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volume necessary at the cost of the interaction energy 
for the second rotamer. For a normal hydrocarbon a 
gauche rotamer is about 0.5 kcal mol - 1 above that for a 
trans rotamer.22 The value we observe could indicate 
an increased rigidity of a hydrocarbon chain when it is 
packed in a liquid crystal. Results somewhat similar 
to these have been obtained in a more indirect manner 
from spin label work, particularly that of Seelig and his 
coworkers.23,24 

Conclusion 

In this study we have examined some of the prop­
erties of the model membrane system based on decyl-
ammonium chloride. Proton nuclear magnetic reso­
nance in conjunction with the anisotropic properties of 
the middle soap region of this cationic surfactant has 
enabled us to determine the carbon and hydrogen posi­
tions in the acetate ion. These structural data in con­
junction with the deuterium nmr spectrum from the 

(22) P. J. Flory, "Statistical Mechanics of Chain Molecules," Inter-
science, New York, N. Y., 1969. 

(23) J. Seelig, H. Limacher, and P. Bader, / . Amer. Chem. Soc, 94, 
6364(1972). 

(24) H. Limacher and J. Seelig, Angew. Chem., Int. Ed. Engl, 11, 
920(1972). 

Extensive mechanistic investigations of the liquid-
phase reactions of ozone with olefins have identi­

fied many of the reaction intermediates and have estab­
lished the Criegee zwitterion mechanism as a major 
reaction pathway.1_4 Until recently, the Criegee mech-

(1) L. Long, Chem. Rev., 27, 437 (1943). 
(2) P. S. Bailey, Chem. Rev., 58, 925 (1958), and references herein. 

fully deuterated ion were then used to determine the 
quadrupole coupling constant for the deuteriums of the 
perdeuteriomethyl group of the ion. 

Deuterium magnetic resonance studies of the spe­
cifically deuterated 1,1,1,2,2-pentadeuteriodecylam-
monium ion were able to describe the microdegrees of 
order of the headgroups in the electrical double layer. 
The motions of the headgroups are considerably re­
stricted and can be accounted for in terms of oscillations 
of the segment axis of the -CD2ND3

+ group, rotation of 
the -ND 3

+ group, and finally rotations about the C-N 
bond which probably involve gauche conformers in the 
hydrocarbon chain. 

Assuming the superstructure of the phase to be of the 
cylindrical type, the lateral diffusion of the detergent 
ions or rotation of the cylinders themselves can be ac­
counted for in the experimental degrees of orientation. 
The methodology developed for treating this system can 
be generalized to other systems and has the advantage 
that unlike results obtained from spin labels there is un­
likely to be any perturbation of the system under study. 
Application of this technique to other model membrane 
systems whether of lamellar or cylindrical type can 
therefore be expected to be particularly rewarding. 

anism has also been widely assumed to apply to the 
initial steps of the gas-phase reaction. However, in the 
gas phase at room temperature, unimolecular decom-

(3) P. S. Bailey, 161st National Meeting of the American Chemical 
Society, Los Angeles, Calif., March 29-30, 1971, PETR No. 11; Adean. 
Chem. Ser., No. 112 (1972). 

(4) R. W. Murray, Accounts Chem. Res., 1, 313 (1968), and references 
therein. 
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Abstract: Chemiluminescence from HCHO(1A" -*• 1A1), OH(X27r,)„- <9, and OH(A2S+) has been observed in the 
gas-phase reactions of 2 % O3 in O2, N2, or He with a series of simple olefins in a flow system at room temperature and 
at total pressures of 2-10 Torr. The vibration-rotation emission from OH(XVi),,' <9 was virtually identical with OH 
Meinel band emission from reaction 2, H + O3 -»• OH( 2ir;)„/ <9 + O2, confirming that H atoms are formed in 03-olefin 
reactions under these experimental conditions. In the presence of O2, glyoxal phosphorescence was identified in the 
2-butene (cis or trans) reaction and methylglyoxal phosphorescence was tentatively identified from the reactions of 
isobutene, 2-methyl-2-butene, and 2,3-dimethyl-2-butene with ozone. The number of quanta emitted per molecule of 
reactant consumed at 4.6 Torr total pressure in the ethylene and c/.s-2-butene reactions was estimated to be 10~7 for 
HCHO(1A" — 1Ai) and 10~5 quanta for (CHO)2(

8A11 -*• 1A8) in the rfj-2-butene reaction. Approximately 10~7 

quanta were emitted in the (9,3) transition of vibrationally excited OH per molecule of reactant consumed, indicat­
ing that the formation of vibrationally excited OH is a surprisingly efficient process under these conditions. In the 
ethylene, cw-2-butene, and isobutene reactions, the time decay of light emission from each excited species was ex­
ponential in O2 but nonexponential in N2 or He, with increased emission intensities occurring at reaction times 
<0.1 sec in the latter case. Rate constants, determined from the loss of O3 in both O2 and N2 as diluents, assuming 
1:1 stoichiometry, were a factor of 2-5 times greater in N2. In 10 Torr of O2, the measured rate constants for the 
ethylene, cw-2-butene, and isobutene reactions respectively were 1 ± 1 X 103, 6.3 ± 1.9 X 104, and 5.4 ± 2.3 X 
1031. mol-1 sec-1. Major products of the reaction of cw-2-butene with ozone in either O2 or N2 as the carrier 
gas were, in addition to acetaldehyde, 2-butanone, possibly from the OH-c/.s-2-butene reaction, and methyl 
vinyl ketone which was observed only in oxygen. The results are discussed in terms of the O'Neal-Blumstein 
theory of gas phase ozone-olefin reactions and the possible role of these reactions in photochemical smog formation 
is considered. 
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position or rearrangement of the "zwitterion" (more 
likely a biradical in the gas phase) is expected to pre­
dominate over recombination with the carbonyl frag­
ment.56 Although several reports5-10 of gas-phase 
products, including secondary ozonides,6'9 are con­
sistent with this mechanism, it fails to explain the for­
mation of free radical intermediates1112 in low-pressure 
(<~2 Torr) ozone-olefin reactions and of "unusual" 
ozonolysis products, both at low12 and high total 
pressures.7813,14 

Recently, evidence on the nature of certain excited 
intermediates in gas-phase ozone-olefin reactions has 
appeared. Thus, chemiluminescence from the room-
temperature gas-phase ozone-ethylene reaction at 
atmospheric pressure was first observed by Nederbragt, 
et a/.,15 and further investigated by Warren and Bab-
cock16 and Hodgeson and coworkers.17-19 Subse­
quently, studies11,20-22 in our laboratories showed that 
at low pressures (~1 Torr) all simple olefins chemi-
luminesce on reaction with 2% 03 /02 . Meinel band 
emission from vibrationally excited OH radicals was 
observed for the first time in these oxidations, and 
formaldehyde fluorescence was tentatively identified11 

in the reactions of ethylene, propylene, and 1-butene. 
Concurrently, on the basis of thermochemical-kinetic 

calculations, O'Neal and Blumstein23 proposed alterna­
tives to the gas-phase Criegee mechanism. These in­
volve internal hydrogen abstractions of the initial 
molozonide in addition to its decomposition to the 
Criegee fragments. Their mechanism rationalizes most 
of the "unusual" products observed in previous studies, 
as well as the production of chemiluminescence. 

Reported here are the results of further detailed 
studies of low-pressure ozone-olefin reactions, using 
more sensitive and more quantitative spectroscopic 
techniques to provide the requisite resolution for con­
clusive identification of the light-emitting species and to 

(5) W. E. Scott, E. R. Stephens, P. L. Hanst, and R. C. Doerr, Proc. 
Amer. Petrol. Inst., Sect. 3, 171 (1957). 

(6) P. L. Hanst, E. R. Stephens, W. E. Scott, and R. C. Doerr, 
"Atmospheric Ozone-Olefin Reactions," The Franklin Institute, 
Philadelphia, Pa., 1958. 

(7) T. Vrbaski and R. J. Cvetanovic, Can. J. Chem., 38, 1053, 1063 
(1960). 

(8) Y. K. Wei and R. J. Cvetanovic, Can. J. Chem., 41, 913 (1963). 
(9) W. B. DeMore, Int. J. Chem. Kinet., 1, 209 (1969). 
(10) R. A. Cox and S. A. Penkett, J. Chem. Soc, Faraday Trans. I, 

69, 1735 (1972). 
(11) B. J. Finlayson, J. N. Pitts, Jr., and H. Akimoto, Chem. Phys. 

Lett., 12, 495 (1972). 
(12) R. Atkinson, B. J. Finlayson, and J. N. Pitts, Jr., / . Amer. Chem. 

