 1+KiJ[O]]

MG (R10) were calculated from experimental data using eq 16.

The results of the experiments performed in synthetic air are
displayed as a function of total pressure in Figure 11 and can ., aris0n of the plots in Figures 12 and 13, it can be observed
be empirically described by a function analogous to eq 20. ot the limits of¢w reached at large [MG] and | respec-

The dependence of the quantum yiedisof MG concentra-  tively, show nearly the same values. The interpretation of these
tion, determined at 380 and 440 nm, all other experimental results requires product-forming as well as deactivation path-
conditions kept constant, is shown in Figure 12. The experi- ways of the reactive state under participation of MG as well as
mental data can be represented by saturation functions of theoxygen.

with Ko, giving the limit of ¢r at high Q partial pressure. By
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0.064 TABLE 6: Quantum Yields of Intersystem Crossing
Kix Ky
K %= e K A[nm]
Alnm] K !
0.04 (ref 32) (this work)"
& 0 380
401 0.664+ 0.09 0.55+ 0.05 400
0.02 420 0.77£0.11 0.76+ 0.02 420
) 442 0.99+0.14 0.92+ 0.01 440
energy as well as pressure, were obtained. In the second
0.00; . . . r absorption bandA( > 340 nm) dissociation quantum yields
0 50 100 150 200 decrease with increasing wavelength and increasing total
pressure, obeying the SterNolmer relationship (eq 11).
Further, a chemical reaction of electronically excited MG with
[02] [TOI'I'] MG in the ground state (R10) was proposed.

Figure 13. Quantum yields of R10 as a function of @artial pressure .
(380 nm: P = 400 Torr, [MG] = 0.25 Torr; 440 nm:P = 760 Torr, ~ [CHsCOCHO]*+ HCOCOCH,

[MG] = 0.25 Torr). Symbols: calculated from experimental data CH3C0+ HCHO+ CO + CH3CO (R10)
according to eq 16; curves: fit according to eq 23.

0.06 This mechanism may be discussed with respect to the previously

) published studies dealing with the photophysics of MG of van
der Werf et aP? and Coveleskie and Yardl&§3334 They
investigated the fluorescence and phosphorescence of MG at
excitation wavelengths between 398 and 455 nm. Their results
relevant to this work are summarized as follows:

(i) Methylglyoxal in its first electronically excited state (S
undergoes fast intersystem crossing to a triplet state with rates
in the order of magnitude of 1G1.32:34

(ii) The collisionless quantum yields of intersystem crossing
(kst/k™, with kst representing the rate coefficient of intersystem
T T T N T crossing andk™ the sum of all monomolecular deactivation
0 200 400 600 800 processes) obtained by van der Werf e#2adre in excellent

agreement with the quantum yields of monomolecular deactiva-
P [Torr] tion extrapolated to zero pressugs{ = kx/(kx + kp) = 1 —
¢o, Table 6). Hencekp and kx can be identified as rate
coefficients of dissociation and intersystem crossing to a

0.04

o~
©-

0.021

0.00-

Figure 14. Quantum yields of R10 as a function of total pressure
obtained under constant@nd MG partial pressure. (380 nm: JG=

150 Torr, [MG]= 0.20 Torr; 440 nm: [ = 150 Torr, [MG]= 0.25 nondissociative triplet state, respectively. Moreover, these
Torr). Symbols: calculated from experimental data according to eq Processes can be regarded as the only significant monomolecular
16; curves: fit according to eq 23. dissipation pathways of vibrationally excited MG in thestate.

(iii) The results at 380 nm must be regarded as somewhat

Quantum yields as a function of total pressure, at constant different. The quantum yield of dissociation, extrapolated to
MG and G partial pressure, are displayed in Figure 14. Within zero pressuregg), is unity. Since it cannot be expected that
experimental error no pressure effect could be observed.intersystem crossing becomes negligible at this wavelettgth,
Therefore the pressure effect observed in the experimentsit is concluded that the corresponding triplet state is also
performed in synthetic air (Figure 11) has to be interpreted as dissociative.
an Q partial pressure dependence. (iv) Collisional quenching of vibrationally excited triplets(

The errors indicated by the bars in Figures-1# represent ~ 10’ s Torr'?) is orders of magnitudes faster than the
the weighted sum oA(d[CO]/dt) and A(d[HCHO]/dt). Sys- competing first-order processde (< 10° s71).32

tematic errors caused by the uncertaintiesaind e do not (v) No experimental data concerning the triplet quenching
change the calculated values @f by more than 10%, while  of MG by oxygen is available. Nevertheless, the thermalized
the shape of the curves remains unaffected. phosphorescence of the homologous biacetyl is strongly quenched

