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initial productlq. There remain many uncertaintiles as to 
the identity and rates of the secondary reactions leading 
to polymer formation at  low temperatures and carbon 
formation at  high temperatures. 
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Fourier transform infrared spectroscopy has been employed to study the kinetics and products of the reaction 
between ozone and ethene (C2H4, cis-CDHCDH, trans-CDHCDH, and C2D4) in the ppm range in gaseous 02--N2 
mixtures (18-26 “C, 700 torr). In addition to the expected reaction products, CO, C02, CH20, and HCOt2H, 
major products of the reaction were indentified as formic acid anhydride and as yet unidentified precursor 
to (HC0)20. The kinetics of formation of these products were studied in dilute mixtures of Oa and ethene 
(in 02--N2 at 700 torr) with small amounts of CH20, CH3CH0, CO, or SO2 added. These results show tlhat 
about 38% of the CH202 species formed in the Osethene reaction may take part in bimolecular reactions with 
molecular species present in the ppm range, while about 62% fragment or rearrange in unimolecular steps. 
Reported here are the second-order rate constants for the 03--ethene primary reaction and the relative rate 
constants for the first-order fragmentation steps of CH202 and the second-order chemical reactions of CH:z02 
with CH20, C2H4, CO, and SO2. 

Introduction 
The ozone-alkene gas-phase reactions are of special in- 

terest in atmospheric chemistry.l The nature of the 
products, the mechanism, and the rate constants for the 
gas-phase reactions have been studied in the extensive, 
pioneering efforts of CvetanoviE and co-workers2 and in 
more recent years by many other investigators from several 
laboratocies. The earlier work was interpreted in terms 
of the Criegee mechanism3 in which ithe original molozo- 
nide fragmented to form a carbonyl compound and a re- 
active species which has become known as the Criegee 
intermediate. 

\ 
C R z  ( A t )  (1) 0 3  + RzC=CR2 - R z C  -- P - O - O  

(2) 

(3) 

7‘ To* 
A t  - R 2 C - C R 2  (Et) 

Bt - R2C=O + R2COO- 

O’Neal and Blumstein4 suggested that the diradical in- 
termediate product B+ of (2) could rearrange by internal 
H-atom transfer together with some subsequent frag- 
mentation steps to produce the excited molecular produicta 
and free-radicals observed experimentally.6 It was pro- 
posed from thermodynamic considerations and unimo- 
lecular reaction rate theory that the significant formation 
of the Criegee intermediate may be unimportant except 
for the very simplest alkene, C2H4, where fragmentation 
of the very energy-rich ozonide in (2) and (3) is most likely 
to occur before collisional equilibration of the initial 
products. However, Niki et al? showed clearly that a large 
fraction of the gas-phase ozonolysis of cis-2-butene reaction 
occurs via the Criegee mechanism as well. 

The identification of the intermediate diolrirane (CIH2- 
(O),) by Lovas and Suenram’* and Martinez et al.% in the 
low temperature reaction of ozone with ethene provided 
convincing evidence for the occurrence of the Criegee 
mechanism for a t  least a major fraction of this reaction. 
Presumably the dioxirane formed from the initial Criegee 
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intermediate (.CH200.) by ring closure. 
Most of the researchers in recent years appear to con- 

clude that dioxirane formed in the ozone reaction with 
ethylene will rearrange to a vibrationally rich formic acid 
molecule for which fragmentation routes (6)-(9) are ex- 

0--0-0 t 

I I 
0 3  + C2H4 - CHz-CH2 - .CHZOO-~ + CHZO (4) 
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'0 

(+M) - HC02H 

pected to d~minate.~-'O It is inferred that these decom- 
position reactions of the vibrationally rich CHzOz species 
are so fast that bimolecular reactions of the CH20z are 
unimportant in the case of the gas-phase ozone-ethene 
reaction. 

In the present work a Fourier transform infrared spec- 
trometer has been used to follow the 03$2H4 reaction and 
to characterize the nature of the many products formed 
in OZ-rich mixtures of reactants a t  low concentrations 
common to the polluted troposphere. We report here the 
finding that bimolecular reactions of the CH202 species 
formed in dilute mixtures of C2H4, 03, and Oz can be im- 
portant with CH20-, CH3CHO-, CO-, and SOz-containing 
mixtures. Some of the products formed are unusual and 
could be of importance in real atmospheres. 

Experimental Section 
The details of the experimental FT IR spectroscopic 

system and the large photochemical reactor have been 
presented eL3ewhere.l' The path of the IR analyzing beam 
was set for 170 m, and the effective resolution of the 
spectra was 1 cm-'. Product analyses and kinetic data were 
obtained from the infrared spectra of the reactants and 
products of mixtures of 03-CzH4, 03-CzD4, O,-trans- 

H4-CH3CH0, 03-C2H4-C0, and 03-CzH4-802, in the ppm 
range in mixtures with added Oz and N2 to a total pressure 
of 700 torr and at  temperatures from 18.6 to 25.8 "C. 