Soc., 95, 7592 (1973). 
(13) E. Briner and P. Schnorf, HeIv. Chem. Acta, 12, 154, 151 (1929). 
(14) E. Briner and R. Meier, HeIo. Chem. Acta, 12, 529 (1929). 
(15) G. W. Nederbragt, A. Van der Horst, and J. Van Duijn, Nature 

(London), 206, 87(1965). 
(16) G. J. Warren and G. Babcock, Rev. Sci. Instrum., 41,280 (1970). 
(17) J. A. Hodgeson, B. E. Martin, and R. E. Baumgardner, 160th 

National Meeting of the American Chemical Society, Chicago, 111., 
Sept 13-18, 1970, WATRNo. 011. 

(18) J. A. Hodgeson and R. K, Stevens, Abstracts, 161st National 
Meeting of the American Chemical Society, Los Angeles, Calif., March 
28-April 2, 1971, Anal. No. 069. 

(19) J. A. Hodgeson, B. E. Martin, and R. E. Baumgardner, paper 
77 presented at the Eastern Analytical Symposium, New York, N. Y., 
1970. 

(20) W. A. Kummer, J. N. Pitts, Jr., and R. P. Steer, Environ. Sci. 
Technol., S, 1045 (1971). 

(21) J. N. Pitts, Jr., B. J. Finlayson, H. Akimoto, W. A. Kummer, 
and R. P. Steer, Int. Symp. Identification Meas. Environ. Pollut., [Proc], 
32(1971). 

(22) J. N. Pitts, Jr., W. A. Kummer, R. P. Steer, and B. J. Finlayson, 
Adcan. Chem. Ser., No. 113, 246 (1972). 

(23) H. E. O'Neal and C. Blumstein, Int. J. Chem. Kinet., S, 397 
(1973). 

DILUENT 
GAS 

0,-CARRIER GAS 

OLEFIN 

LJG 

n 

T2 IT3 T4 _ J s 
C 

A ' 

DD 

Figure 1. Schematic of apparatus used in chemiluminescence and 
kinetic studies: A, pressure transducer; B, EMI 9558A photo-
multiplier; C, optical filters; D, pen-ray mercury lamp; E, Corning 
7-54 filter; F, 254 ± 26 nm filter; G, RCA IP28A photomultiplier; 
H, 0.3-m McPherson scanning monochromator; I, photomultiplier; 
K, Carle gas sampling valve; L, gas chromatograph; Ji-J5, inlet 
jets; Ti-T6, thermistors. 

permit estimates to be made of their absolute rates of 
light emission. Additionally, the kinetics of the light 
intensities and of ozone decay, measurement of the 
self-heating of the gas mixture in these exothermic reac­
tions, analysis of the major stable products, and the 
effects on these parameters of replacing the oxygen 
carrier gas by nitrogen are presented. This evidence, 
along with our recent results on intermediate species 
obtained using a photoionization mass spectrometer12 

(hereafter referred to as PMS), is discussed in terms of 
the O'Neal-Blumstein mechanism. 

Experimental Section 
Apparatus. The flow system used in these studies is shown 

schematically in Figure 1. Along the length of the Pyrex flow tube 
(5-cm i.d., 1-m length) were five substrate inlet jets (Ji-J5) and five 
Pyrex bead-type thermistors (Ti-T5) (Fenwal Electronics Inc.) 
which had been calibrated against a quartz thermometer. Pyrex or 
quartz windows were attached to the ends of the flow tube using 
Teflon-lined end couplings. Flow tube pressure was measured 
with a Statham 0-5 psia transducer (A) calibrated against an MKS 
Baratron gauge. Flow tube pressures were not corrected for pres­
sure drop along the flow tube, as the Poiseuille equation predicts 
a pressure drop of ~ 1 n, <0.1 % of the total pressure. The flow 
tube was connected to a conventional high-vacuum line via Teflon 
stopcocks and Teflon-lined ball and socket joints. Where appro­
priate, a fluorinated grease (Krytox 240AC) was used to minimize 
O3 decomposition. The flow tube was periodically cleaned by 
baking overnight at 565°. 

For studying the kinetics of the chemiluminescent emission of 
individual excited species, appropriate optical filters (C) were used 
to isolate the emission which was detected by a cooled EMI 9558A 
photomultiplier (B). The following optical filters were used: 
(1) for HCHO( 1 A" -* 1A1), cutoff filters isolating the 373 < \ < 
473 nm region; (2) for OH(X27r,)„. <9 Meinel band emission, a 
cutoff filter transmitting X >555 nm; (3) for OH(A 2 S + -* XV1), 
a 317 ± 6 nm interference filter; and (4) for the emissions at 517-
520 nm, cutoff filters isolating the 510 < X < 555 nm region. 

The kinetics of O5 consumption were followed by monitoring the 
253.7-nm absorption of O3 using a pen-ray lamp (D) and RCA 
1P28A photomultiplier (G). The filter combination (E,F) isolated 
the 253.7-nm line and reduced scattered light at other wavelengths. 

Chemiluminescent emission spectra were scanned using a Mc­
Pherson 0.3-m scanning monochromator (H) and a cooled photo­
multiplier (I) (EMI 9684B, 9558A or 9659QB) whose output was 
amplified by a lock-in amplifier (PAR Model 120, operated at 360 
Hz) or a photon counter (SSR Instruments Model 1120 amplifier 
discriminator, and Model 1105 data converter console) and dis­
played on a potentiometric recorder. To enhance the observed 
emission intensities, a plane mirror was placed opposite the mono­
chromator at the downstream end of the flow tube. 

Gas chromatographic analysis of the c/s-2-butene-ozone reac-
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(i) 

Figure 2. Chemilumine scent emission spectra in the visible region from the reaction of 2% 03/02 with: (i) ethylene, total pressure 4.5 
Torr, spectral slit width 3.2 nm; (ii) /ra/i.s-2-butene, total pressure 3.5 Torr, spectral slit width 2.5 nm; (iii) isobutene, total pressure4.4Torr, 
spectral slit width 3.2 nm; (iv) isobutene, total pressure 4.4 Torr, spectral slit width 1.9 nm; (i-iii) HCHO(1A" ->- 1Ai), total pressure 4.9 
Torr, spectral slit width 2.5 nm; (ii) (CHO)2(

3A11 -*
 1A8), total pressure 1.33 Torr, spectral slit width 0.45 nm. 

tion was carried out using a Carle gas sampling valve (K) with 5 
cm3 sample loops attached to a Varian Aerograph Model 1200 gas 
chromatograph (L) with a flame ionization detector. The columns 
used were a 10 ft by V8 in. 20% SE-30 column on 6/8 firebrick, op­
erated at room temperature, and a 10 ft by Vs in. 10% /3,/3-oxydi-
propionitrile column, on 80/100 HMDS Chromosorb P, operated 
at 90°. Products were identified by comparison of their retention 
times to those of authentic compounds introduced into the Carle 
valve as a mixture with air. 

03/diluent and substrate flow rates were measured using cali­
brated flowmeters. Flow rates were typically 20-30 ^mol sec-1 

of olefin and ~ 130 /amol sec- ' of the 03/diluent gas mixture at total 
flow tube pressures of 2-10 Terr. Linear flow velocities were ~80 
cm sec-1 corresponding to a mean flow tube residence time of 
~1.3 sec. 

The absolute rate of light emission from individual emitting 
species was determined by comparison21 of the light intensity in 
the appropriate wavelength region from the O-NO reaction, 
/O-NO, to that from the ozone-olefin reaction, /O3-OL, where 

/o-NC fcs[0][NO] 

and 

/O. -OL = /cx[03][olefin] 

(I) 

(H) 

(24) A. Fontijn, C. B. Meyer, and H. I. Schiff, /. Chem. Phys., 40, 
64 (1964). 

ka and k* are the respective absolute rates of light emission in that 
wavelength region. 

0(3P) atoms were generated by the microwave discharge of N2 
and subsequent titration of the N atoms by nitric oxide25 

N + NO- N2 Q(3P) (D 

with the 0(3P) atom concentration being obtained from the end 
point of the titration. The 10.3% NO/N2 was passed through a 
trap at Dry Ice temperature containing Linde Molecular Sieve 13X 
to remove any NO2 and H2O present. 

The concentrations of O3 and olefin were calculated, assuming 
1:1 stoichiometry, from their initial concentrations using the 
measured rate constant for O3 decay under these experimental con­
ditions and the reaction time to the observation port. 

