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The ethene ozone reaction was investigated in a 570 L spherical glass reactor at atmospheric pressure, using
long-path FTIR spectroscopy for detection of the individual products. Experiments were performed in the
presence of hydroxy and carbonyl compounds to identify the reactions of the Criegee intermedi@t@ CH
formed in ethene ozonolysis. Usid#C-labeled HCHO, this reaction was found to proceed via an unstable
cyclic adduct which decays to the detected products HCHO, HCOOH and CO;0[@tt HCHO — HCHO

+ HCOOH (eq 13); CHOO + HCHO — HCHO + CO + H,0 (eq 14a); CHOO + HCHO — HCHO +

HCO + OH (eq 14b)] The relative rates of the reactions of,0B with HCOOH and HCHO were determined

from the product analysis. In addition, evidence was found that the reaction £8HXB with the CHOO
intermediate does not exclusively produce secondary propene ozonide, but also HCHO,arth€@esults

of this study have been combined with data from previous investigations to give a complete description of
the gas phase ozonolysis of ethene and are discussed in comparison with ozonolysis reactions occurring in
the liquid phase.

Introduction this stabilization, can further undergo bimolecular reactiohs:
The gas phase reaction of ozone with alkenes is an important CH,O00* — decomposition 4)

loss process for alkenes and ozone in the atmosphere. While

the rate constants of{@eactions with a variety of alkenes have CH,00*+ M — CH,00+ M (5)

been the subject of numerous studighe mechanisms and n ) ) .
products are still incompletely known. Most mechanistic studies 1€ decomposition channels of the simplest Criegee inter-
concentrated on the reaction of simple symmetric alkenes suchMediate CHOO have been established, based on the yield of
as ethene, 2-butene, and 2,3-dimethyl-2-butene with ozone sincdh€ products C@ CO, HCOOH, and K detected by FTIR
they produce only one Criegee intermediate. The complete SPECIrOSCOpY, Mass spectroscopy, or gas chromatogféphy:

description of the ozonolysis of larger alkenes, e.g., isoprene CH,00* — CO, + H, (4a)
or B-pinene is still beyond the current state of knowleédge.

The accepted mechanism for the reaction of ozone with ethene — CO,+ 2H (4b)
is based on the mechanism that was developed by Cfiégee
the liquid phase investigations in the 1940s and early 1950s. —CO+H0 (4c)

The reaction is initiated by the formation of a primary ozonide .
(1,2,3-trioxolane) which decomposes rapidly into a Criegee HCO+ OH (4d)
intermediate (denoted as @BIO) and a primary carbonyl — HCOOH (4e)
compound (reactions 1 and 2). While the formation of the
secondary ozonide (reaction 3) is the most important reaction

of the Criegee intermediate in the liquid phase, its reaction . . .
9 q P independent source of OH radicals. Although experimental

pathways are quite different in the gas phase, due to the™ ™ . . .
generally much lower concentrations employed and the absenceEV'dence supports OH rad|c_al formatltﬂT,e_a_ctlon 4d has not
een considered as a major decomposition channel for the

of solvent molecules. . ; . .
excited Criegee intermediaté!
Compared to the decomposition pathways for the excited

Reaction 4d proposed by Martinez efa. of particular interest
for tropospheric chemistry, since it may serve as a light-

o]
o Yo Criegee intermediate GI®O*, less is known about the fate of
HsC=CHy + O3 — = H,C—CH, @) the stabilized Criegee intermediate &} in the gas phase. It
o is known to react with aldehydes, $GCO, and HO® and is
o o believed to react with NO and NG? Recent studies from this
HoC—CH, —= CH,00 + HCHO 0] laboratory have shown that the reaction of £ with
_ hydroxylic compounds ROH proceeds in analogy to the liquid
0-0 o 4
s phase ozonolysis via cleavage of the hydroxylie i bond:
H.C_ CHy 1314
CH,00 + HCHO —~ o) (©)]

] ] . ) CH,00 + RO—H — CH,(OOH)-O—R (6)
In the gas phase, a fraction of the Criegee intermediates
formed in reaction 2 decompose unimolecularly (reaction 4) During ethene ozonolysis in the presence of HCOOH,

before they can be collisionally stabilized (reaction 5) and, after hydroperoxymethyl formate (COOH)—O—CHO, HPMF)
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was formed in accordance with reaction 6=RHQO)1516
HPMF is not stable in the laboratory and decomposes to formic
anhydride (FAN) in a presumably heterogeneous prot&ss.

Turbo-molecular X
pump

Ozone
monitoring
unit

CH,00 + HCOOH— CH,(OOH)-O—CHO  (7) - Hglamp
spectrometer
CH,(OOH)-O—CHO— (HCO),0 + H,0 (8) I : i
Since the reported yield of HPM#5 exceeds the reported Otes M| presaure gy Mo
yield of HCOOH from decomposition channel 4e at least by a \i transducer i\ White optics

IR source @

factor of 4, it appears that there has to be an additional source
of HCOOH in the etheneozone system.