In the following section these experimental findings are by O, with a rate of 2.8x 10* s~ 1 Torr~1.36 Hence, triplet MG
discussed with respect to the photophysics of dicarbonyl must also be considered to be efficiently electronically deacti-

compounds. vated by oxygen.
_ (vi) Intersystem crossing from the thermalized Sate
Photochemical Model (K™ = 4.9 x 107 s71) is orders of magnitudes faster than
The photochemistry of MG in the presence ofi©described  fluorescenceKeiuorescence™ 10° s71).%% _
by a photodissociation mechanism according ta P1 Following these arguments, the conclusions can be drawn

that under the experimental conditions employed in this work,
hy OnM all molecules in triplet states are thermalized and all nondis-
CH;COCHO— —— CH,COQG, + HO, + CO (P1) sociating molecules undergo intersystem crossing, reaching the
thermalized triplet states. Therefore, the states responsible for
For absorptions in the short-wavelength baad<( 340 nm) the reaction of electronically excited MG should be thermalized
dissociation quantum yields of unity, independent of photon triplets and the experimentally determined quantum yield of this



Photochemistry of Methylglyoxal in the Vapor Phase J. Phys. Chem. A, Vol. 102, No. 46, 199&151

reaction should be proportional to the triplet quantum yielgd,( TABLE 7: Coefficients of the Quantum Yield of R102

which is equivalent to the quantum yield of nondissociation (1 iy K K [Torr] K, [Torr]
¢o)- 380 0.072+0.01 1.45+0.7 0.10+ 0.05
dalh, P) ~ ¢2(1, P) 1) 440 0.040+ 0.005 40+ 18 0.05+ 0.03
R\7/"» TV
aThe assign_eql errors represent one standard deviation obtained by
¢4, P) =1— ¢p(4, P) (22) least-squares fitting.
13, and 14 can be given,

This relationship is shown by the lines in Figure 14, with the
values of 1— ¢p calculated from the coefficients given in Table
4. ¢ = (1 — ¢p)

In order to explain the experimentally observed photon
energy, [Q] as well as [MG] dependence of the quantum yield
¢r, detailed information concerning the chemical and physical =(1- ¢y)
properties of the involved triplet states of MG is necessary. The D
properties of triplet MG and the homologous biacetyl ¢H
COCOCHy), respectively, were examined by several experi- whereKg = (ko/kso,)(kve/ksms) = Ko,Kwue, and all coefficients
mental as well as theoretical studies. The results needed forhave to be considered as functions of the wavelength as given
the discussion of this work are summarized as follows: in Table 7.

(i) The CO quantum yield of biacetyl at 436 nm increases  For explanation of the observed wavelength dependence of
with O, partial pressure, the yields were described by a ¢r, the participation of two distinct triplet states, populated with
saturation functiongco = ((0.07 £+ 0.03) s3)/(1 + (0.012+ different energy-dependent probabilities is assumed. Therefore
0.002) st Torr1)/[0,]).3” A similar behavior was observed the coefficients entered in Table 7 have to be considered as
for the CO quantum vyield of acetaldehyde (313 rff)These some mean values of the different states involved.
results were interpreted in terms of a bimolecular interaction ~ The thermodynamics of R10a require triplet energies corre-
of oxygen with triplet biacetyl and acetaldehyde, respectively, sponding to a threshold wavelength of 434 nm, whereas the
following product formation. formation of acetylperoxy instead of acetyl radicals diminishes

(i) Molecular orbital considerations on the basis of biacetyl this threshold to 935 nm.
with Cah-symmetry show the existence of two triplet states that
can be reached by intersystem crossing from the first excited [CH,COCHO]* + HCOCOCH —

kwua[MG]
kzMG[MG] + K

ko,[O2]
kso [0 + kr

KR
1+ K/[O,])A + Iq/[MG])) @9

singlet. The first triplet, lying about 3000 crh below the CH;CO+ HCHO + CO + CH,CO (R10a)
singlet® is assigned to be ofA,, the second ofB] sym- o
metry?’ [CH,COCHOJ* + HCOCOCH, —

(iii) However, there exists some disagreement concerning the
energy differences of these states. Drent et al. assume the
energy difference of both states to be as small as 2500 cm

CH,COQ, + HCHO + CO + CH,CO (R10b)