Then, using the experimentally determined values of /O-NO and 
Zo3-OL and the known value of ks,

2i kx was calculated. The total 
rate of light emission from that emitting species was then determined 
from the fraction of the total light emission from that excited 
species transmitted by the filter. For HCHO(1A" ->- 1Ai) this 
fraction, isolated using a 430 ± 11 nm interference filter, was 
measured from its photoexcitation emission spectrum by planimetry. 
Similarly, in the m-2-butene reaction, the rate of light emission 
from glyoxal from 510 to 555 nm, isolated using cutoff filters, was 
measured and the fraction this comprised of the total emission was 

(25) A. N. Wright and C. A. Winkler, "Active Nitrogen," Academic 
Press, New York, N. Y., 1968, pp 74-75, and references therein. 
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calculated from the photoexcitation emission spectrum. It was 
assumed that at these total pressure no glyoxal fluorescence would 
occur due to rapid intersystem crossing from the singlet to the triplet 
state.26-28 

The total OH Meinel band emission which extends to 4.5 /x29 

could not be recorded in this study due to instrumental limitations. 
Therefore, the intensity of a fraction of the (9,3) band was measured, 
and the total rate of light emission in the (9,3) band was calculated 
from the known transmission characteristics of the filter. 

Chemicals. Ethylene, c/.s-2-butene, and isobutene (Matheson 
Research Grade >99.8%) were used without further purification. 
Gas chromatographic analysis of these olefins showed no detectable 
impurities. 2-Butene-dg (mixture of cis and trans) and isobutene-d8 
(Merck Sharp and Dohme, with stated D atom purities of >98% 
and >99%, respectively) were used as received. 

Ozone (~2% in O2) was prepared from O2 (Matheson ultra-high 
purity) using a Welsbach ozonator Model T-408. 03/N2 or 
Os/He (both containing <0.2% O2) were prepared by selective 
absorption of O3 on silica gel30'31 at —78° followed by elution with 
the diluent gas (N2 or He). 

H2 (>99.999%), He (>99.95%), and N2 (>99.95%) were used 
as received. H atoms were generated by methods desciibed pre­
viously.11 

Formaldehyde was prepared from paraformaldehyde (Matheson 
Coleman and Bell) by the method of Spence and Wild.32 Acetal-
dehyde (Matheson Coleman and Bell), acetone (Mallinckrodt Spec­
tra Grade), and biacetyl (Matheson Coleman and Bell) were 
thoroughly degassed at liquid nitrogen temperature and used with­
out further purification. Glyoxal was prepared from glyoxal trimer 
(Matheson Coleman and Bell) by heating a mixture of trimer and 
P2O5 and collecting the glyoxal distillate in a liquid nitrogen trap. 
Volatile impurities in the glyoxal were removed by degassing at Dry 
Ice temperature. 

Results 

Identification of Chemiluminescing Species. Elec­
tronically excited formaldehyde, HCHO(1A"), has now 
been confirmed as a chemiluminescing species common 
to all the ozone-olefin reactions that were studied at 
sufficient resolution to resolve the vibrational structure. 
Typical chemiluminescent emission spectra (350 < X < 
600 nm) are shown in Figure 2; also shown for com­
parison is the formaldehyde fluorescence excited by 
tesla coil discharge33 and recorded with the same 
detection system. 

The reactions of cis- and rra«s-2-butene with ozone 
have identical chemiluminescent emission spectra, an 
example of the latter being shown in Figure 2ii. The 
520-nm peak from these reactions is assigned to glyoxal 
phosphorescence (3A11 -* xAg) by comparison with the 
(0,0) band obtained by photoexcitation of glyoxal vapor 
at 430 ± 11 nm. The remaining vibrational bands of 
the triplet system3435 are obscured at these pressures by 
the much stronger Meinel band emission of the OH-
(X27r0t'<9 radical11 (referred to hereafter as OHf). 
However, current work36 at pressures approaching 
atmospheric where the OHf emission is strongly 
quenched also shows the 551.4- and 572.9-nm bands 
of glyoxal phosphorescence. The observation12 of 
glyoxal as a minor product in the low-pressure cis-2-

(26) L. G. Anderson, C. S. Parmenter, H. M. Poland, and J. D. Rau, 
Chem. Phys. Lett., 8, 232 (1971). 

(27) J. T. Yardley, G. W. Holleman, and J. I. Steinfeld, Chem. Phys. 
Lett., 10,266(1971). 

(28) J. T. Yardley, J. Chem. Phys., 56, 6192 (1972). 
(29) A. B. Meinel, Astrophys. J., I l l , 555 (1950). 
(30) G. A. Cook, A. D. Kiffer, C. V. Kumpp, A. H. Malik, and L. A. 

Spence, Adcan. Chem. Ser., No. 21, 44 (1959). 
(31) P. N. Clough and B. A. Thrush, Chem. lnd. (London), 1971 

(1966). 
(32) R. Spence and W. Wild, J. Chem. Soc., London, 338 (1935). 
(33) G. W. Robinson,/. Chem. Phys., 22, 1147, 1384(1954). 
(34) W. Holzer and D. A. Ramsay, Can. J. Phys., 48,1759(1970). 
(35) R. Y. Dong and D. A. Ramsay, Can. J. Phys., 51,1491 (1973). 
(36) J. N. Pitts, Jr., and D. A. Hansen, unpublished data. 
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Figure 3. Comparison of the chemiluminescent emission (700-
1100 nm) from the ozone-c«-2-butene reaction to the OH Meinel 
bands from the H + O3 reaction: (i) total pressure 3.2 Torr, 
spectral slit width 1.2 nm; (ii) total pressure 1.02 Torr, spectral 
slit width 0.72 nm. 

butene reaction with 2% 0 3 /0 2 further supports this 
assignment. 

The broad peak at approximately 517 nm from the 
reaction of 2% 0 3 /0 2 with isobutene (Figure 2iv) is 
identical with that from the 2-methyl-2-butene and 
2,3-dimethyl-2-butene reactions at this spectral resolu­
tion. These spectra were compared with the phospho­
rescence of glyoxal, methylglyoxal,37 and biacetyl. 
Glyoxal and biacetyl, whose emission spectra were 
recorded with the same detection system, were elimi­
nated as the emitting species. However, a phosphores­
cence spectrum of methylglyoxal furnished by Yardley 
and coworkers37 was in good agreement and hence it 
is believed that this is the emitting species. The chemi­
luminescence at X >440 nm (Figure 2iii) may be the 
sum of formaldehyde fluorescence and methylglyoxal 
fluorescence.37 

The chemiluminescent emission spectrum from the 
m-2-butene-ozone reaction in the region 700 < X < 
1100 nm is compared in Figure 3 to that from the H + 
O3 reaction under similar conditions of temperature 
and pressure. Reaction 2 is known3839 to produce the 
Meinel bands29 of vibrationally excited OHIv <9, with 
v' = 9 corresponding to the exothermicity of the reac­
tion 

H + O3 — > OH(X2Ti)1^9 + O2 

AA0 ° = -77 kcal/mol 

(2) 

Both reactions have virtually identical vibrational dis­
tributions especially in that emission from levels v' > 9 
is not observed. In addition, the rotational distribu­
tions are similar, further confirming H atoms as the 
precursors of the OHt chemiluminescence in ozone-
olefin reactions.11 

Secondary reactions of the major products cannot be 
responsible for the Meinel band chemiluminescence 
since only acetaldehyde40 gives this emission on reaction 
with O3 and the intensity in this case is at least a factor 
of 10 less than that observed in the m-2-butene-ozone 
reaction. 

To determine whether oxygen was involved in the 
chemiluminescent processes, spectra from the reactions 

(37) J. T. Yardley, A. V. Pocius, and C. Dykstra, personal communi­
cation, 1973. 

(38) J. D. McKinley, Jr., D. Garvin, and M. J. Boudart, J. Chem. 
Phys., 23, 784 (1955). 

(39) P. E. Charters, R. G. MacDonald, and J. C. Polanyi, Appl. Opt., 
10,1747 (1971), and references therein. 