Presently no reaction of the Criegee intermediate with HCHO
has been formulated. In liquid phase ozonolysis the secondary
ethene ozonide is formed as a major prodédi,it this product
has not been detected so far in the gas phase, although secondary
ozonides have been detected in the gas phase ozonolysis of
higher alkenes by FTIR techniques and mass spectrorftef). _ _ )

The main purpose of this study was therefore to investigate Figure 1. Schematic drawing of the 570 L glass reactor vessel.
possible reactions of HCHO with the Criegee intermediate
CH,00. Since the reaction of the Criegee intermediate with ' ne reactants and the products were analyzed by long-path
the carbonyl compound produced in the course of ozonolysis (43-2 m path length) FTIR spectroscopy (Bruker IFS 28). For
is the single most important reaction in liquid phase ozonolysis, €ach spectrum 128 scans at a resolution of 0.5'cwere
it was hoped to point out differences and similarities in the averaged. The time resolution for the data acquisition was about
mechanism of ozonolysis caused by the absence of solvent4 min at t_hese mstrumental_ settings. Approximate relative
molecules and the much lower concentrations used in gas phas€°ncentration errors were estimated as follows; @H,, CO,
ozonolysis studies. For this purpose, a series of experimentsand HCHO £ 5% and CQ and HCOOH =+ 10%. The
were performed to evaluate the change of product yields, visible calibration of HCOOH was performed using a pyrolytic
to FTIR spectroscopy, in the 0zonolysis of ethene upon addition Method* to overcome difficulties due to HCOOH dimer
of HCHO, HI3CHO, or CHCHO. Together with our recent formatlon. Two different calibrations were m_ade for HCHO
results on the reaction of the GEO intermediate with ~ Which were in excellent agreement: a pyrolytic metHashd
hydroxylic compound$? namely, HCOOH and C¥COOH, a a standard volumetric method using paraformaldehyde which
complete picture of the mechanism of the ethene ozone reactionVas heated to ca. 12 as the source for monomeric HCHO.
emerges, enabling us to give some estimates for the relativeFormic anhydride (FAN) was prepared according to the

rates of the reactions of the GBIO intermediate with HCHO ~ Procedure of Muramatsu et &. The reference spectrum of
and HCOOH. hydroperoxymethyl formate (HPMF) was obtained by a com-

putational stripping procedure, and its concentration was
estimated by the band strength of the carbonyl absorptidhe
error limits for the concentrations of HPMF and FAN were
estimated to be-20%. For Q, the absorption cross section at
Ozonolysis was carried out in 7303 Torr (1 Torr= 1.333 254 nn?3 was used for its calibration’*CO (IC-Chemikalien),
Pa) synthetic air in an evacuable, 570 L spherical glass reactor. H*COOH (Aldrich), and HCHO (IC-Chemikalien) were
The reaction temperature was kept constant at 296K by quantified by assuming the same absorption coefficients for the
the laboratory air conditioner. Due to the large size (ca. 1 m corresponding peaks arising in tHE€ compounds. Results of
diameter) and complex geometry, no attempts were made toexperiments B, H, L, and M (Table 1) have already been
vary the temperature. A schematic drawing of the reactor is published in earlier studies carried out in this laboratSry.
shown in Figure 1. The initial reactant mixing ratios were in Reported product yields for these experiments may differ slightly

Gas-handling unit

= Ozone generator

» Water bubbler

= Alkene / N, mixt.
dilution and transfer

coil collédor
* HPLC

+IC
Control unit
{Personal Computer)

Vacuum pump control unit
———————————————— (Personal Computer)

Experimental Section

the range 29 ppmv (1 ppmv= 2.38 x 103 molecule cm? at
the above temperature and pressure) feH£and Q. The

from those reported in the present study, since product yields
were determined at larger reaction times. Ozone concentrations

mixing ratio of the added compounds ranged from 5 to 50 ppmv have been corrected biy12% relative to previous studies due

for HCHO and H3CHO and +10 ppmv for HCOOH and
CH3COOH. Synthetic air was prepared by filling the reactor
with 80% CO-free N (Linde) and 20% @ (Linde) to a total
pressure of 700715 Torr. Ozone was generated either

externally in a quartz-tube spiral surrounding a Hg Pen-ray lamp

while filling the glass reactor with @or internally with another

to a recalibration of the optical path length of the UV system
(minor contribution) and an error in the data acquisition software
(major contribution). All chemicals were of highest purity

commercially available and used without further purification.