Therefore, the participation of oxygen might thermodynamically

(29 kJ/imol)?® while Coveleskie and Yardley estimate th open the product formation channel (R10b). However, a
state lying at 27000 cr, inaccessible for excitation wave-  mechanistic interpretation might be too speculative. A further
lengths longer than 370 nf. confirmation of the proposed reaction mechanism can be

(iv) An experimental indication to the population of two  gptained by experiments using partially deuterated methylgly-
different triplet states can be taken from the biexponential time oxal (CH,COCDO). Reaction R10 yields exclusively deuterated
profiles of the slow fluorescence of MG, initiated by reverse forma|dehyde (DCDO) if the exchange of deuterium between
intersystem crossing which was observed at all wavelengths ground-state molecules is sufficiently slow. The reaction rate
investigated®? is expected to be reduced according to the kinetic isotope effect.

The experimentally obtained dependencepgfon MG and
oxygen partial pressure as well as photon energy can be broughComparison to Recent Investigations
into consistency with the known physical properties of elec-
tronically excited MG by the photochemical model described
below.

The increase obr with O, partial pressure (Figure 13, eq
20) requires the participation of,Gn product formation. We
propose that a minor portion of the collisions of triplet MG
with O, leads to some reactive intermedidtg,), not identified,
undergoing further collisions with MG, yielding the reaction
products according to R1&gs). This assumes that the major
amount of triplets is electronically deactivated by oxydeiy)

The quantum yields of CO and HCHO determined in this
work agree only qualitatively with those obtained by Raber and
Moortgat81®and Staffelbach et a9 respectively, as outlined
in Table 8.

Raber and Moortga¥1® observed nonlinear produet
concentration time profiles. The ratigf COJ/A[MG] increased
linearly with photolysis time, while the ratia[HCHO]/A[MG]
slightly decreased with time (Table 8). These observations could
not be explained by their kinetic model, consisting of the

or other first-order kinetic processds) like phosphorescence, reactions as givenin Tgble 2 with slightly different rate constants
internal conversion, or intersystem crossing. and reaction of MG with H@(R11) included.

In order to explain the [MG] dependence¢¥ as displayed CH,COCHO+ HO, = CH,COCHO-QH — Products
in Figure 12 (eq 19), besides a product promoting pathway via (R11)

R10 kvc), competitive deactivation of the assumed intermediate

by first-order k) as well as MG dependenksc) kinetic Possibly, secondary chemical processes occurred, caused by

processes is suggested. higher concentrations of radical and molecular intermediates,
Following these considerations, an analytical expression for since their photon flux was about two orders of magnitude

¢r Which combines eqs 22 as displayed in Figures 12, higher than in this work. Wall effects are not mentioned.
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TABLE 8: Comparison to Recent Studies of the Photochemistry of MG

Rabet® P [Torr] A[COJ/AIMG] A[HCHOJ/A[MG] P e
A =275-380 nm 54 0.851.6 0.28-0.22 1.114-0.03 0.94+ 0.04
146 0.85-1.3 0.35-0.22 1.07+ 0.01 0.90+ 0.03
220 1.06-2.0 0.31+0.18 0.99+ 0.05 0.87+ 0.05
400 0.96-1.1 0.38-0.30 0.95+ 0.05 0.82+ 0.04
600 0.30-1.0 0.270.20 0.86+ 0.04 0.75+ 0.03
760 0.65-0.9 0.28-0.21 0.72+ 0.02 0.64+ 0.03
A =390-470 nm 57 0.631.0 0.20-0.16 0.51+ 0.04 0.41+ 0.04
148 0.44-0.55 0.32-0.22 0.31+ 0.03 0.28+ 0.01
600 0.18-0.35 0.28-0.21 0.26+ 0.03 0.22+ 0.02
760 0.28-0.31 0.35-0.22 0.26+ 0.04 0.23+ 0.02
Staffelbach® P [Torr] A[CO)/AIMG] A[HCHOJ/A[MG] Pmc? ¢pd
1= 410-418 nm 760 b b 2w — Prud) 0.005
A =355-480 nm 760 <0.78 0.51+ 0.06 0.055
A= 240-420 nm 760 <1.44 0.30+ 0.06 0.14
this work P[Torr] dcoldp ¢rcHol$p Pmc? ¢co — Pr
all 4 allP 1.0£0.1 0.19+ 0.02 c
A =420 nm 760 0.013+ 0.03

2 pye = —(d[MG]/dt)/([1o dA o [MG]). b Not specified.® Not determined? ¢p = (¢pmc — Pr11)-

124 results would be compatible if one would assume that reaction
R11 is negligibly slow, in contradiction to the findings of
10 Staffelbach et al. There is no explanation for these discrepan-
cies. However, a direct determination of the rate coefficient of
= 8 R11 would give a deeper understanding of the photochemistry
) of MG.