The D-labeled ethylenes, formaldehyde (HDCO, DzCO 
as paraformaldehyde), and formic acid (DCOZH, HC02D, 
and DC02D) were products of Merck Sharp and Dohme 
Canada, Limited. CH20 (as paraformaldehyde) was from 
Eastman and CzH4 from the Matheson Gas Co. (research 
grade, 99.98%). Formaldehyde monomer was generated 
from the paraformaldehyde by heating, passing the mo- 
nomer vapors through a dry-ice trap, and condensing the 
formaldehyde monomer at liquid N2 temperature. N2 and 
O2 were purchased from the Liquid Carbonic Co. Ozone 
was generated by the electric discharge of O2 with Tesla 
coils. 

The IR spectra of all of the labeled compounds em- 
ployed in this work are shown in Figures 1-3. Lines from 
impurity COz appears in some of the spectra (near 
2300-2400 cm-l) due to variable C02 background absorp- 
tion in the optical path of our detection system. Also some 
sharp lines from D20 impurity (between 1200 and 1600 
cm-') are observable in the HC02D and DCOzD spectra. 

CDHCDH, O~-C~S-CDHCDH, 03-C2H4-CH209 03-c~- 

O I - _ .  
600 

- 
1500 2400 3300 

l Q ,  CM.' 

Figure 1. Infrared spectra of CA,, cls-CDHCDH, trans-CDHCDH, and 
C2D, used in this study. 

, I 
BOO 1400 2000 2600 3200 

l/Av CM.l 

Figure 2. Infrared specira of H2C0, HDCO, and D2C0 used in this study. 

500 2000 3500 
l f h ,  CM.' 

Flgure 3. Infrared spectra of HCOfi, HCOQ, Dco& and DcoQ used 
in this study. 

The experimental values of the extinction coefficients 
(base e, ppm-l m-l a t  25 OC) for selected wavelengths em- 
ployed in this work are as follows: 03, 9.74 X lo-* (1055 
cm-l); CH20, 1.04 X 
(1105 cm-l); CO, 1.13 X lod3 (average of 2176 and 2179 
cm-l); COz, 1.40 X (2250 cm-'); SO2, 1.43 X lo-' (1350 
cm-l); C2H4, 2.05 x lo4 (922 cm-l); cis-CDHCDH, 4.01 X 

(727 cm-'1, 
and C2D4, 3.02 X lo4 (701 cm-l). 

Results 
Several different ozone-ethane experiments were carried 

out in this work. In the first, kinetic data from the reaction 
of O3 with the various D-labeled ethenes were determined 
with varied pressures of O2 and N2 (Pt = 700 torr). The 

(2766 cm-l); HC02H, 6.33 X 

(809 cm-l); trans-CDHCDH, 5.99 X 
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TABLE [: Summary of Stoichiometry and Rate Cionstant Data for the Bimolecular, Gas Phase Reactions of Ozone with the 
Various D-Labeled Ethenesa - - ~ _ _ _  

[ethene] o, rate constant X 
Po,, torr temp, "C A(03)/A(ethene)b lo '* ,  cm3 molecule-' s- '  - ethene used [ O,] o ,  ppm ppm --..- 

11.3 8.78 515.1 18.6 * 0.2 1.00 f 0.07 1.54 i 0.11 
'15.2 7.37 9.1 24.0 f 0.3 1.00 f 0.06 1.80 f 0.11 

2.10 f 0.05 '18.7 8.39 203 
'ZH4; 12.5 8.97 23.6 19.7 f 0.2 1.21 f 0.30 1.36 f 0.34 

19.9 8.92 103 20.2 f 0.2 0.97 f 0.04 1.72 f 0.05 
10.4 9.22 2 1 25.5 f 0.5 1.10 f 0.28 1.68 * 0.85 

1.64 * 0.07 13.9 8.15 1 1 23.6 f 0.2 1.06 f 0.04 
CZS-CDHCDH 9.32 8.84 1 0 25.8 f 0.3 0.98 f 0.02 2.15 t 0.44 
t-CDHCDH 14.2 9.62 I. 0 22.2 f 0.5 1.01 f 0.04 1.86 f 0.18 
t-CDHC DH 12.8 8 08 102 26.0 f 0.5 1.04 f 0.06 2.15 f 0.14 

19.3 7.75 10 21.4 f 0.5 0.94 f 0.04 1.98 f 0.07 
18.3 11 08 150 23.5 i 0.5 1.02 i 0.08 2.05 f 0.16 

'ZH4 

C2H4 

'ZH4 
1.01 * 0.02 26.2 f 0.6 

'ZH4 

'ZH4; 

'ZH4 

CZD, 
'ZD4 

a Nitrogen gas was added to a total pressure of 700 torr; error limits shown on product ratios and rate constants are f2u .  
Average ratio from the 10-20 different concentration-time points determined during the reaction. CO (10.6 torr) add- 

SO, (4.59 ppm) added initially in this experirnent. e CH,O (10.2 ppm) added initially in ed initially in this experiment, 
this experiment. f C1, (30 ppm) added initially in this experiment. 