Hg Pen-ray lamp mounted inside the reactor. To this mixture Results

of air and Q premixed GH4/N, (100 ppmv GH,) from a

pressurized cylinder was directly added. Also in several cases Typical FTIR spectra of the reaction mixture of the gas phase

a dilute GH4/N, mixture prepared in a transfer cylinder of 1.38
L was flushed into the reactor by,Narrier gas, until the final
pressure of ca. 730 Torr was reached. During the filling, two
Teflon stirrers were activated to ensure rapid mixing of the
reactants. The addition of HCHO, GEHO, HCOOH, and
CHzCOOH was performed in a similar way, immediately before
the GH, injection.

reaction of ethene with ozone are illustrated in Figure 2. Also
shown in Figure 2 are parts of the reference spectra of the
reactants and the products which were used to determine the
concentrations listed in Table 1. Compounds quantified in this
study are the educts8=CH, and Q and the products HCHO,
CO, CQ, HCOOH, hydroperoxymethyl formate (HPMF), and
formic anhydride (FAN). Results of ozonolysis experiments
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TABLE 1: Product Yields 2 for the Ethene—Ozone System As Determined by FTIR Spectroscopy

experiments in the presence of

HCHO CHCHO HCOOH CHCOOH

A B C Db E F G H | J K L M
[CoH4)o [ppmV] 797 401 203 416 4.12 4.10 4.09 404 4.05 4.18 4.09 4.09 4.02
[Oslo [ppmv] 280 239 9.09 240 234 2.24 2.80 250 231 242 234 2.16 2.10
AC;H4 [ppmv] 208 167 178 173 1.64 1.56 1.87 163 167 161 1.65 1.63 191
reaction time [min] 111 246 114 240 239 239 239 230 235 236 237 237 209
added compound [ppmv] 5 7.5 15 30 1 10 0.9 10 10
Y(AOs) 1.09 107 131 117 1.14 1.18 1.20 121 113 122 1.07 1.10 1.03
Y(HCHO) 0.92 091 077 n® 073 062 05¢ nd 097 119 091 1.02 1.00
Y(CO) 029 030 044 n#. 047 0.50 0.56 n.d 0.32 0.27 0.29 0.23 0.23
Y(CO) 020 021 019 nd. 0.23 0.20 0.22 n.d. 029 041 0.23 0.28 0.26
Y(HCOOH) 0.04 004 0.04 nd. 0.18 0.21 0.35 058 0.05 0.06 -042 -091 0.04
Y(HPMF )%l 0.18 019 0.19 0.18 0.20 0.17 0.16 0.14 n.d. n.d. 0.33 0.51 0.0
carbon balance 091 092 091 nd. 1.00 0.94 0.98 n.d. n.d. n.d. 0.83 0.82 n.d.

aProduct yields are denoted ¥product) and represent the yield of product relative to ethene convéiegheriment performed at a total
pressure of 81 Tor Not determined because of pressure-dependent line sh@pacentration of HCHO was determined by measuring the weak
absorption of HCHO around 3471 cf ¢ HPMRoa = HPMF + FAN (see text).

30

absorbance
concentration [ppb]

L L B L LA A LA I
350 3000 250 00 150 1000 £\ Ethene [ppbv]

Wavenumber[cm'l] Figure 3. Pressure dependence of the decomposition of HPMF.
) ) Experiments shown are run B and D from Table 1. Crosses are the
Figure 2. FTIR spectra used for evaluation of run B (see Table 1). concentration profiles of HPMF obtained at a total pressure of 81 Torr,
Reference spectra of the products identified are shown with half the 54 triangles are HPMF concentrations from the experiment at 730
absorbance to which they contribute to the product spectra. Absorbancerq,r. Lines indicate HPMga (=[HPMF] + [FAN]) of these two
due to water vapor has been removed. The o0zone absorption is negativgyperiments.

since the background spectra were taken aftew@s added.

of ethene under varying initial concentrations are given in Table [N experiments where ethene was in excess of ozone, the
1. Yields of the individual products are given relative to ethene increase in concentrations of all products (except HPMF and
consumption ([producff[ethene} — [ethene). Out of the FAN) is linearly related to ethene conversion. To account for
products listed in Table 1, HCHO is formed in the decomposi- the time dependence of the HPMF yield, the expression [HPMF]
tion of the primary ozonide (reaction 2) and CO (to a first + [FAN] = [HPMF]iw Was used to characterize the amount
approximation, see later), GOand HCOOH are formed from  of HPMF formed. Using excess ozone, the yield of HCHO
the decomposition/isomerization of the excited Criegee inter- decreases while the yield of CO increases with time. This can
mediate (reaction 4). HPMF is the only product which can be he explained by the reactions of the OH radical which is formed
_unambiggously attributed to a reaction of the stabilized Criegee jn the ozonolysis of ethene with an estimated 12% yieldnder
intermediate: conditions of excess ethene, most of the OH radicals are
scavenged by ethene. As a product of the ethene OH radical
reaction, we observed 2-hydroxyethyl hydroperoxide (H@QCH
CH,OO0H) in approximately 5% yield (unpublished results) in

CH,00 + HCOOH— CH,(OOH)~O—CHO  (7)

Even though the structure of HPMF was unknown until some good agreement with data from Hatakeyama e alln
recent workl® this moderately stable product has also been .
observed in earlier studies on the gas phase ozonolysis ofSXperiment C (Table 1_) the_ reactant ethene was _eventually
ethené2425and was reported to decompose to formic anhydride consumed by the reaction with excess ozone. In this case the
(FAN) in a presumably heterogeneous process: OH radicals formed reacted with HCHO, yielding CO andHO
radicals, which in turn may react with;Qo regenerate OH