(40) B. J. Finlayson, J. S. Gaffney, and J. N. Pitts, Jr., Chem. Phys. 
Lett., 17, 22 (1972). 
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Figure 4. Chemiluminescent emission spectra (300-550 nm) from 
the reactions of 2% Os in (a) O2 and (b) N2 with: (i) ethylene, total 
pressure 1.79 Torr, spectral slit width 9.0 nm; (ii) cw-2-butene, total 
pressure 1.58 Torr, spectral slit width 7.4 nm; (iii) isobutene, total 
pressure 1.60 Torr, spectral slit width 7.4 nm. 

of ozone with ethylene, c/5-2-butene, and isobutene 
were recorded first in N2 and then in O2 as diluent. 
Use of He rather than N2 caused no detectable change 
in the spectra. Figure 4 shows that the HCHO(1A" -»• 
1Ai) fluorescence is unaffected by the removal of O2. 
However, the Meinel bands appeared to increase in 
intensity and the (0,0) band of electronically excited 
OH(A2S+ -*• X2TT4) (hereafter referred to as OH*) was 
observed at 306.4 nm (the (1,0) band at 281.1 nm was 
not detected). While the intensity of OH* in the 
presence of O2 was not sufficient to be recorded using a 
monochromator, a signal was observed using a 317 ± 6 
nm interference filter in the cw-2-butene and isobutene 
reactions. 

Because of the increased intensity of the OHf Meinel 
bands in N2, it could not be ascertained whether the 
517- and 520-nm peaks observed in the isobutene and 
czs-2-butene reactions in O2 were still present. There­
fore, in order to eliminate the OHj emission, the spectra 
from the reactions of the corresponding perdeuterated 
olefins with 0 3 /0 2 and 03/N2 were recorded, as shown 
in Figure 5. As expected, no ODf emission was ob-

300 350 400 450 500 550 600r\m 

Figure 5. Chemiluminescent emission spectra (300-600 nm) from 
the reactions of 2% O3 in (a) N2 and (b) O2 with; (i) 2-butene-rfs, 
total pressure 1.72 Torr, spectral slit width 9.0 nm; (ii) isobutene-c/8, 
total pressure 1.93 Torr, spectral slit width 9.0 nm. 

served up to 700 nm. This was confirmed by the lack 
of ODf emission from the D + O3 reaction in the same 
system. It appears that O2 is necessary for production 
of the 517-nm peak tentatively identified as methylglyoxal 
phosphorescence in the isobutene-ozone reaction. 
However, the experiments with the 2-butene-d8 were 
inconclusive since the glyoxal-^2 phosphorescence was 
reduced by more than a factor of 2.5 even in O2, sug­
gesting a kinetic isotope effect.41 

Table I summarizes the emitting species identified 
from the chemiluminescent emission spectra of the 

Table I. Summary of the Chemiluminescing Species 
(200 < X < 1100 nm) Identified in Ozone-Olefin Reactions in 
the Presence and Absence of Oxygen" 

Chemiluminescing species • 
Carrier CH3CO-

Olefin gas OHf OH* HCHO* (CHO)2* CHO*" 

Ethylene 

c/.s-2-Butene 

fra)w-2-Butene 
Propylene 
1-Butene 
Isobutene 

2-Methyl-2-
butene 

2,3-Dimethyl-2-
butene 

O j 

N2 
O2 
N j 

O2 
O2 
O2 
O j 

N2 

O j 

O j 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 

+ 
i -

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 
? 

+ 
C 

C 

0 + denotes positive identification of emitting species; a blank 
indicates that chemiluminescence from this species was not ob­
served. b Tentative identification; see text. c Not studied at high 
resolution. 

(41) R. Livingston in "Techniques of Organic Chemistry," 2nd ed, 
S. L. Friess, E. S. Lewis, and A. Weissberger, Ed., Interscience, New 
York, N. Y., 1961, Chapter II. 
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ozone-olefin reactions in the wavelength region 200 to 
HOOnm. 

Kinetics of Light Emission, (a) Intensity of Light 
Emission as a Function of Reactant Concentration. The 
dependence of each of the emission intensities on olefin 
and ozone concentration was investigated under pseudo-
first-order conditions. Reaction orders were deter­
mined from least-squares analyses of the slopes of log-
log plots of emission intensity vs. reactant concentra­
tion. Table II shows that the emission intensities were 

Table II. Reaction Orders of Emitting Species in Ozone and 
Olefin in the Presence and Absence of Oxygen, Respectively 

IO 

Olefin 

Ethylene 

Isobutene 

m-2-Butene 

Isobutene 
cis- 2- Butene 

Carrier 
gas 

O j 

NJ 
OJ 
N2 
OJ 
NJ 

OJ 
O2 

HCHO* 

Ozone 
1.04 ± 0.04 
1.09 ± 0.07 
1.06 ± 0.04 
0.99 ± 0.04 
0.95 ± 0.03 
0,89 ± 0.03 

Olefin 
1.06 ± 0.05 
0.96 ± 0.06 

Emittin 

OHf 

1.04 ± 0.03 
1.03 ± 0.05 
0.93 ± 0.05 
1.00 ± 0.01 
1.14 ± 0.01 
1.01 ± 0.03 

0.97 ± 0.04 
1.12 ± 0.11 

g species 
517- or 

520-nm peak 

0.39 ± 0.02^ 

0.97 ± 0.02' 

1.00 ± 0.056 

1.10 ±0.09= 

" Errors given are least-squares standard deviations. b Tenta­
tively identified as methylglyoxal phosphorescence. c Assigned as 
glyoxal phosphorescence, (CHO)2(

3Au -»- 1A8). 

first order in each reactant, with the exception of the 
isobutene reaction where the order of the 517-nm peak 
in ozone was 0.39 ± 0.02 in O2 as carrier gas. With N2 

as carrier gas, the light emission generally exhibited a 
maximum at very low olefin concentrations and then 
decreased with increasing olefin concentration. 

(b) Decay of Light Intensity and Ozone. For 
ethylene, ra-2-butene, and isobutene, the intensities of 
each of the chemiluminescent emissions and the O3 

concentration were determined as a function of time 
with O2 or N2 as the diluent gas over total pressures of 
2-10 Torr. In order to maintain pseudo-first-order 
conditions, the initial olefin concentrations were a 
minimum of six, and typically ten, times the initial ozone 
concentration. Decay rates were determined from the 
least-squares slopes of plots of the logarithms of either 
emission intensity or ozone absorbance against reaction 
time. Typical data for the ra-2-butene reaction with 
ozone are shown in Figure 6. Similar behavior was 
observed for the ethylene and isobutene reactions. 

Figure 6i shows that in O2 as carrier gas the emission 
intensities and the ozone concentration both decay 
exponentially at times >0.1 sec. The ratio (decay rate 
of emission intensity)/(rate of ozone decay) was deter­
mined for each run from plots such as those shown. 
The average value of this ratio in the pressure range of 
2-10 Torr was approximately 1.4 for all emissions. 
However, this ratio was observed to decrease with in­
creasing oxygen or olefin concentration. For example, 
at 1.8 Torr total pressure, this ratio was 1.6 for 
formaldehyde fluorescence; on addition of O2 to a 
total pressure of 9.6 Torr, this ratio fell to 1.0. 

In N2 as carrier gas, high initial light intensities 
occurred, followed by nonexponential decays as seen in 
Figure 6ii. The apparent increase in the intensity of 

i r 

( i ) in O2 

20 40 60 80 100 

REACTION DISTANCE ( c m ) 

Figure 6. Semilogarithmic plots of relative emission intensities 
and ozone absorbance vs. reaction distance for the reaction of cis-
2-butene with (i) 2% 03/0> and (ii) 2% 03/N2. Initial flow rate of 
cw-2-butene, 16-22 ,umol/sec; initial ozone flow rate 2.5 ,umol/sec; 
total pressure 5.3-9.2 Torr; 100 cm corresponds to a reaction time 
of 1.3 sec. 

the Meinel bands (Figure 4) on the replacement of O2 

by N2 is thus due to the increased initial light intensity 
rather than to an overall increase at all reaction times. 
While the ozone decayed even more rapidly than in O2 

at times <0.1 sec, a slower exponential decay followed, 
(c) Relationship of OH* and OH y. In the cis-2-

butene reaction, the relationship of the OH* emission 
intensity to that of OHf in both O2 and N2 as diluent 
gas was investigated by simultaneously following both 
emission intensities as a function of reaction time. The 
least-squares slopes of the log-log plots of OH* emission 
intensity vs. OHf intensity for each run in a series of 
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Table III. Rate Constants for the m-2-Butene and Isobutene Reactions with Ozone Under Varying Conditions of Total 
Pressure and Oxygen Concentration" 

Exptl conditions 

O3/O2 from ozonizer used; no 
additional diluent added 

O3/O2 from ozonizer 
as diluent 

used; O2 added 

O3/N2 from silica gel trap used; O2 
added as diluent 

O3/N2 from silica gel trap used; no 
additional diluent added 

O3/N2 from silica gel trap used; N2 
added as diluent 

0 Error limits shown are 1 :he estimated overall 

cis-

Total press, Torr 

1.8-2.1 

3.9-4.0 
4.5-5.9 
7.3-7.4 
8.9-9.6 

5.5-5.6 
8.9-9.1 

1.9-2.0 

5.4-6.1 
9.1-10.0 

•2-Butene 
10"4 X k, 

1. mol-1 sec~: 

9.2 ± 2.3 

7.3 ± 2.0 
6.7 ± 1.8 
7.1 ± 2.0 
6.3 ± 1.9 

6.5 ± 1.9 
6.0 ± 1.9 

17 ± 5 

13 ± 4 
16 ± 5 

Isobutene 

1 Total press, Torr 

1.7-1.9 

3.9-4.2 
6.4-6.6 
9.3-9.7 

4.4-4.5 

1.9-2.0 

4.2-4.5 
6.8-7.1 
9.6-9.9 

10"4 X k, 
1. mol-1 sec-1 

1.4 ± 0.4 

0.82 ± 0.28 
0.63 ± 0.23 
0.54 ± 0.23 

0.84 ± 0.29 

4 . 2 ± 1.2 

3.8 ± 1.3 
3.0 ± 1.0 
3.7 ± 1.1 

errors which include both the precision of the data as well as experimental errors. 