- TABLE 11: Product Yields in the Ozone-Ethene Reaction with Various Added Gasesu 
_____ 

change in concn, ppm 

0 3 ,  C*H4 8 7.8 8.0 4.8 2.6 (1.4) 0.33 2.3 0.50 0.912 
'37 'ZH4 25 5.6 5.5 4.4 2.1 1.2 0.28 1.5 0.40 1.017 
'3, 'ZH4 200 7.7 7.7 4.3 3.0 1.6 0.32 1.4 1.1 0.912 
'3, 'ZH4 400 8.1 8.1 4.5 3.0 1.5 0.35 1.9 0.90 0.93 
O,, C,H,, CH,Od 21 7.2 6.3 3.6 2.9 1.6 0.53 2.2 0.08 1.05 
0 3 ,  CZH,, 23 6.3 5.4 5.2 0.26 1.8 0.15 
O3, C2H4, 103 8.2 8.0 5.6 3.1 1.6 1.15 <0.03 <0.08 2.11 0.72 
O3, C Z H 4 ,  101 7.9 6.9 5.6 2.6 1.5 0.96 <0.03 <0.08 2.43 0.78 
0 3 ,  CZH,, so," 100 5.1 5.2 5.5 1.7 1.1 0.28 <0.03 <0.08 2.50 0.83 

Initial [O ,  I and [C,H4], about 1 0  ppm; total pressure (with added N2),  700 torr; temperature, 23 f 2 "C; final concen- 
tration measurements were made after about 50-80% reaction, Calculated from the estimated extinction coefficient, E = 
3.7 X 
m-l (11 15 cm-'), two carbon atoms per molecule X was assumed here. 

[SO,] ,) = 4.59 ppm. g [SO,] = 8.64 ppm. [SO,] = 100 ppm. 

pprn-' m-' (1103 crn-l), base e. Calculated from the estimated extinction coefficient, e = 9.3 X ppm-' 
[CH,O] = 9.68 ppm. e [CO] ,, = 10.6 torr. 

second- order plots of some of these data for experiments 
near 25 "C axe given in Figure 4, and the reactant loss 
ratios rind the bimolecular rate constants for all these 
experiments are summarized in Table I. Given in Table 
I1 are data determined in a second series of Os-ethene 
mixtures; product yields and reactant losses were derived 
after about 80% completion of the reaction in 03-C2H4- 
O2-N2 mixtures with and without initially added C H 2 0 ,  
CO,  and SOz. In an additional experiment CH3CH0 was 
added to O3-C2H4-O2-N2 mixtures; the product spectra 
from this system are given in Figure 10. 

Discussion 
Reactant Stoichiometry and Bimolecular Rate  Con- 

s tan ts  ,for the  Ozone-Ethene Reaction. Our major goal 
in the study of the ozone-ethene system was to determine 
the nature of the reaction paths and ultimate fate of the 
CHzOz fragment formed in the reaction for conditions 
which simulate those of the polluted troposphere. In order 
to  test the reliability of our methods and to establish a 
comparison with previous work in the field, it was im- 
portant for us to redetermine the kinetics of the Cb3-ethene 
reactant disappearance in our system. A number of purely 
kinetic studies were carried out in this light. The char- 
acteristic infrared bands of ozone and the ethenes (C2H4, 
cis-CDHCDH, trans-CDHCDH, and CzD4) could be fol- 
lowed readily in this work by using Fourier transform 
infrared spectroscopy; see Figure 1. This technique pro- 
vided an in situ analysis of the reacting 03-ethene sytem 
as a function of time. The ratio of the decrease in the 

0 
0 2 0  4 0  

TIME, MIN 

Figwe 4. plot of the second-order rate constant function w. time which 
was derived from concentration-time data for the reaction of ozone 
with the varbus Mabeled ethenes; hitkil reactant concentratbns: [Os], 
14 f 5 ppm; [ethene], 8.5 f 1.5 ppm; PNn + Po# = 700 torr; tem- 
perature, 25 f 1 'C for clarity the ordinate has been displaced upward 
by 0.02, 0.04, and 0.06 units for the cis-CDHCDH, trens-CDHCDH, 
and C2D4 data, respectively. 
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ozone concentration to that for ethene was determined at 
10-20 regular intervals during the reaction of each 03- 
ethene system. The average values of the ratios [A(03)/  
A(ethene)] as determined for each of the 12 different ex- 
periments are summarized in Table I. Note that within 
the experimental error of measurements all of the ratios 
are equal to unity; error limits given here are f2a. The 
average of the estimates from the many experiments was 
A(Og)/A(ethene) = 1.03. Note as well from the results in 
Table I that this one-to-one stoichiometry between reac- 
tants is maintained even in experiments a t  altered initial 
pressures of O2 (10-200 torr) and initially added small 
quantities of CH20 (10 ppm) and SOz (5-100 ppm). The 
larger ratio seen in the experiment with large amounts of 
added CO (10.6 torr) may be real, although the variation 
of the ratio with time led to the large range of values which 
the limits show here. We will consider this point in our 
later discussion. 