CH,(OOH)-0—-CHO— (HCO),0 + H,0 (8) radicals:

The heterogeneous nature of this process was confirmed in HCHO+ OH—HCO+ H,0O (9)
the present study. When the ozonolysis of ethene was carried
out at a total pressure of 81 Torr while maintaining the HCO+ 0,— CO+ HO, (10)

concentrations of the reactants (as in the case of 730 Torr total

pressure), a much faster decay of HPMF to FAN was observed
(Figure 3). HO, + O;— OH + 20, (11)
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200 . TABLE 2: Product Yields? in the Presence of H3CHO
] ." A B C D
— 10 . [C2H4lo[ppmV] 4.07 4.04 13.48 13.54
= 1 . AP [Os]o[ppmv] 2.55 2.30 7.83 8.49
s ] " ACH. [ppmv] 1.62 1.46 5.60 5.68
= 1 0 v&‘j [HCHOL[ppmv] 10 50 10 50
g B g reaction time [min] 205 210 75 75
g ] [ I Y(AOs) 1.17 1.22 121 1.24
- " LA Y(H?CHO) 1.28 1.27 1.21 1.20
1 5 LA Y(?CO) 0.28 0.30 0.30 0.29
{ g% w vV Y(*3CO) 0.21 0.28 0.12 0.22
L T S A S S Y(H2COOH) 0.14 0.30 0.11 0.21
0 w 1000 150 00 Y(H3COOH) 0.12 0.54 0.06 0.36
£\ Etheng [ppbv] a Product yields are denoted afproduct) and represent the yield

Figure 4. Comparison of CO and HCHO concentrations under different Of Product relative to converted ethene.
experimental conditions: Filled symbols are from run A (Table 1)
performed with excess ethene; open symbols are from run C (Table 1)
using excess ozone. Squares depict HCHO concentrations and triangles
the concentrations of CO.

M poob0f

1500—; EF‘jﬂjﬁ..__....
1000—: D;i.ﬂ.ai-' )

The relation between the decrease of HCHO and enhanced
formation of CO due to the above reactions is shown in Figure
4, where data from runs A and C (Table 1) are displayed.

concentration fppb]

. 500+ [i. A A A AAd
Addition of HCHO ] vV
] ®
To elucidate the effect of HCHO on the product distribution, | Sryvvvyrvyvyyy YY Y Y Y Y YV VYTV VY
we performed experiments by adding various concentrations of 0 100 W 30
HCHO while concentrations of the reactants were kept constant. e i

Results are shown in Table 1 (runs-H). Products, whose ) ) )
yields exhibit marked differences from those obtained in the Figure 5. Increase of FFCHO and H.COOH concentrations in the

presence of HCHO. Open symbols are from run B (Table 2) performed
absenge of HCHO, are HCO,OH and CO,‘ The erlhanc.ed in the presence of 50 ppmvCHO. Filled symbols are from run B
formation of these products, which was described also in earlier (tapje 1) without additional reaction partners. Triangles depict

studies’ 2 has been attributed to secondary reactions of HCHO H2COOH concentrations and squares the concentrationd?GHo.

with HO, and OH radicals. The reaction of HCHO and HO

involves a complex reaction scheme which introduces consider- Criegee intermediate. It seems therefore possible that CO is
able uncertainty to the estimated extent of HCOOH formation one of the products arising from the reaction of £¥D and

via reaction 12829 HCHO.

HO, + HCHO— — HCOOH (12)  Addition of H *CHO

A number of experiments with added¥€HO were per-

The change in the HPMF yields upon addition of HCHO formed in order to positively identify the products of the reaction
provides the first indication of some reaction of HCHO with of CH,O0 with HCHO. Results are given in Table 2. Caused
the stabilized Criegee intermediate &0. Inruns G and H, by the simultaneous formation of!IBCOOH and H*COOH,
HCOOH concentrations reached 6.9 ppmv when yields  the3C-atom-containing isotopomers of HPMF and FAN were
were determined for the individual products. Though these also formed in reactions 7 and 8. Due to spectral overlap in
concentrations of HCOOH are comparable with the initial the region of the €O stretching band and the absence of
HCOOH concentration in run K (Table 1), a decrease in HPMF reference spectra, none of the isotopomers of HPMF or FAN
formation was observed. From these results we come to thewere quantified in the experiments with addetf&HO.
conclusion that some species, most likely HCHO, competes with  The most important features of these experiments are the
HCOOH for the CHOO intermediate. We examined the FTIR H'2CHO yields which exceed 100% relative to ethene conver-
spectra of the experiments that were performed in the presencesion and the enhanced formation offF8OOH. Figure 5 shows
of HCHO in order to identify possible products from the reaction the increase in the yields offCHO and H?COOH compared
of CH,OO with HCHO. No absorbance that could not be to an experiment with similar initial concentrations of the educts
attributed to one of the products listed in Table 1 was observed. but without addition of HF’CHO. Since the only source &C