Table IV. Comparison of the Rate Constants Obtained in This Work with Literature Room-Temperature Values 

Olefin 

Ethylene 

c/.s-2-Butene 

Isobutene 

Total press, Torr 

760 
Atm 
Atm 
150-650 
100 ± 20 

110-135 
2-10 

Atm 

Atm 
Atm 
100 ± 20 

50-60 
2-10 

Atm 
Atm 
Atm 
100 ± 20 

110-135 
2-10 

. Concn, 
Ozone 

0.3-0.7 
0.5-3 
—20 
d 
—2500 

—3000 
—50 

0.35-0.9 

/ 
—4-8 
—2500 

—1200 
—50 

—0.5-1 
f 
f 
—2500 

—3000 
—50 

„„ „ 
ppm 

Olefin 
5-55 
4-8 
- 2 0 
d 
—20,000 

—48,000 
—400 

1-2 

/ 
—5-11 
—20,000 

—24,000 
—400 

— 1-3 
/ 
/ 
—20,000 

—48,000 
—400 

Rate constant X lO-8,6 

1. mol-1 sec-1 

0.93 ± 0.09 
1.8« 
0.8 
2.1 ± 0.8 
1.6 (O2)' 
1.2 (Ns)' 
2.4(O2)' 
1 ± 1 (O2) 
5 ± 2 (N2) 
85 
90 (N2) 
200 
29 
16.6(O2)' 
11.5(N2)' 
17.5(O2)' 
60-92 (O2) 
130-170 (N2) 
8.8 ± 2.2 
3.7 
14 ± 2 
4.9(O2)' 
5.8(N2)' 
4.8(O2)' 
5-14 (O2) 
30-42 (N2) 

Ref 

46 
45 

6 
43 
8 

7 
This work 

10 
45 
6 
8 

7 
This work 

44 
6 

45 
8 

7 
This work 

0 1 ppm = 4.1 X 10"8 mol I. -1 = 7.6 X 1O-4 Torr. h Unless otherwise specified, experiments were carried out in air. ' Dynamic system, 
k = 1.6 ± 0.2 X 1031. mol -1 sec-1. Static system, k - 2.0 X 1031. mol -1 sec-1. d Ethylene and ozone reactant concentrations varied over 
the range 185-4500 ppm. ' Relative rates measured; normalized to k = 6.12 X 103I. mol - ' sec - ' for 1-hexene.46 f Not reported. 

experiments at varying total pressure and reactant 
concentrations averaged 0.97 ± 0.04 in the presence of 
O2 and 0.91 ± 0.06 in N2. 

Similar investigations were carried out for the reac­
tions of ethylene and isobutene with O3 in N2 as carrier 
gas. While the data were more scattered than that for 
the c/s-2-butene reaction, the average slopes of the 
log-log plots were 1.09 ± 0.08 and 1.35 ± 0.11, 
respectively. 

Kinetics of Ozone Decay. With olefin at least a 
factor of 6 in excess over O3, the rate of decay of ozone 
was measured under similar conditions as those used 
for recording the chemiluminescent emission spectra. 
Varying flows of nitrogen or oxygen were then added to 
a maximum total pressure of 10 Torr, and the rate of 

ozone decay was measured at each pressure. The 
results of these experiments for the ds-2-butene and 
isobutene reactions are given in Table III. 

Although the overall uncertainties in the rate con­
stants measured are approximately ±30%, Table III 
shows that the measured rates are larger by a factor of 
2-5 in the presence of N2 as compared to those measured 
in O2 and decrease slightly with increasing O2 concentra­
tion. 

Under these experimental conditions, the rate con­
stant for the ethylene-ozone reaction was estimated to 
be 1 ± 1 X 103 1. mol-1 sec -1 in O2 and 5 ± 2 X 103 

1. mol - 1 sec -1 in N2. 
The rate constants from this work are compared 

in Table IV with literature room-temperature 
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values.6_10i42_46 The values in O2 are seen to be in 
general agreement with the literature, indicating no 
significant change in the kinetics with total pressure. 

Stable Product Analysis. The major stable products 
identified by gc from the m-2-butene-ozone reaction 
at 2 to 10 Torr were acetaldehyde and 2-butanone in 
both O2 and N2 as diluents and methyl vinyl ketone in 
O2 only. Two unidentified products were also observed 
in O2. The acetaldehyde yield increased relative to that 
of the 2-butanone with increasing pressures of O2. 
These product identifications are supported by the ob­
servations of mass peaks corresponding to all of these 
products in earlier photoionization mass spectrometer 
studies12 of this reaction. 

Absolute Rates of Light Emission. The total rate of 
light emission from each emitting species in the ethylene 
and CK-2-butene reactions with 2% 03/02 is given in 
Table V; that for OHf refers to light emission from 
the (9,3) transition only. 

Table V. Absolute Rates of Light Emission0 (1. m o l - 1 sec - 1) 
for Each Emitting Species in the Reactions of 2% 0 3 / 0 2 with 
Ethylene and m-2-Butene at a Total Pressure of 4.6 Torr 

Emitting species . 
Olefin HCHO* OHf (CHO)2* 

Ethylene 1 X 10-" 1 X 10-* 
e«-2-Butene 7 X 10"3 5 X IO"3 0.7 

° For HCHO* and (CHO)2*, the total rate of light emission, 
Arx(TOT), calculated as described in the text, is given. For OHf, 
the rate of light emission is that in the (9,3) transition only, which 
is expected to be a function of the reactant concentrations (see 
Discussion). 

Temperature Rise Studies. In order to investigate 
the self-heating of the gases7'842 during these exothermic 
reactions, the temperature rise was recorded at each of 
the five thermistors for the reaction of a series of olefins 
with 03/02 or 03/N2. In the reaction with 03/02, the 
magnitude of the maximum temperature rise increased 
in the order ethylene < propylene ~ 1-butene ~ 
isobutene < c/s-2-butene < 2-methyl-2-butene ~ 2,3-
dimethyl-2-butene which is also the order in which the 
rate constants increase.6_10'42-46 Furthermore, the 
temperature rise increased with flow rate of either ozone 
or olefin and decreased with increasing reaction time, 
showing that the heat release is related to the amount 
of reaction occurring. 

The reactions of ethylene, cw-2-butene, and isobutene 
with 03/N2 showed a greater temperature rise than the 
corresponding reactions in oxygen, although the increase 
in temperature was confined to shorter reaction times in 
agreement with the above observations. The maximum 
temperature rise observed was <7°, which would not 
have a significant effect on the rate constants94345 

measured here. 

(42) H. E. Smith and R. H. Eastman, J. Amer. Chem. Soc., 83, 4274 
(1961). 

(43) R. D. Cadle and C. Schadt, J. Amer. Chem. Soc, 74, 6002 
(1952). 

(44) E. A. Schuck, G. J. Doyle, and N. Endow, Air Pollution Founda­
tion, Report No. 31, San Marino, Calif., 1960. 

(45) J. J. Bufalini and A. P. Altshuller, Can. J. Chem., 43, 2243 
(1965). 

(46) D. H. Stedman, C. H. Wu, and H. Niki, J. Phys. Chem., 77, 2511 
(1973). 

Discussion 
c/s-2-Butene Reaction. The mechanism of ozone-

olefin reactions proposed by O'Neal and Blumstein23 

is applied to the ozone-cw-2-butene reaction in Scheme 
I. Included are recent modifications47 to the original 
scheme relevant to our studies. 