<6 Atmospheric Lifetime

i The atmospheric photodissociation coefficiedtié defined

4 as the integral of the solar flux per unit wavelengtf) @s a

. ; . ] : , - . . function of height £), the solar zenith angl&), the absorption

0 10 20 30 40 S0 60 70 80 cross sectiond), and the quantum yieldpj of the considered
process over the atmospherically relevant wavelength range. The

: 0 atmospheric lifetime due to photolysisye) is the reciprocal
Solar Zenith Anglc [ ] of the photodissociation coefficient.

Figure 15. Atmospheric lifetime of MG due to photolysis as a function
of solar zenith anglez(= 0.5 km,P = 760 Torr, albedo= 0.2). JP, T,z 60)= f' (. 2 0) 6(, P, T) oA, P, T) dA
y Ty & o\VYy & l 1 1 1

Staffelbach et a1 studied the wavelength dependence of the
photolysis using broad-band cut-off filters specified by their
threshold wavelquths. . The pressure d_ependence of the AUaMNne radiation model is related to that of Luther and Gelifas.
tum yield was not investigated, all experiments were performed The solar photon flux is incrementally calculated for a standard
at 76.0 Torr. The CO. quantum yields determ_lned have to be atmosphere with respect to the extraterrestrial spectrum, absorp-
c_onS|dered as upper limits. The_results (_)f their model (_:a_lcula- tions due to N, Oy, Os, and NQ, multiple scattering, and a
tions could not be reproduced with the given rate coefficients; constant albedo. The calculations of the photodissociation

e.g., the model calculations resulted in a carbon balance Ofcoefﬁcient were performed for the height increment between 0

100%, although the postulated product £HH was not . .
; ! . and 1 km (760 Torr) and an albedo of 0.2, using the absorption
included and HCHO yields higher than 60% per molecule of cross sections given by Meller et*8land the quantum yields

MG re.moved yvere calculated. ) ) . of dissociation given by eqs 11, 17, and 18 as shown in Figure
Their experimental results are not in agreement with this 15 Atmospherically, only photodissociation of MG is relevant,

_ 11
Tphot_ J

work. Their ratioA[COJ/A[MG] is significantly lower andA- the suggested reaction of triplet @EDCHO is of no importance
[HCHOJ/A[MG] significantly higher than the quantum yields  §ye tg the low concentrations of reactants. The results of the
determined in this study (Table 8). model calculations foz = 0.5 km as a function of the zenith

In a further experiment Staffelbach et?8linvestigated the angle are shown in Figure 15. For an angle of 60e obtains
photolysis of a mixture of b Oy, N2, MG, and C} in order to a lifetime due to photolysis of
determine the rate of the reaction of MG with H(®R11). The
examination of the stable products resulted in an effective rate Tphot= 41N+ 0.7 h
constant ofk;; = (1.4 & 0.5) x 10715 cm® molecule® s,
leading to the conclusion that during the photolysis of MG half with respect to the error of the quantum yielg.
of the removal of MG is the result of the reaction with HO The lifetime due to OH reaction is calculated to be 16 h for
(R11). Their photolysis quantum yield obtained in the wave- an OH concentration of % 10° molecules cm® and a room-
length range between 410 and 418 nm is about half as large agemperature rate coefficient kf = 1.3 x 10711 cm® molecule™!
the CO quantum yield found at 420 nm in this work. Both s12! Hence, OH reaction is of minor importance for the
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degradation of tropospheric MG. The photolysis lifetime of 2
h given by Plum et a8 is based on experiments using an
unfiltered Xe arc lamp in order to simulate the solar spectrum.
Raber and Moortgéat reported a value of 0.6 h based on a
wavelength-independent quantum yield of 0.23, obtained with
a light source showing a broad emission between 390 and 470
nm. Their results are possibly affected by systematic errors.
The results of Staffelbach et al. (2.74h0.7 h¥° are in good
agreement with those of this work. They assume a quantum
yield of dissociation linearly decreasing with wavelengpg-(
(300 nm)= 0.45,$p(430 nm)= 0), assuming that only about
half of the MG removed in their experiments is due to
photolysis. This function results in higher yields in the
atmospherically effective window between 420 and 370 nm.

Finally, in order to complete our understanding of the fate
of atmospheric MG, information concerning its dry and wet
deposition is necessary.
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