The enhanced formation of CO can be partially attributed to atoms that is available to bimolecular reactions is the stabilized
the reaction of HCHO with OH (reactions 9 and 10). However, Criegee intermediate, iCHO and H*COOH must be consid-
the observed increase in CO vyield from 29 to 30% (runs A, B ered as products arising from two independent reactions of
in Table 1) to 47-56% in the presence of HCHO (runs E, F, H!CHO with CHOO. First, reaction 13 was assumed to be
and G, Table 1) is much too high to be explained solely by relevant, leading to the formation of HCOOH ané*€HO:
reaction 9. A comparison of the CO yields of runs A and B
with experiments in the presence of species that are known to CH,00+ H*CHO— HCOOH+ H**CHO (13)
react with the stabilized Criegee intermediate (runs L13M)
suggests that part of the CO is not exclusively produced from  The proposed reaction 13 leading to the formation of HCOOH
the decomposition of the excited Criegee intermediate (reactionswas tested in two independent experiments where either 5 ppmv
4c, 4d) or reaction 9 but involves a reaction of the stabilized HCHO or 1 ppmv HCOOH was added. The observed ratio
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Figure 6. Ratio of [HCHO]/[HCOOH] in ethene ozonolysis. Initial ~ Figure 7. Absorption of the secondary propene ozonide at 1123'cm
concentrations of the experiments are given in Table 1 (runs B, E, G). Triangles and crosses are from experiments in the presence of 1 and
Triangles correspond to run E (addition of HCHO), squares show data 10 ppmv CHCHO, respectively (runs 1,J, Table 1).

from run K (addition of HCOOH), and crosses indicate data form run

B. 13, because the excited secondary ethene ozonide, being a

symmetrical entity, scrambles the isotopic signature of its C
[HCHO]/[HCOOH] is plotted versus reaction time in Figure 6. atoms.
In the early stage of the experiment with 5 ppmv HCHO addition

(run E, Table 1), reaction 13 dominated over reaction 7, as can eI

be seen from the enhanced formation of HCOOH. The formic HC  CH:

acid subsequently competes with HCHO for the available CH,00 + HCHO —— o @)

CH,00, and the ratio [HCOOH]/[HCHO] remains constant. In 0-0 *

the experiment with added HCOOH (run K, Table 1) the HgC/ \CH2

CH,00 reacted only via reaction 7 until the concentration of o~ e HCHO + HCOOH 13)

HCOOH was reduced and the HCHO concentration formed in

reaction 1 had built up. In experiments without additional ——- HCHO+CO+H,0  (143)

reaction partners (runs A, B, Table 1) a similar value of —= HCHO + HCO + OH  (14b)

[HCHOJ/[HCOOH] is found throughout the reaction. These P

profiles are consistent with a reaction sequence producing liquid phase H2C._CHz (3)
- o

HCOOH in reaction 13 and consuming HCOOH in reaction 7,
implying thatks/k;3 ~ [HCHO]/[HCOOH] = 20 + 4.

To account for the formation of HCHO in the presence of
H3CHO, two possible reactions can be formulated which also
enable us to explain the increased amount'3O in the
presence of HCHO:

It is interesting to note that in the ethene ozonolysis in the
liquid phase HCOOH and HCHO were observed as minor
volatile products, whereas secondary ethene ozonide was the
main product’ indicating that the intermediates formed in liquid
phase ozonolysis were not exclusively stabilized.

CH,00 + H®*CHO— HCHO + **CO+ H,0 (14a)  Addition of CH sCHO

Unlike the secondary ethene ozonide, which has not been
observed, the addition of carbonyl compounds other than HCHO
has been reported to yield the corresponding secondary ozonides

From reactions 13 and 14, which have been suggested tojn the gas phas®:® In experiments where GI@HO was added
explain the enhanced formation 6fCO, H2COOH, and  to the etheneozone system, the formation of secondary propene
H'2CHO in ethene ozonolysis in the presence &fCHO, it is ozonide was observed (runs |, J, Table 1). The propene ozonide,
apparent that some exchange of C isotopes has taken place. I@xhibiting a strong absorption at 1123 thwas identified by
the current notation of reaction 134€HO merely acts as a  comparison with a reference spectrum (courtesy of Dr. Hatakeya-

CH,00+ H®CHO— HCHO+ H¥*CO+ OH  (14b)

catalyst for the isomerization of the GBHO intermediate. ma).