The 03-ethene reactions followed second-order kinetics 
well as can be seen in the plots of Figure 4; these are data 
from similar experiments with the various ethenes in 
Nz-02 mixtures a t  700 torr pressure and 25 f 1 OC. The 
slopes of these plots and other similar data for the other 
conditions were used to derive the second-order rate con- 
stants summarized in Table I. The near equality of the 
slopes for the data of Figure 4 shows that the rate con- 
stants for the 03-ethene reactions near 25 OC are very 
nearly the same for all of the D-substituted isomers: C2H4, 
(1.8 f 0.1) X 10-ls; cis-CDHCDH, (2.2 f 0.4) X 
trans-CDHCDH, (2.2 f 0.1) X 10-l8; C2D4, (2.1 f 0.2) X 

cm3 molecule-' s-l. The only other measurement of 
the rate constant of D-labeled ethene of which we are 
aware is that of Japar et al.l" who reported k = (2.3 f 0.1) 
X om3 molecule-' s-l for the CzD4-03 system at  26 f 
2 "C, a value with which our estimate is in good accord. 
The very small effect of D substitution on the rate constant 
is not surprising, since the nature of the reaction site a t  
the double bond is altered very little by D-atom substi- 
tution. 

Most of the variation seen in Table I between values of 
the rate constant for different conditions employed in the 
03-CzH4 systems studied here appears to have resulted 
from the small differences in temperature between the 
experiments. This can be seen from the Arrhenius plot 
of the rate constants from the C2H4-03 reactions for the 
variety of different reacting mixtures in Figure 5. Also 
shown here as lines A, B, and C are the locus of points 
expected for the rate constant-temperature functions for 
the C2H4-03 reaction reported by Becker e t  al.,16 Herron 
and Huie,16 and DeMore,14 respectively. The very small 
temperature range to which our experiments were limited 
does not allow an accurate estimate of the activation energy 
here. Our results give E ,  = 5.7 f 2.4 kcal mol-l, not in- 
consistent with estimates from studies over much larger 
temperature ranges: 4.2,13 4.7,14 5.1,16 and 5.016 kcal mol-'. 
Determinations of the absolute value of the constants near 
room temperature from the previous workerslP1' vary by 
a factor of 2 as can be seen from the shifted position of 
the lines A, B, and C in Figure 5. The rate function of 
DeMore in Figure 5 represents an extrapolation of his data 
from much lower temperatures (-45 to -95 "C), and a small 
error in the activation energy could account for the dif- 
ference seen here, The function of Becker et al. was de- 
rived in experiments near room temperature but a t  much 
lower pressures than we employed here (0.006-0.8 torr). 
Conceivably, chain processes may have enhanced the ob- 
served rate of the reaction for these conditions. The 
magnitude of the estimates of Herron and Huie16 (line B), 

Su, Calvert, and Shaw 
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Figure 5. Arrhenlus plot of the C2H4-O3 second-order rate constants; 
lines A, B, and C represent the locus of points defined by the rate 
Constant functions for this reaction reported by Becker et al.," Herron 
and Huie" and DeMore," respectively; points shown as closed circles 
are from this work; trian le, Japar et ai.,'& open circle, Stedman et 
aI.;l* square, Toby et al. 

Stedman et al.l* (open circle), Japar et al,Iga (triangle), and 
Toby et alSm (square) match our data reasonably well. The 
insensitivity of the rate constants to the added gases 
suggests that the secondary reactions involving free rad- 
icals, particularly noticeable in experiments a t  higher 
reactant concentrations, low Oz pressures, and low added 
gas pressuresl*a are unimportant here. The observed rate 
constants probably reflect those of the primary reaction 
for these conditions. Certainly the degree of consistency 
of our kinetic data with other recent data derived by very 
different methods suggests that our system is well suited 
to probe the details of the reaction mechanism. 

The Nature of the Secondary Reactions in the 03-C2- 
H4-02 System in Simulated Polluted Atmospheres. The 
relatively low concentrations of the reactants used here 
(ppm level) and the relatively high pressures of Oz and N2 
(Pt = 700 torr) were intended to be representative of those 
encountered in the ozone-ethene reaction within the 
polluted troposphere. The FT IR spectroscopic system 
employed here provided a unique tool for the identification 
of the many complex products formed in this system, and 
the in situ analysis has given some new and relatively 
unexpected results which we report here. 

