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The yields of OH radicals from the ozonolysis of ethene &ads-2-butene under dry and humid conditions

(0% and 65% relative humidity, respectively) were measured by the small-ratio relative rate technique. The
OH vyields from both alkenes are found to be independent of the humidity within the error limits of the
experiments. This suggests that the OH yield from the reaction of Criegee intermediates with water is less
than 30%. These findings are supported by Master equation calculations that are consistent with the major
product from the reaction of Criegee intermediates with water being the hydroxyalkyl hydroperoxide (RCH-
(OH)OOH), with a smaller contribution from OH. Implications of these results for both the fundamental
reaction mechanism of ozone-alkene reactions and the fate of Criegee intermediates in the troposphere are
discussed.

Introduction cleavage of the ©0H bond (R4)18-20 The ozone-alkene

L . reaction is extremely exothermic, and about 60 kcal/mol is
_ Unsaturated hydrocarbons are significant primary pollutants rejeased into the products of reaction R2. Because the activation
in the boundary layer, comprising about 12% of the total of gnergy for reaction R3 is only about 15 kcal/mol (see, for
volatile organic compounds (VOCs) in urban aiAlkenes example, ref 20), a significant fraction of the carbonyl oxides
typically have relat|ve_ly shor_t atmospherlc Ilfet|mes (minutes may be formed with enough internal energy to react, and the
hours) because of_thelf reactivity t_oward OH radicals andlo%one. excited carbonyl oxide may rapidly rearrange and decompose
As a result of their unique chemistry, ozerglkene reactions 5 form OH. Alternatively, the excited carbonyl oxide may lose
are potentially a major source of I—)l@a;dlcals (defined as OH energy via collisions with bath gas molecules and become
+ HOy), for example? hydroperoxides 7 and carboxylic acids energetically stabilized ()2 The stabilized carbonyl oxide may

in the troposphere. To evaluate the importance of these reactionsysq form OH via reactions RR3, and R4, but on a much
in the atmosphere, the mechanism of the formation of theseslower time scald®

products must be understood. Despite significant advances made

mlkregent;/er?r? hiomeve:, ?nc?r:npéletle ui:l/derstandmg of gas'phas’%\dditional source of OH in these reactions. Very recently, a study
a e.e 0zonolysis as_e amned elusive. . of OH formation from isotopically labeled alkenes suggested
It is now well established that ozone-alkene reactions can 4t hydroxy! radicals may be formed froanti-carbonyl oxide
generate large quantities of OH radicals. OH yields have beenyi5 isomerization of the molecule to a carboxylic acid (R5)
measured for a range of alkenes by chemical tracer methods g jowed by cleavage of the €OH bond (R6Y These
for example? by laser-induced fluorescence (LPF}* and by experimental results may also be partially explained by the
electron-spin resonance (ESR)Yields are foun(_j t_o_ beinthe  asction of Q with the vinyl alkoxy radical formed in R%
range 16-100%; see, fqrexample, ref 2. In the initial stages of Although the origin of this additional OH has not yet been
the ozone-alkene reaction, ozone adds across the double bondggaplished, literature values of OH yields are consistent with
(R1) to form a primary cl)fomde, which then undergoes a rapid i, 15 209 OH formation from these additional souré&s.
cyc(:jloreveLsmnlrea%ldﬁ’ (52) to fo_rnt1 a caglpgt%yl compound, The fraction of carbonyl oxide molecules that are stabilized
and a carbonyl oxide (or -flegee intermedi )- o by collisions (stabilized Criegee intermediate yieldscy is
Asymmetric carbonyl O)g‘fgs may be generated in either the somewhat unclear. A time-dependent LIF study of OH formation
syn- or ant- conformation'®!®The two forms are chemically  concluded that essentially 100% of the carbonyl oxides are
distinct because the activation energy for the interconversion gigpilized at atmospheric pressif@? but several chemical
of these species is largé.t is generally accepted that most  racer studies have shown that the stabilized Criegee intermediate
OH radicals are formed from theyncarbonyl oxide via  yie|d is only 10-50%, see, for example, refs 6, 7, 23, 25, and
isomerization to a vinyl hydroperoxide (R3) followed by g depending on the alkene. Resolution of this point is
important because carbonyl oxides are known to react with a
* To whom correspondence should be addressed. E-mail: ahasson@variety of different compounds, collectively known as Criegee

Experimental OH yields are largely consistent with an

Csﬁfrce‘;ﬂg'rﬁ?;-smte University Fresno scavengers (R7) and which include $@arbonyl compounds,
* University of California at Los Angeles. alcohols, carboxylic acids, and wafei® 2" In the presence of
8 Macalester College. Criegee scavengers, OH formation from stabilized carbonyl
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oxide molecules is competitive with reaction R7. Thus, if OH and found no dependence on the water concentration. This
is formed primarily from stabilized carbonyl oxides, the OH technique is known to result in rather large uncertainties in OH
yield would be expected to change in the presence of Criegeeyields, which could potentially mask a systematic variation in
scavengers except in the unlikely case that the OH yield from OH yield as a function of RH. Very recently, the same grdup
these reactions is the same as the OH yield from the unimo- measured OH yields from a series of terpenes at RH in the range
lecular decomposition of the stabilized carbonyl oxide. OH 5—50% using a more accurate technique. The authors again
formation from excited carbonyl oxides would be unaffected reported that the OH yields are independent of the humidity
by the presence of Criegee scavengers because this reaction iwithin the uncertainties of the experiments. These results may
much faster than reaction R7. Measurement of OH yields in be explained either by rapid stabilization of the relatively large
the presence and absence of Criegee scavengers thus providddAHP formed in reaction R8 or by differences in the activation
information regarding the source of OH (excited versus stabi- energies for R3-11 compared to the barriers for the smaller
lized carbonyl oxide) in the ozorealkene reaction. HAHPs studied by Anglada and co-workers.