At a total pressure of ~ 2 Torr, it is anticipated that 
(1) a-hydrogen abstraction should occur at a rate 
approximately 2.5 faster than the Criegee fragmentation 
assuming some stabilization of the Criegee biradical by 
polarization of charge, (2) collisional stabilization of the 
excited a-keto hydroperoxide (reaction a) and decomposi­
tion (reactions b to e) should be competitive such that 
both the a-keto hydroperoxide and the intermediates and 
stable products predicted by reactions b to e should be 
observed, and (3) /3-hydrogen abstraction of the peroxy 
biradical will occur at a rate slower by a factor of ~ 8 
than the a-hydrogen abstraction path, leading to the 
formation of an excited 1,2-dioxetane. 

One can now compare these predictions to the experi­
mental data for the cz'.s-2-butene-ozone reaction ob­
tained in this and earlier studies.1112 

(a) OH| Meinel Band Emission. Application of 
simple unimolecular (RRK) theory to the thermochem­
istry predicted by O'Neal indicates that due to the ~140 
kcal/mol released in the rearrangement of the biradical 
to acetic acid (step f) its decomposition (step f') should 
occur at a rate several orders of magnitude greater than 
collisional quenching at 2 Torr.47 It is also possible47 

that the acetic acid formed in step b may contain enough 
of the reaction exothermicity to decompose in an 
analogous manner. Since the observed yield of CH3-
CHO at 2 Torr is ~ 1 , 1 2 but CH3COOH was not 
observed, the yield of H atoms may approach unity 
under our experimental conditions. 

The dominant loss process for H atoms formed in 
step P and possibly b' under these conditions12 must 
be the well-known chemiluminescent reaction 229'38'39 

with O3. 
A simplified scheme for the formation and loss of 

OHf is then given by 
O3 + c«-2-butene >• /3H + other products (3) 

/,•! = 7 X 10* 

H + O3 *• OHt,- <!, + O2 (2)« 
U: = 1.6 X 101» 

H + cw-2-butene >- C4H9* (4)49-51 
hi = 5 X 10» 

;,'5 - 1 . 1 x 10" (V = 2) 

-4 .4x l (yVr ' = 9) 

b 

C 

OHf + w-2-butene =^±: (CH3CH(OH)CHCH3)* >• 
k, A-M[M] 

CH3CH(OH)CHCH3 (6) 

OHf >• OH + hv (7)52 

/.•7 = 3.4 (»' = 1) s e o - i 
- 1 6 (11' = 9) s e c " ' 

(47) H. E. O'Neal, personal communication, 1973. 
(48) L. F. Phillips and H. I. Schiff, / . Chem. Phys., 37, 1233 (1962). 
(49) E. E. Daby and H. Niki, J. Chem. Phys., Sl, 1225 (1969). 
(50) J. A. Cowfer, D. G. Keil, J. V. Michael, and C. Yeh, J. Phys. 

Chem., 75, 1584(1971). 
(51) E. E. Daby, H. Niki, and B. Weinstock, J. Phys. Chem., 75, 

1601 (1971). 
(52) R. N. Coltharp, S. D. Worley, and A. E. Potter, Appl. Opt., 

10, 1786(1971). 
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Scheme I 

CH3 CH1 

^C=C'" 
/ \ 

H H 

CH3CHO + (CH3COOH)* 

-*- CH3- + -COOH 
0 0 
Il Il 

C H 3 - C - C - H / + CH3OH 
L^-* CH3CO- + HCC-

— CO2 + H-

0 0 
Il Il 

CH 3 -C-C-CH 3 
+ H,0 

-*• 2 CH3CO-

+ 0 

0 0 

Il I 
V \ % CH 3C-CHCH 3 + '0H 
V 

6 

CH3 \ \ CH3 
\ \ . \ / J Criegee i CH3CHO + CH3CHOO' 

OH 

CH3CH-CH-CH2 

0 0 J 

(CH3COOH)* 

I—£-»• CH3- + -COOH 

I 
CO, + H-

CH3CH(OH)CHO + HCHO + Ju 

where the rate constants are in liters per mole second 
units unless otherwise specified and /3 is the fraction of 
reaction 3 giving H atoms. Hence 

[OHf] = 

/3Zc3Zc2[O 3]
2[olefm] 

{Zc5[03] + Zc6[olefin] + Zc7} |Zc2[03] + Zc4[olefin]} 
(III) 

where k6 = Zcf/cM[M]/(/cr + ZcM[M]), kt, kT, and ku 
are the rate constants for the steps outlined in reaction 
6 above, and in all cases k7 « /cs[03]. 

The overall rate constant for reaction 6 for ground 
state OH(V = O) with cw-2-butene at a total pressure of 

'I Torr is 3.7 X 1010 1. mol-1 sec" The ob­
served53 enhancement of the OH-propylene adduct 
mass peaks as the total pressure was increased from 1 
to 4 Torr suggests that at least for propylene the adduct 
can also decompose, one path possibly being that 
back to the reactants. Because of the high room-
temperature rate constant for the reaction of OH(c' = 
O) with m-2-butene, the activation energy must be low 
and hence an increase in the vibrational energy of the 
reacting OH radical is anticipated to substantially 
increase the rate of decomposition of the adduct, kT, 
while not significantly affecting the forward rate, kt. 
Hence the overall rate constant, Zc6, is expected to 
decrease as the vibrational energy content of the OH 
radical increases. 

An estimate of Zc6 for vibrationally excited OHf can 
be obtained as follows; assuming an activation energy 
for the forward reaction of ~ 1 kcal/mol and AHf0 = 

(53) E. D. Morris, Jr., D. H. Stedman, and H. Niki, J. Amer. Chem. 
Soc, 93,3570(1971). 

(54) E. D. Morris, Jr., and H. Niki, J. Phys. Chem., 75, 3640 (1971). 

- 2 8 kcal/mol55 for the adduct, CH3CH(OH)CHCH3, 
then from unimolecular theory,57 kT ~ 2 X 108 sec -1 

(v> = 7-8). Assuming /cM[M] = 2 X 107 sec"1, then 
kt ~ 4 X 109 1. mol - 1 sec-1,58 which, though very 
approximate, can now be applied to the kinetics of O H | 
formation. 

In the experiments to determine the reaction order of 
OHf with respect to olefin, [O3] > 2 X [olefin], thus 
/c2[03] » /c4[olefin] and hence eq III simplifies to 

[OHf] 
ffic3[Q3][olefin] 

Zc5[O3] + /c6[olefin] 
(IV) 

Using Zc6 ~ 4 X 1091. mol"1 sec-1, Zc5[O3] > /c6[olefin], 
and hence [OHf] a [olefin], consistent with Table II. 

Similarly, when studying the dependence of OHt 
on [O3], [olefin] > 10[O3]. Then Zc2[O3] > Zc4[olefin] 
and Zce[olefin] > Zc5[O3]. Hence [OHj] cc [O3], as 
observed. 

In order to calculate the total rate of light emission 
from all vibrational levels of OHf, and hence the yield 
of OHf, the vibrational distribution must be known. 
It was not possible in these experiments to determine 

(55) AHt° was calculated using Benson's group additivity method.56 

(56) S. W. Benson, "Thermochemical Kinetics," Wiley, New York, 
N. Y., 1968. 

(57) k, = A{(E - E0)IEy-* w n e r e A ~ JQU sec-i, (s - l)e(f ~ 24, 
Eo = 37 kcal/mol, and E = £ 0 H t + 36 kcal/mol, where £ 0 H t is the 
vibrational energy content of the OHf radical. 

(58) It is likely that diatomics (O2 or N2) will not stabilize the excited 
adduct molecule with unit efficiency,59 hence decreasing the calculated 
value of kt. The existence of alternate decomposition paths for the 
excited adduct will increase fcs. Unfortunately, at the present time, 
no information is available on the fate of the excited adduct. 

(59) P. J. Robinson and K. A. Holbrook, "Unimolecular Reac­
tions," Wiley-Interscience, New York, N. Y., 1972, and references 
therein. 
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this distribution and hence only a crude estimate of the 
total rate of light emission can be obtained. Garvin, 
et al.,m have shown that at 4.2 Torr total pressure 
in O2 and H2 the vibrational distribution of OHf from 
reaction 2 is Boltzmann and corresponds to a vibrational 
temperature of 92500K. However, in the presence of 
olefin with which OHf reacts, the lower vibrational 
levels may be preferentially removed leading to a higher 
effective vibrational temperature. Calculating ks as a 
function of OHf vibrational energy content as described 
above, and modifying the Boltzmann distribution found 
by Garvin, et A/.,60 for the increased removal of OHf 
in lower vibrational energy levels, the H atom yield 
per molecule of reactant consumed is estimated to be 
approximately 1 within order of magnitude error limits, 
under these experimental conditions. 