In Figure 6 are shown the infrared absorbance vs. 1/X 
plots of a typical reacting mixture of O3 (11.8 ppm) and 
CzH4 (9.56 ppm) in Oz (25 torr) and N2 (675 torr). Spectra 
A and B were taken after the reaction had proceeded for 
2.57 and 60.25 min, respectively. The lower spectrum is 
the difference spectrum (B - A). Characteristic absorp- 
tions due to the expected products CO, COz, CH20, and 
HCOzH can be seen. However, there are no detectable 
amounts of CH30H, CH3CH0, CHzO2 (dioxirane), HOC- 
H2CH0, and the secondary ozonide of ethene (CHzOC- 
HzOO), all of which have been observed for other reaction 
conditions by using gas chromatography, infrared matrix 
experiments, microwave spectroscopy, or mass spectrom- 
e t r ~ . ~ , ' ~  

The most surprising feature of the difference spectrum 
in Figure 6 is the dominance of the bands around 1812, 
1760, and 1090 cm-l. These correspond exactly to the main 
spectral features of formic acid anhydride, (HC0)ZO. This 
unusual compound was observed and first identified by 
Kuhne, et a1.;12 for their conditions it was a very minor 

$0 

- 
7 
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Flgure 6. Absorbance vs. 1/A plots for a gaseous mixture of initial 
composition: Og, 11.8 ppm; CpH4, 9.56 ppm; O,, 25 torr: Ni2, 675 torr; 
spectrum A was taken 2.57 min after mixing; spectrum B at 60.25 min 
after mixing; the bwer spectrum is a difference spectrum (B - A) which 
was used in estimation of product yields. 

0- ~ ~~ L - d - - L -  I 

7010 1000 1300 1600 1900 
l / A ,  CM.l 

Figure 7,, Infrared spectra of two newly observed malor products of 
the 03-C2H4 reaction; formic acid anhydride, (HCO),O, spectrum A; 
unknown compound X, tentatively Mentifled as HOCH,OCHO, spectrum 
B. 

product (<0.2%) of the 03-C& reaction. Tlhey used 
relatively high concentrations of O3 and C2H4 (5-20 torr) 
and observed the products condensed in an Ar matrix by 
infrared analysis a t  low temperatures. We find that the 
(HCO):,O is a stable, major product for our conditions. Its 
transmittance spectrum as derived by computer subtrac- 
tion of the contributions from all other products is shown 
in Figure 7. 

The iresidud spectrum B in Figure 7 is that of an as yet 
unidentified species (X) which is much less stable than 
(HCO):tO for our conditions. The absorbances due to the 
unknown X l(1115 cm-l) and those due to the (HC0)20 
species (1103 cm-') VEL time are shown in Figure 8 for three 
different experiments. In Figure 8A the pure reactants (03, 
-12 ppm; C2H4, -10 ppm) were present initially. In the 
experiments shown in parts B and C of Figure 8,9.68 ppm 
of CHzO and 10.6 torr of CO, respectively, were added 
initially to the 03-C2H4 mixtures of about the same initial 
concentrations employed in Figure 8A. Note that the 
concentration of the unknown X builds to a maximum in 
parts A and €3 of Figilre 8 which occurs about 20 min into 
the reaction; it then decreases. With CO added the for- 
mation of X is suppressed, and its concentration appears 
to reach a limiting value about 30% of the maximum in 
parts A and 33 of Figure 8. There is an induction period 

I B  / I  / t / *  t 

0 30 60 0 30 60 0 30 60 

Flgure 8. Time dependence of the absorbance of (HCO),O at 11 103 
cm-' and that for the unknown product X at 11 15 cm-' as deteirmined 
in dilute o&!i4 mixtures In 0, and N,; Initial conditkns were as Ddk~ws: 
(A) 03, 11.3 ppm; C2H4, 8.78 ppm; Pq, 25.1 torr: temp, 18.6 "C'; (8) 
03, 10.4; C2H4, 9.22: CH20, 10.2 ppm: Po*, 21.1 torr; temp, 25.5 OC; 
(C) 03, 12.5; C&14, 8.97; P,, 10.6 torr; Pq, 23.6 torr, temp, 19.7 OC; 
total pressure (with added N2), 700 torr; the soiM lines in the ,figures 
are computer generated curves using the rate constants derived twe. 

0 

TIME, MIN 

E 
2' /."A'/- / 

0 20 4 0  60 

TIME, MIN 

Flgure 8. Comparison of the (HCO),O product concentration vs. tlme 
plots for 03-C2H4-02-N2 mixtures: curve A, pure reactants; time B, 
reactants wlth CH,O added; curve C, reactants with CO addecl: l~nitlai 
concentrations as listed in Figure 8. 

in (HC0)20 formation for the conditions used in Figure 
8 4  this is not eliminated by the addition of about 10 ppm 
of CH20 (Figure 8B). On the other hand, the induction 
period is eliminated by the addition of a very large amount 
of CO (Figure 8C). The shapes of the [(HC0)20] vs. time 
plots for these systems can be compared well in Figure 9. 
The formation of the unknown X shows no induction 
period in any of these experiments. 