Reaction 14, on the other hand, can be described as the

decompostion of the CHDO intermediate after exchange of the 0-0

C atom with H3CHO. This behavior can be rationalized by HZC/\ /\CHCH3

assuming a cyclic adduct, which may either stabilize to give CH,00 + CH3CHO — o (15)

secondary ozonides or decompose into smaller fragments. The

secondary ethene ozonide has not been observed in the gas Secondary propene ozonide was formed with a constant yield
phase, but upon addition of carbonyl compounds other than and was stable under experimental conditions. The temporal
HCHO the corresponding secondary ozonides were reported agrofiles of its absorption at 1123 crhare shown in Figure 7.
productst?® We therefore propose that the excited secondary Apart from the formation of secondary propene ozonide, the
ethene ozonide is formed according to reactioraBd then obtained product yields of HCHO and GQvere increased
decomposes, presumably due to a lack of collisional stabiliza- markedly compared to experiment B (Table 1). The increase
tion, to yield HCHO, HCOOH, and CO as stable products via of both CQ and HCHO yields by=~20% cannot be attributed
reactions 13, 14a, and 14b. The assumption that a secondaryo the oxidation of CHCHO by the OH radical. Under the
ethene ozonide is formed opens a convenient way to explainexperimental conditions of run J (Table 1) and an OH yield of
the formation of both FFCHO and H2COOH from reaction 12%219 most of the OH radicals formed will react with ethene,
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TABLE 3: Branching Ratios of the CH,OO* Intermediate

Su et alt Atkinson et aP® Horie and Moortgdt Thomas et af. this work
CH,O0* —CO+ H2 0.22 0.13 0.13 0.13 0.23
—CO;+2H 0.06 0.09 0.09
— CO+ HO 0.36 0.44 0.31 0.31 0.23
— HCO + OH 0 0 0
— HCOOH 0.04 0 0 0.03 0.04
CH,O0* + M — CH,00 0.38 0.37 0.47 0.44 0.50
and the maximum C@yield from OH-radical-initiated Chkt produced in a bimolecular reaction of the stabilized,OB
CHO oxidation can be expected to be 5%. via reaction 14a or 14b followed by reaction 10. To a first

No information is available as to whether the formation of approximation, the fraction of CO that is solely produced from
secondary propene ozonide (reaction 15) is the only reaction CH,OO* decomposition is readily available from the data of
of the CHOO intermediate with CECHO or if decomposition run L (Table 1), where all the CI0O is consumed by HCOOH,
channels analogous to reaction 14 exist. Taking into accountand hence reaction 14 should be of negligible influence. Some
that all secondary ethene ozonide decomposes, it seems plausiblancertainty exists about this value due to the possible formation
that the presence of an additional methyl group does not resultof CO via reactions 9 and 10. We estimate this contribution to
in a complete stabilization. Assuming therefore that the product be about 0.02 under the experimental conditions, based on the
of reaction 15 also possesses some excess internal energy, thimitial reactant concentrations and the rate constants for the OH
enhanced C®and HCHO yields might be explained by the reaction. Therefore we estimate the branching ratio for reactions
partial decomposition of the secondary propene ozonide: 4c + 4d ~ (0.23-0.02) x 1.1 = 0.23.

The branching ratio for the HCOOH formation 4e can be

0-Q * 0-0 estimated from the data obtained in the presence of added
HzC/\ /\CHCHSI HZC/ \CHCH3 CH3COOH (run M, Table 1). Under these conditions, HCOOH
o L N~ (15a) formation by reaction 13 is completely suppressed, due to the
B dominance of the reaction between the O® intermediate
— CO,, HCHO and other decomposition products and CH;COOH:lS

(15b)
CH,00 + CH,COOH— H,C(OOH)-O—-C(O)CH, (16)
Decomposition of secondary ozonides following pyrolysis or

photolysi$!32 has shown to proceed via the cleavage of the  Thus the obtained yield for HCOOH in this experiment can
peroxidic O-0 bond. In thermal decompositioAE ~ 0.8 kJ be used to calculate the branching ratio for 4e, which equals
mol~1) the major products were found to be the corresponding 0.04 x 1.1= 0.04. The average CQield of 0.21 results in a
acids and carbonyl compound#lsin the photolysis of secondary  branching ratio for reactions 4& 4b of 0.21x 1.1 = 0.23,
propene ozonid8 HCHO and CQ were additionally detected  which is in good agreement with published results (see Table
as products. These results cannot be used directly to character3). The extent of the stabilization reaction 3 can be derived by
ize the products of the decomposition of an excited secondaryassuming that all Criegee intermediates that do not decompose
ozonide, such as formed in reaction 15. However in the case by reaction 4 will be thermalized. With the above quantification
of the ethene-ozone-CH3;CHO system, the intermediate for- of the different branching ratios 4a to 4e, the degree of
mation of an excited acetic acid, which fragments into;@Hd stabilizationksM/(ks + ksM) can be set to 0.50, which is slightly
COONH radicals yielding further COand HCHO as stable  higher than values from the literature. A similar result is

products, may be visualized as a plausible mechanism. obtained from experiment L (Table 1) in the presence of 10
ppmv HCOOH, where it is expected that the £HD intermedi-
Branching Ratios of the Excited CHOO* Decomposition ate exclusively reacts with the excess HCOOH (reaction 7).