(b) HCHO(1A" -* 1Ai). The experimentally ob­
served first-order kinetics of formaldehyde fluorescence 
are consistent with the production of electronically ex­
cited HCHO from the decomposition of an excited 
1,2-dioxetane, step g of Scheme I. 

Using kz = 7 X 104 1. mob 1 sec-1 for the cis-2-
butene-03 reaction at 4.6 Torr (Table III) and /CX(TOT) 
= 7 X 1O-3I. mol - 1 sec -1 for formaldehyde fluorescence 
(Table V), the number of light quanta emitted from 
electronically excited formaldehyde per molecule of 
reactant consumed is ~ 1 X 1O-7. These low values 
are consistent with the concerted process (step g) since 
both the decomposition of 1,2-dioxetanes to produce 
the first excited singlet state61 and HCHO fluorescent 
emission are inefficient processes. 

Other sources of HCHO(1A") such as 

CH3O + OH — > - HCHO* + H2O (8) 

cannot be definitely excluded, particularly at the low 
pressures and relatively high OH concentrations present 
under these conditions. Reaction 8 is thought to be 
responsible for the weak formaldehyde fluorescence 
observed as a general phenomenon in the low-tempera­
ture gas-phase oxidation of organic compounds.62'63 

Although OH radicals are known to be present in the 
c/s-2-butene-ozone reaction, no CH3O radicals were 
detected in the PMS studies.12 This does not preclude 
the production of CH3O since if its loss is by reaction 
with olefin with a rate constant of 107—10s 1. mol - 1 

sec-1,64 then its steady state concentration would have 
been below the detection limits. 

(c) Glyoxal Phosphorescence. Although glyoxal 
phosphorescence has been observed from the recom­
bination of HCO radicals,65 this seems highly unlikely 
in the presence of excess O2 which reacts rapidly with 
HCO.66 In addition, this recombination, which is 
second order in HCO, would not be kinetically con­
sistent with both the first-order dependence of light 

(60) D. Garvin, H. P. Broida, and H, J. Kostkowski, J. Chem. Phys., 
32, 880 (1960). 

(61) N. Turro and P. Lechtken, / . Amer. Chem. Soc, 94, 2887 
(1972). 

(62) J. H. Knox in "Photochemistry and Reaction Kinetics," P. G. 
Ashmore, F. S. Dainton, and T. M. Sugden, Ed., Cambridge University 
Press, London, 1967, pp 250-286. 
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intensity on reactants and with the direct production of 
HCO from the ozone-olefin adduct via steps c and c'. 

The observation of glyoxal phosphorescence in the 
presence of 2 Torr of O2, and indeed at higher pres­
sures,36 is rather surprising. One energetically possible 
route involves an alternate mode of decomposition of 
the 1,2-dioxetane formed by /3-H abstraction 

OH 

[ C H 3 - C H - C H - C H 2 ] * — > C2H5O- + [ H - C - C H 2 O ] * (9) 

followed by reaction of the excited alkoxy radical with 
O2. 

[ H - C - C H 2 O ] * + O2 — ? • HO2 + [ H - C - C - H ] * (10) 
Sl ;! I! 

O O O 
While (9) and (10) are speculative, it appears that the 
partitioning of energy in these reactions may result in 
sufficient energy input to the glyoxal to cause electronic 
excitation. Furthermore, this mechanism is consistent 
with the observed kinetic isotope effect (Figure 5), the 
first-order kinetics of the light emission, and the observa­
tion of glyoxal phosphorescence at pressures approach­
ing atmospheric.36 

(d) Electronically Excited OH. OH* has been ob­
served67 in the H + O3 reaction as a product of energy 
pooling. 

OHf(X2ITi) + OHf(X2Ti) — > - OH(A2S+) + OH(X2Tr1) (11) 

However, the width of the (0,0) band envelope of 
OH(A2S+ -»• X27Ti) from reaction 11 was greater than 
that from the ozone-olefin reactions. In addition, the 
observed first-order dependence of electronically excited 
OH* on the vibrationally excited OH+ radical rules 
out reaction 11 as the source of OH*. 

One possible source of electronically excited OH* 
radicals in this system involves O atom reactions. 
Thus, Becker, Kley, and Norstrom68 in their studies of 
OH* chemiluminescence in the 0-C2H4 flame observed 
rotationally cool emission from OH*. The reactions 
of an O atom with either an H atom or an excited HCO 
radical to produce OH* were suggested. 

O + H — > O H * (12) 

O + HCOf — > OH* + CO (13) 

A mode of production of O atoms in the ozone-olefin 
system is the decomposition of O3 by OH j radicals 
with v' > 3.69 

OH(X2Tt<)„< >3 + O3 — > - O + O2 + OH (5b) 

The OH* emission intensity is strongest for the 
ethylene reaction, relative to the HCHO* and OHj 
emissions, supporting an O atom precursor as the 
relative rates of reaction of 0(3P) with ethylene, iso-
butene, and c/s-2-butene are 1:25:24.70 

(e) Effects of Oxygen. In nitrogen as diluent, the 
initial steps of the ozone-m-2-butene reaction as out­
lined above must remain the same. However, the 
secondary reactions of radicals which react rapidly with 
O2 will be strongly dependent on its presence. For 

(67J H. P. Broida, J. Chem. Phys., 36, 444 (1962). 
(68) K. H. Becker, D. Kley, and R. J, Norstrom, 12th International 

Symposium on Combustion, The Combustion Institute, Pittsburgh, 
Pa., 1969, p 405, and references therein. 

(69) W, B. DeMore, J. Chem. Phys., 46, 1813(1967). 
(70) R. J. Cvetanovic, Adeem. Photochem., 1, 115 (1963), and refer­

ences therein. 
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example, CH3 and HCO which react with O2 under 
these conditions will, in N2 as diluent, react with O3. 

CH3 + O2 + M 
10" L- mol-* sec - 1 

- > CH3O2 + M (14)': 

HCO + O2 - » - H 0 2 + CO (15)«' 
A-is = 3.4 X 10» 1. mol-i sec"' 

The products of their reactions with O3 are likely more 
reactive than the CH3O2 and HO2 produced in reactions 
14 and 15, respectively. For example, if excited CH3O 
and HCO are formed, H atoms could be produced.64'72 

CH3 + O3 — * - O2 + [CH3O]* (16) 

HCO + O3 — > O2 + [HCO2]* 

• H + HCHO 

H + CO2 

(17) 

Therefore in the absence of O2 one anticipates in­
creased rates of O3 decay due to secondary radical attack 
and possibly increased Meinel band emission intensity 
if H atoms are indeed produced in reactions 16 and 17. 

This is in qualitative agreement with our experimental 
observations that: (1) the measured rate constant for 
O3 decay in N2 as diluent is larger than in O2, (2) a 
rapid loss of O3 occurs in the first <0.1 sec which is 
accompanied by intense light emission, particularly of 
0 H | and OH*, and (3) a measurable temperature rise 
occurs, particularly in the vicinity of the mixing jet. 

The nonexponential decay of each of the light emis­
sions in N2 as diluent may then be due to a change in the 
relative rates of competing reactions such as (5) and (6) 
over the time period studied, since reaction 6 is a 
termination step in the chain formed by reactions 2 and 
5c. Similar processes must also occur to some extent 
in 2 Torr of O2 since the emitting species generally show 
first-order behavior on O3 (Table II) and yet the rate of 
decay of light intensity is generally greater than the rate 
of O3 decay. Increasing the pressures of O2 up to 10 
Torr appears to further quench one or more radical 
precursors to the chemiluminescence since the ratio 
(rate of decay of light intensity)/(rate of O3 decay) 
approaches unity at ~ 1 0 Torr of O2. 

(f) Intermediates and Products. Many of the inter­
mediates and stable products predicted by Scheme I 
were observed either by photoionization mass spec­
trometry,12 gc, or both. Thus, HCO and HO2, possibly 
from reactions c, c', and 15,66 were observed.12 In 
addition, HCHO, CH3OH, CH3CHO, CH2CO, and 
an ozone-olefin adduct believed to be the a-keto 
hydroperoxide, CH3CH(OOH)COCH3, were detected.12 

On the other hand, 2-hydroxypropanal which should 
have been formed in equal quantities to HCHO (step g) 
was not seen. In addition, while CH3O2 and C2H5O 
radicals were observed,12 their nonsteady state behavior 
suggested that they were not primary reaction products 
but were formed in the mass spectrometer. Hence, their 
production is uncertain, although reactions 14 and 9 
may be possible contributors. 