Some indications of the nature of X and ita relation to 
(HC0)20 can be had from the rate data in Figure 8, If at  
selected times the rate of (HC0)ZO absorbance change with 
time is divided by the absorbance of the unknown :Y at  
that time, a near constant is obtained. Thus the data of 
Figure 8A give 0.14 (4.34 min); 0.15 (7.90); 0.20 (13.23); 0.17 
(20.62); 0.20 (28.52); 0.19 (39.24); 0.19 (46.25); 0.17 (€6,75). 
This ratio for the data of Figure 8B shows a similar con- 
stancy: 0.24 (4.20 rnin); 0.27 (7.66); 0.30 (14.81); 0.31 
(22.30); 0.28 (32.25); 0.29 (42.99); 0.22 (62.33). These rwulta 
suggest that the X species decomposes to form the (HC- 
0)20 for these conditions. 

The experiment shown in Figure 8C, carried out with 
a large excess of CO added, gives a further insight into the 
nature of X. The suppression in the maximum in X iseen 
in this case suggests that CO does compete somlewhat 
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Flgure 10. Product spectra of an 03-C2H4-CH3CH0 mixture; initial 
concentrations: Os, 15 ppm; C2H4, 10 ppm; CH,CHO, 10 ppm; Po, 
100 torr; PN2, 600 torr; the IR bands of 03, C2H4, CH3CH0, HC021-!, 
and CH20 have been subtracted out by computer matching; times (min) 
after mixing: A, 1.97; B, 10.66; C, 20.38; D, 29.20; E, 116.36. 

successfully for the precursor of X for these conditions. 
The elimination of the induction period in (HC0)20 for- 
mation for this case requires that carbon monoxide provide 
an additional source of this compound for these conditions. 

An experiment with O3 (15 ppm), C2H4 (10 ppm), and 
added CH3CH0 (10 ppm) gives us further helpful infor- 
mation. These results are shown in Figure 10. Here 
propylene ozonide is formed in the first few minutes of the 
experiment. Both formic acid anhydride and the unknown 
X appear only after a considerable delay. It seems clear 
that CHZO2 is the precursor of the propylene ozonide, and 
it follows that this same species may be a necessary 
reactant to form both X and (HCO),O; both of these only 
appear when the CH20 product of the 03-ethene reaction 
has built up sufficiently to compete with CH3CH0 for the 
CH202 species. 

The experiments with added SOz give us further clari- 
fication of the reaction mechanism. Sulfur dioxide and 
ozone do not react at a significant rate at low concentra- 
tions (k 5 8 X cm3 molecule-l s-~).~~ However, Cox 
and Penkett22 found that butene and the higher alkenes 
react with O3 to create a species which oxidizes SO2 rapidly 
to form an aerosol (H2S04) product. Niki et al.23 found 
that the addition of SOz (5 ppm) to an O3 (5 ppm)-cis-2- 
butene (10 ppm)-CH20 (10 ppm) mixture in air quenched 
the propylene ozonide formation observed in the absence 
of SOz, and the SOz was consumed to the extent that the 
ozonide formed previously. We carried out similar ex- 
periments with CzH4-O3-OZ-SOz mixtures in this work, 
and these results confirm the nature of the precursor to 
(HCO)20 and X. The time dependence of the products 
for one such experiment is shown in Figure 11. The 
(HC0)20 and unknown X are not detectable in the ex- 
periments with added SOz. The bimolecular rate constant 
based on O3 and CzH4 loss here is the same as that in the 
absence of SOz within the experimental error, so SO2 has 
no direct influence on the primary reaction. Furthermore, 
from the product yield data of Table I1 it can be seen that, 
for these experiments, A(C0) + A(CO2) + A(HC02H) - 
A(S02) N A(C2H4) N A(03).  Combining this result with 
the observation that CO and C02 yields are not changed 
by SOz addition, one might conclude that the SOz acts to 

F e 
0 
2 0 V 

0 

I h2H. H2CO 

TIME, MIN 

Flgure 11. Product and reactant concentrations vs. time in a reacting 
mixture of O3-CZH4-O2-N2 with SO, added; initial concentrations (ppm): 
0 3 ,  19.9; C2H4, 8.92; SO2, 4.59; Po*, 105 torr; PN,, 597 torr. 

1190cm 1 

3000 2000 1000 
l /A, CM-'  

Flgure 12. Infrared spectra of aerosol formed in various oxldized SO2 
mixtures: (A) photolysis of CI2-H2-NO,-SO2-O2 mixture; (8) thermal 
reaction of 03, C2H4, SOz (3.5 ppm) in 02-N2 mlxture; (C) thermal 
reaction of 03, CA4, SOz (97 ppm) in OTN2 mlxture; (D) U!8rmal reaction 
of O,, trans-CDHCDH, SO, in 02-N2 mixture: (E) thermal reaction of 
03, C2D4, SO, in 02-N2 mixture. 

intercept some species which normally leads to (HC0)20. 
However, HC02H increases in these experiments and this 
simple interpretation does not provide a complete picture 
as we shall see. 