Except for the experiments in the presence of HCHO, ethene Under these conditions the yield of HPME was determined
is not exclusively consumed by the reaction with ozone, but 85 0.51, indicating that the.quantlﬂca.tlon of HPMF, although
also, though to a minor extent, by reaction with OH radicals. solely based on the comparison of typical band strength at 1760

As a consequence, the evaluated yields, which were determined™™ - iS fairly accurate. . .
relative to ethene consumption, do not correspond directly to Results for the branching ratio of reactions 4a to 4e are
branching ratios. The experimentally determined OH radical compared to values from “t,eratu_r,e in Table 3. In our Stuqy'
yield is 12910 and in the presence of excess ethene, OH radicals Part of the CO formed was identified as a product of reaction
are expected to react predominantly with ethene. Based on thet# hence leading to a smaller branching ratio of reactions 4c
results of Atkinson et ak? which are in good agreement with + 4d and an increased degree of stablllzatlo_n. Fur_thermore,
results of this study (see below), product yields were multiplied the.resultss of the study of Su et”.ahnd the review article of )
by a factor of 1.1 in order to determine the branching ratios for Atkinsor™ were based on experiments that were made with
the individual decomposition or isomerization reactions. The INitial 0zone concentrations equal to or exceeding the amount
alternative approach would be to express yields relative to ozone® eth_eng in the system and.thus giving rise to CO formation
consumption. This was considered, but rejected because ozon@Y ©Xidation of HCHO (reactions 9 and 10).
has additional sinks via reaction 11 and the decompostion of . . . .
ozone at the reactor wall. The unimolecular rate cc?nstant of Branching Ratio for the Reaction of CH,00 with HCHO
ozone decomposition was determined in separate experiments The branching ratio for reactions 13 and 14 can be deduced
and was about 3.5 106 s71, from the HCOOH and CO budget in experiment B (Table 1).
Previously, all the CO produced has been assumed to be dudn this experiment the only relevant HCOOH sources are the
to unimolecular decomposition of GRBO*, reactions 4c and  decomposition of the excited Criegee intermediate (reactions
4d. The present study clearly shows that a fraction of CO is 4e, 13). Since the total amount of HCOOH formed equals
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TABLE 4: Mechanism of C,H4 Ozonolysis in the Gas Phase

(i) Primary Reactions
CHs + 05 — Primary ozonide
Primary ozonide — CH,O0* + HCHO

(i) Branching Ratio of CHOO*

(1)
@)

(4a) CHOO* —CO,+ H; 0.23
(4b) —CO,+2H
(4c) — CO+ HO 0.23
(4d) — HCO+ OH
(4e) — HCOOH 0.04
(5) CHO00* + M — CH,00+ M 0.50

(iii) Fate of the Stabilized CKHDO in GH4/O3

System Considering 50% Yield

(13) CHOO+ HCHO — HCOOH+ HCHO 0.22
(14a) — HCHO + H,O + CO 0.07
(14b) — HCHO + HCO + OH
) CH,00 + HCOOH — CH,(OOH)-0—-CHO 0.21

(8)  CH(OOH)-O—CHO — (HCOYO + H.0

aThe relative importance of the reactions of the OB intermediate
is valid only in the absence of added reaction partners for thgOCH
intermediate (runs AC in Table 1). Also the subsequent reactions of

the HQ and OH radicals, which are produced in the presence of oxygen,

are omitted from this table.

[HPMF + FAN + HCOOH)], the overall production of HCOOH
due to reaction 13 can be estimated to be

Yr13= Yupmre + Yean T Yhcoon = Yrae™ 0.19

whereYgx corresponds to the conversion of reaction X relative
to the reaction of ethene and; Qeaction ) andyz stands for
the yield of an arbitrary product Z. The amount of CO from

Neeb et al.

which is formed as the primary product in the decomposition
of the secondary ethene ozonide.

0-0 *
2
H.C._ CHz
CH,00 + HCHO — o) ——= HCOOH* + HCHO
HCOOH* —= CO +H,0 (14a)
——= HCO+OH (14b7)
HCOOH* (+M?) — HCOOH (13)

In this presentation the experimentally observed OH raditals
may be explained straightforwardly by the decompostion of
HCOOH?*, without the direct involvement of a stabilized Criegee
intermediate. Although this mechanism seems to be a plausible
way of explaining the formation of OH radicals, neither our
experimental data nor theoretical work enables us to distinguish
between the different possibilities of the OH formation discussed
above. The question whether OH radicals are formed unimo-
lecularly or bimolecularly is of interest for atmospheric chem-
istry since reaction 14b is of no importance under tropospheric
conditions, whereas the branching ratios of the reactions 4a
4e remain unaffected.