In the PMS studies, ketene was also observed as a 
major product.12 Its formation can be rationalized 
in terms of a "classical" rearrangement of the Criegee 
zwitterion as suggested by Scott, Hanst, and co­
workers. 5'6-72a 

(71) N. Basco, D. G. L. James, and F. C. James, Int. J. Chem. Kinet., 
4, 129 (1972). 

(72) P. Gray, R. Shaw, and J. C. J. Thynne, Progr. React. Kinet., 4, 
63 (1967). 

CH3CHOO- —>• C H 2 = C = O + H2O (18) 

Significant quantities of methyl vinyl ketone and 2-
butanone were observed by gc and peaks corresponding 
to these products were observed by photoionization 
mass spectrometry.12 The identification of 2-butanone 
by gc provides the best explanation of the m/e 72 peak 
although it might contain some contribution due to 
methylglyoxal (reaction c). 

The 2-butanone may be due to the reaction of OH 
with c/s-2-butene. The mechanism of this reaction is 
not clear, although an OH-olefin adduct has been 
observed mass spectrometrically.63 Preliminary stud­
ies73 of the OH-n'.s-2-butene reaction in the presence 
and absence of oxygen indicate that both 2-butanone 
and acetaldehyde are formed in significant yields, with 
the ratio of acetaldehyde to 2-butanone increasing on 
the addition of oxygen, consistent with our observations. 

Radical abstraction from ra-2-butene will form the 
radical • CH2CH=CHCH3 . It was suggested in earlier 
studies12 that in the presence of O2 this radical might 
subsequently react with O2 to form methyl vinyl ketone 
and hence a peak at m/e 70. 

OJ 

CH2CH=CHCH3 •*-+ CH2=CHCHCH3 -*-->-
O 
Il 

CH 2 =CHCCH 3 + other products (19) 

Formation of methyl vinyl ketone by reaction 19 is 
supported by the fact that it was below the gc detection 
limit in the ds-2-butene-03/N2 system but was observed 
in O2 as diluent. 

Ethylene and Isobutene Reactions. Formaldehyde 
fluorescence and OHf Meinel band emissions are 
common to all three olefin reactions studied. Possible 
routes to the formation of electronically excited formal­
dehyde which are consistent with the observed first-
order kinetics involve a-H abstraction and /3-H abstrac­
tion, respectively.2 3 •47 

O O 

H 2 C=CH 2 + O3 

O O 
I [ 

* C-ri2 OH2 

0 
I 

: C H 2 -

0 
I 

-CH2 abstraction 
0 

[HCCH2OOH]* 

CH3 

CH3 

C = C H 2 + O3 

O-
/ 

O O-

-C C-

O 
/ \ 

O O 
I I 

CH 3 -C C - H . 
I 

CH3 H 

HCOOH + HCHO* (20) 

CH3 -H 
abstraction 

CH3 

CH2OH" 
H 

o-
I 

O 

> C H 3 - C - C H 2 O H • 

CH2-O 

C H 3 - C - C H 2 O H + HCHO + hv (21) C H 3 - C - C H 
I I 

O—O 

As in the ds-2-butene-ozone reaction, efficient 
(72a) NOTE ADDED IN PROOF. Reaction 18 may proceed via the 

excited CH3COOH formed from the rearrangement of the Criegee bi-
radical CH3CHOO • since the pyrolysis of CH3COOH leads to the for­
mation of CH2CO and H2O: P. G. Blake and G. E. Jackson, J. Chem. 
Soc. B, 94 (1969), and references therein. 

(73) R. J. Cvetanovic, personal communication, 1973. 
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H-atom production and hence relatively strong OHf 
Meinel band emission are anticipated in both of these 
reactions at 2 Torr from the decomposition of excited 
HCOOH formed by the Criegee path. 

H O H O 

HO2 reaction 

HCHOO-

H O 

[HCOOH]* • 

H O-

H- + -CO2H (22) 

1—»-C02 + H-

While in the isobutene reaction, a proposed2347 

route to the formation of methylglyoxal is the a-H 
CH3 

>C=CH, + O, —»-
y - i 

CH, 

i i 
CH 1 -C C - H 

CH, H 

o - 0 ' O-
I I 

C H r - C C - H 

CH, H 

a-H 

abstraction 

0OH O 

CH3- -CH 

CH, 

- CH:!COCH.; + HCOOH 

O O 
W / / 

HCCCH, 

O-

+ CHOH (23) 

(CH3)XCHO + -OH 

abstraction, reaction 23b; the kinetics of the emission 
(Table II) suggest a more complex mechanism than 
reaction 23b. The apparent involvement of O2 is also 
difficult to rationalize by this scheme, as is the observa­
tion of excited methylglyoxal from the 2-methyl-2-butene 
and 2,3-dimethyl-2-butene reactions. However, in the 
alternate mode of decomposition of the 1,2-dioxetane 
formed by /3-hydrogen abstraction, analogous to that 
proposed above for the ds-2-butene, reactions 9 and 10 
may give electronically excited methylglyoxal. 

CH2OH-

C H 3 - C - C H 2 
I I 

O—O 

I -CH3CCH2O • ' + O2 

-CH3CCH2O-
!I 

. o 

- ^ H O 2 + 

+ -CH2OH (24) 

CH3CCHO' 

O 

(25) 

Reactions 24 and 25 would explain why O2 is necessary 
to produce excited methylglyoxal. In addition, one 
anticipates a decreased ratio of the intensities of methyl­
glyoxal phosphorescence to formaldehyde fluorescence 
in the isobutene-^ reaction, due to kinetic isotope 
effects,41 as is observed (Figure 5ii). 

The effects of replacing the O2 diluent by N2 are 
expected to be similar to those in the ra-2-butene reac­
tion, consistent with experiment. 

Atmospheric Implications. In the formation of 
photochemical smog, the rate of oxidation of NO to 
NO2 in excess of that due to O atom and O3 reactions is 
currently thought74-76 to be due at least in part to the 

(74) J. Heicklen, K. Westberg, and N. Cohen, publication No. 115-69, 
Center for Air Environmental Studies, University Park, Pa., 1969. 

(75) K. Westberg, N. Cohen, and K. W. Wilson, Science, 171, 
1013(1971). 

(76) D. H. Stedman, E. D. Morris, Jr., E. E. Daby, H. Niki, and B. 
Weinstock, 160th National Meeting of the American Chemical Society, 
Chicago, 111., Sept, 1970, WATR No. 26. 

HO2 + NO NO2 + OH (26) 

HO2 may then be regenerated in a chain process in 
volving the OH radical 

OH + CO — > H + CO2 (27) 

H + O2 + M — > - HO2 + M (28) 

Hence any reaction producing H atoms or OH in the 
atmosphere may contribute to the NO to NO2 oxidation. 
OH has recently been detected77 in ambient air, lending 
support to this postulate. 

If these data can be extrapolated to atmospheric con­
ditions (and it is not clear at the present time that this 
is the case), then the reaction of ozone with small 
olefins (<C5) will be a source of H atoms and hence 
contribute to the NO to NO2 conversion via reactions 
26 to 28. 

It is possible that the enhanced oxidation of SO2 

in the irradiation of NO^-olefin mixtures in air,78 

and more recently in the presence of ozone-olefin 
mixture in the dark,10 may be due to the reaction of 
SO2 with HO2 produced in the ozone-olefin reaction. 
The rate constant for the reaction of the oxidizing 
species with SO2 has been estimated to be ~ 2 X 106 

1. mol - 1 sec -1 10 while the HO2-SO2 rate constant has 
been recently determined as 5 X 10s 1. mol - 1 sec-1,79 

with an uncertainty of a factor of 3. 
In addition, the unknown phytotoxicants observed 

in the reactions of ozone with olefins80,81 may be the 
carbonyl hydroperoxides produced by a-H abstraction. 

In conclusion, it appears that the O'Neal-Blumstein 
treatment23-47 of gas-phase ozone-olefin reactions is, 
with some modification, in qualitative agreement with 
much of the experimental data presented here and in 
earlier papers on the chemiluminescence, intermediates, 
and products of these reactions. Further work on the 
reactions of a series of olefins at varying total pressure is 
in progress in order to examine this mechanism in more 
detail, particularly with regard to its atmospheric 
implications.36 
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