A comparison of the IR spectra of aerosols generated in 
Clz-H2-NO-SOz-O2 mixture photolyses, CzH4-03-S02-Oz, 
C2HzD2-03-S02-02, and CzD4-03-S02-02 mixtures, is 
given in Figure 12. The general features of these spectra 
are similar to one another and nearly identical with spectra 
observed by Niki et al.23 who studied products from the 
photolysis of Cl2-H2-NO-SOZ-O2 mixtures. They con- 
cluded that the aerosol in their systems was HzS04 with 
characteristic H-0 bending bands at 910 and 970 cm-', 
0-H stretching bands at  2450 and 2900 cm-l, S-0 
stretching bands around 1190 and 1380 cm-l, S=O 
stretching at  1050 cm-', and a band centered at  1700 cm-l 
assigned to the 0-H bend of H30+ and (H2S04H30)+ ions. 



FT IR  Study of the Ozone-Ethene Reaction 

Scheme I 
t 0--0-0 

I I 
I I 

o3 + C2H4 ..- CH2,-CH2 - * C H Z O O ~  + C H z O  (4) 
( k ' s  in Table I) 

( 5 )  

(6b) 
HCO,H? -f CO t H,O (58 * 10%) ( 7 )  

( 8 )  
(9 1 

(10) 

CH,O, + C,H, + products <1 (11) 
CH,O, + 0, + CH,O + 2 0 ,  <1 (12) 
CH,O, t CH,O- (?)4 X 100 (13) 
CH,O, + SO, -' CH,O,SO, (or CH,O 

t SO,, H,SO,, aerosol) 400 (14) 
CH,O, t CO + (HCO),O 0.7 ( 1 5 )  
X + (HCO),O -I- Ha(?) ( k  = 0.080 min-', 25 "C) (16) 
(HCO),O + aerosol + %HCO,H t aerosol ( k  large) (17) 

(+M) -CH,O, (38%) 

e co, + H Z  i ( 3 5  i: 6%) 
-+ CO, + 2H 
(fM) - HCO,H (7 * 1%) 

relative k 's 

The origin of the unusual peak which we observe at 1015 
cm-l (weak in the spectrum of the O3-truns-CDHCDH- 
SOz-Oz system, curve D, but stronger in the 03-C2D4-S- 
02-02 sJystem, curve E of Figure 11) is not clear. It does 
not correspond to arty feature of the HzSO4 or D2S04 
spectrum reported by S t ~ p p e r k a . ~ ~  Conceivably it may 
relate to the D-0 stretching frequency with the following 
linkage 

D \ / \  / 
/ \ 

if indeed some such initial adduct is a precursor to H2S04 
formation in these systems. 

All of these observations point strongly to the conclusion 
that the CHzOz entity may survive decomposition and take 
part in secondary bimolecular reactions involving CH20, 
CH3CH0, CO, SOz, and probably other species present in 
the polluted atmosphere. The currently accepted mech- 
anism of the 03-C2H[4 reaction should be expanded to 
include these seemingly important steps. The mechanism 
in Scheme I summarizes the kinetic information which our 
present results provide for the reaction of very dilute 
mixtures CzH4 and O3 in OZ-rich mixtures near 1 atm 
pressure and 25 "C. 

The fragmentation pattern for the CHZOzt species ob- 
served here, which is calculated from the data on Table 
11, is similar to that estimated recently by Herron and 
Huieg from relatively low pressure experiments. Their data 
gave the following percentages of the reaction by steps 7, 
8, 9, and 10, respectively: 67, 18,9, and 6%. Our present 
data do not allow an independent evaluation of the extent 
of the H-atom forming step 9. However, indirectly there 
is evidence that it does occur even at the high pressures 
used in our system. .Note the apparent imbalance of A- 
(OJ/A(ethene) for the experiment at high added ]pressure 
of CO (Table I). Computer simulations employing a com- 
plete reaction mechanism including 110 and HOz radical 
reactions show that the occurrence of (9) to the extent 
suggested by llerron and Huie can aiccount qualitatively 
for the reactant imbalance seen here. A chain reaction 
sequence destroying O3 can become important for the high 
[COI conditions, provided that H atoms, and ultimately 
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HOz radicals, are formed in (9): 
HCOzHt - 2H + COZ (9) 

H + 02 + M +HOz + M (1.8) 
HOz + 0 3  - HO + 202 ( 3.9) 
HO + CO - H  + COZ (20) 

In the absence of CO the small number of HO radicals 
formed in (19) would react with C2H4 or CH20 on a one- 
to-one basis, and no significant reactant imbalance would 
be observed with the analytical precision available to date. 