It should be pointed out that the above discussion cannot
easily be extended to the reactions of Criegee intermediates other
than CHOO. OH radicals that are formed in ozonolysis of
alkenes other than ethéfi€® are believed to result from
unimolecular decay of the excited Criegee intermediate, which
proceeds vigs-hydrogen atom abstraction from the Criegee

reaction 14 can likewise be determined from the change in the intermediate?®

CO yield due to the addition of HCOOH (experiments B and
L, Table 1). Interms of CO production, the only difference is

the suppression of reaction 14 by reaction 7; hence the CO

production in experiment B from reaction 14 is about 0.07.
Combining the information obtained from the CO and the
HCOOH budget, the branching ratio kfyk;s = 0.19/0.07~

Conclusions

Our finding that the reaction of the Criegee intermediate with
HCHO proceeds via some cyclic adduct enables us to draw some
general conclusions about the similarities of the ozonolysis of

3:1. The relative importance of reactions 7, 13, and 14 in an ethene in the liquid and the gas phase. In both phases, the

ozonolysis, where no additional reaction partners for the

stabilized Criegee intermediate is formed and reacts in the same

stabilized Criegee intermediate were added, is shown in TableManner with both hydroxy and carbonyl compounds.

4. Since in the ethereozone system part of the ethene is

All differences in the observed product distribution can be

consumed by OH radicals, the rates for reactions with the attributed to the less efficient stabilization in the gas phase.
stabilized Criegee intermediate given in Table 4 are normalized Although no quantitative studies on the extent of decomposition

to a 50% formation of this species.

According to the results of this study, the reaction between
the CHOO intermediate and HCHO might represent another,
previously not considered, route to form OH radicals. The
extent of OH radicals that might be produced from this reaction

of the Criegee intermediate in the liquid phase exist, this
pathway seems to be of minor importance, as can be judged
from the measured yield of the secondary ozonides (up to 80%),
observed as main producfs.For the gas phase it was shown
that the degree of stabilization is pressure dependent, leveling

(7%, see above discussion) is in good accordance with theOff at about 400 Tor#? For the secondary ethene ozonide, the

overall (including reaction 11) OH yield reported by Gutbrod
et all and Atkinson et al® While there is ample experimental
evidence for the formation of OH radicals in the ethene
ozonolysis, recent theoretical studie¥ arrived at different

results of this study indicate that it is unstable in the gas phase,
presumably due to lack of collisional stabilization. The second-
ary propene ozonide formed in the presence of;CHO
(reaction 5) appears to decompose only partially, presumably

results concerning the possibility that reaction 4d leads to OH stabilized by having more vibrational degrees of freedom.

radical formation. Donahue et #came to the conclusion that,
on the basis ofb initio calculations, reaction 4d is the most
likely origin of the OH radicals observed directly by a LIF

The apparent discrepancies between the liquid and the gas
phase ozonolysis can therefore be largely attributed to the
different foci of the various studies. Whereas liquid phase

system. In a recent study dealing with the energetics of the ozonolysis is largely carried out to observe reactions of the

Criegee intermediate GO it was concluded that the

dissociation of the CKDOO intermediate is not likely to yield

HCO and OH (reaction d) since it involves the transitory
formation of a carbene, which is unfavorable. However the
formation of CO as a stable product from the reaction of the
stabilized Criegee intermediate with HCHO can also be
explained by the partial fragmentation of excited HCOOH,

stabilized Criegee intermediate, gas phase studies tend to focus
on small product molecules originating from the decomposition
of the Criegee intermediate, with a special emphasize on the
production of free radicals, namely, OH radicals. The interest
in the comparatively small molecules (e.g., CO,£BCHO)
reflects also the complications arising from the simultaneous
formation of free radicals and the analytical complications due
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to the generally much lower concentrations employed in gas

phase studies.

The reaction of HCHO with the stabilized Criegee intermedi-
ate CHOO represents a major HCOOH source under the

conditions of this study, but is of minor importance (if at all)
to the atmosphere. In a recent study from our laboratdahe
main product of the reaction of GBO with HO (the most

J. Phys. Chem. A, Vol. 102, No. 34, 1998785

(11) Gutbrod, R.; Schindler, R. N.; Kraka, E.; Cremer,@hem. Phys.
Lett. 1996 252, 221-229.

(12) Atkinson, R.; Lloyd, AJ. Phys. Chem. Ref. Daf984 13, 315~
444,

(13) Neeb, P.; Horie, O.; Moortgat, G. Knt. J. Chem. Kinet1996
28, 721-730.

(14) Neeb, P.; Sauer, F.; Horie, O.; Moortgat, G.Atmos. Enmiron.
1997, 31, 1417-1423.

(15) Neeb, P.; Horie, O.; Moortgat, G. IKhem. Phys. Letfl995 246,

important atmospheric reaction partner) has been found to be150-156.

hydroxymethyl hydroperoxide (HOGIOH) (reaction 7). The

rate constant for reaction 17 was found to be 14 000 times

smaller than the rate constant for the reaction oG8 with
HCOOH.
CH, 00+ H,0 — HOCH,00H a7

Under tropospheric conditions where®iconcentrations are
on the order of 1®ppmv, reactions with HCOOH and HCHO

cannot therefore be expected to compete with the formation of

HOCH,OOH.
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