According to the reaction scheme outlined here, the 
CHz02 species formed in (4) survives decomposition and 
reacts with CH2O, CH3CH0, SO2, or added CO. There is 
always an excess of CHzO over CH202 in our system since 
these species are formed in equal amounts and a lairge 
share (62%) of the CH202 species decay by reactions 7- 10. 
Thus X woulcl show no induction period in our usual ex- 
periment. However, (HCO)zO should show a delay which 
reflects its formation from the initial X product. With very 
large CO additions, the alternate route to (HC0)20, re- 
action 15, dominates, and the induction period is lost. The 
time dependences of the absorbances of X and (HC0)20 
as calculated by the mechanism outlined are seen as solid 
lines in Figure 8A-C. 

Some tentative conclusions concerning the nature of the 
intermediate X can be made from the data presented here. 
One would anticipate that the original product OF a 
CHzO2-CH20 interaction may be the ethylene ozonide: 

Although the ethylene ozonide was reported to be rea- 
sonably stable at room t e m p e r a t ~ r e , ~ ~  it had not been 
observed directly in the gas phase O3-CzH4 studies by 
Herron and Huieg and Kuhne et al.lz This indicates that 
the ozonide formed in reaction 21  is probably a hot mol- 
ecule (AH N -81 kcal/mol) and will decompose quickly 
at room temperature. Note that the IR spectrum of the 
unknown X in Figure 7 shows a strong absorption in the 
region characteristic of the carbonyl stretching vibration 
(1700-1800 cm-l) and several bands in the region common 
to -C-0- stretching motions (900-1200 cm-I). A possible 
product can be suggested which is qualitatively consistent 
with these structural features. One anticipates that the 
ethylene ozonide formed from CH2O2 and CH20 in (21) 
may be involved in X formation. Following the reasoning 
of O'Neal and Blumstein4 and Wadt and Goddard' one 
would expect the ozonide to decompose as follows: 

/O\ . 
CH2 - ' O C H 2 0 C H 2 0 '  (122) 

/ 
C$ 2 
\ 0-0 

0 
II H---CH-O 

' OCHzOCHzO. -- k** '0 ] - H O C H 2 0 C H  ( X 7 )  
\CH2' 

(123) 

If the product of (23) is the X species observed then its 
thermal decomposition to (HC0)zO and H2 would pre- 
sumably require passage through a four-membered ring 
transition state to form products which are somewhat lless 
stable (AHz4 N 22 kcal mol-l): 
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The present kinetic data show that the decomposition of 
X has a high activation energy (about 22 kcal/mol) which 
is not inconsistent with this hypothesis. 

The results of the 03-CzH4 experiments with added 
CHBCHO provide some additional support for this reaction 
scheme and the possible nature of X. The mixed anhy- 
dride of formic acid and acetic acid, (HCO)O(OCCH3), is 
observed in this case as well as the propylene ozonide. 
Presumably the former product could arise from the pro- 
pylene ozonide in a similar sequence: 

Su, Calvert, and Shaw 

and thus the interaction of CH2O2 with CHzO and its 
resulting formation of (HC0)20 and additional HC02H 
from reaction 17 become unimportant. 

Kinetic studies of these new reactions are continuing in 
order to refine the rate constant estimates and further 
establish the details of this complex mechanism of the 
Os-C2H4 reactions in air. 
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1 
C - CH2 C - HOCHzOCCH3 ( D )  (26) 

I /‘CH3 
O - - - - H  
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0 0  

I1 II 
II 

O c C H O C C H 3  
I I  

H--- H 
D - I  - H C O C C H 3  + H 2  (27)  

I !  

Regardless of the detailed structure of the unknown 
product X, it is highly probable that it is a molecule con- 
taining two carbon atoms. We have made this assumption 
in deriving the extinction coefficients for X and (HCO),O; 
we estimate for (HC0)20, t = In ( I o / I ) / c l  = 3.7 X 
ppm-l a t  1103 cm-l, and for X, t = 9.3 X ppm-’ m-l 
(1115 cm-l). Using these data, we have calculated the 
changes in reactant and product concentrations during a 
variety of C2H4-03 experiments. These are summarized 
in Table 11. The carbon balance is good in all experiments 
but those containing SO2. The apparent missing carbon 
species in this case may result from at least two possible 
causes. The intitial product of the CH2O2-SOZ reaction 
may incorporate carbon into the aerosol (conceivably as 
CH2(0)2S02), or the SO3 (HzS04) aerosol formed may 
absorb CHzO product vapors. The small differences be- 
tween the spectra of the “sulfuric acid” aerosol product 
observed in the experiments with CZD4-03 and CDHCD- 
H-O3 reactants (compare curves C, D, and E of Figure 12) 
are consistent with the initial formation of CH2(0)2S0z and 
its deuterated analogues. 

The observed HC02H increase seen in the systems with 
small additions of SOz (Table 11) appears to arise from the 
conversion of (HC0)20 to HCOzH in the presence of the 
acid aerosol rather than the complete scavenging of the 
CHzOz precursor by SOz. This view is supported by the 
observation that the HC02H yield returns to the value 
observed in the absence of SOz in the experiment with the 
addition of a large amount of SOz (100 ppm). We suggest 
that SOz at this level can entrap most of the CHz02 species, 