In a recent study, Marston and co-workers found OH yields  In this study, OH yields have been measured for the reactions
from 2-methyl-2-butene ozonolysis to be unaffected by the of ozone with ethene artdans-2-butene at 0% and 65% relative
presence of a variety of Criegee scavengér§he authors  humidity (RH). Additionally, master equation calculations have
concluded that the reaction of carbonyl oxide with Criegee been performed for the reactions of the appropriate carbonyl
scavengers (R7) was too slow to compete with the decomposi-oxide with HO to aid in the interpretation of the experimental
tion of the stabilized Criegee intermediate,(R R3 + R4). results. OH yields in these experiments depend on the yields of
This apparently contradicts the results of their previous stéidy, excited and stabilized Criegee intermediates, the relative rates
in which they measured yields of the products from reactions of the unimolecular decomposition of the stabilized Criegee
(R7) for the same alkene. The earlier study implies that a intermediates versus their bimolecular reaction with water, and
significant fraction of the stabilized carbonyl oxides survive long the branching ratio of the OH-forming channel in the unimo-
enough to react with Criegee scavengers. An explanation thatlecular decomposition of the hydroxyalkyl hydroperoxide. The
is consistent with their previous work is that OH is formed only data thus provide information on the mechanism of OH
from excited carbonyl oxides, and not from stabilized carbonyl formation in gas-phase alkene ozonolysis.
oxides.

Anglada and co-workers have carried out quantum calcula- gxperimental and Computational Section
tions on the carbonyl oxide reaction with® for the molecules
CH,00, syn-andanti-CH;CHOO, and (CH),CO0O2°3For all OH yields were measured using the small-ratio relative rate
four Criegee intermediates, they find that the lowest energy technique (SRRRT) as described in detail previodsiyhe
pathway is the formation of the hydroxyalkyl hydroperoxide, apparatus used has been employed in both OH vyield studies,
hereafter referred to as the HAHP (R8). This hydroperoxide is ref 36, and RH-dependent product yield studies of ozone-alkene
formed with enough internal energy to decompose via cleavagereactions, ref 6. In brief, 510 ppm of the alkene and 6:2
of the peroxy bond to form OH (R9). The coproduct of this 0.45 ppm of pairs of chemical tracers (1,3,5-trimethylbenzene,
reaction is a hydroxyalkoxy radical that would subsequently metaxylene, and din-butyl ether) were introduced into a 240
react with oxygen to form a carboxylic acid and KGee, for L Teflon reaction chamber in a stream of air humidified with a
example, ref 31. Additionally, the hydroperoxide may decom- water bubbler. After equilibration, aliquots of ozone were
pose to form a carbonyl and hydrogen peroxide (R10) or a introduced into the reaction chamber by passing pureer
carboxylic acid and water (R11). The latter pathways (R10 and a low-pressure mercury lamp. Hydrocarbon concentrations were
R11) have higher activation energies than OH formation (R9); monitored by gas chromatography with flame ionization detec-
hence, the authors speculate that this pathway may lead to arfion (GC-FID), and the OH yields were determined by com-
increase in the OH yield when alkene ozonolysis is carried out parison of the alkene and chemical tracer concentrations to the
in the presence of water vapor. Atkinson and co-woféfs ~ output from a detailed chemical model.
measured OH vyields from various alkenes as a function of Master equation calculations were carried out using the
relative humidity using cyclohexane as an OH-radical scavenger MULTIWELL suite of programs’’-38 Molecular geometries
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Figure 1. OH yields from ozone-alkene reactions as a function of relative humidity from (a) experiment and (b) master equation calculations using
egs E2 and E2b (see text for details).
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and vibrational frequencies were calculated at the B3Lyp/ TABLE 1: Summary of Experimental Results

6-31G(d,p) leve® using Gaussian 98.Two sets of calculations alkene relative humidity/% You

were used to obtain values for the activation energies of the  gthene 0 0.0% 0.01
key reactions. First, electronic energies of molecules were taken 65 0.06+ 0.01
from CCSD(T)/6-313G(2d,2p}¥* calculations carried out by trans-2-butene 0 0.54- 0.05
Anglada and co-worke®:30Second, CBS-QB'3 calculations 65 0.52+0.04

were performed. This composite method approximates a CCSD- o

(T) calculation with a very large basis set. The CBS-QB3 Potential with a Morse parameter of 1.9 A was assumed for the
energetics were based on geometries optimized with the largerlectronic potential energy. The sensitivity of the Master

6-311G(2d,d,p) basis set. The exponential-down model for €quation calculations to the assumed Morse parametexand

vibrational energy transfer was used, with the average energyWas investigated by varying these values#80% ancd+50%,

transferred per collisionEq4L) assumed to be 300 crh This respectively.
parameter was varied between 100 and 1000'¢minvestigate ] )
the effects of this assumption. Results and Discussion

Quantum calculations indicate that the decomposition of the  oH—Yield Experiments. Measured OH vyields for ethene
hydroxyalkyl hydroperoxide to form OH (R9) proceeds through andtrans-2-butene ozonolysis under dry and humid conditions
a loose transition state; hence, microcanonical variational are summarized in Table 1 and are shown in Figure 1a. Included
transition state theory using the minimum sum of states criterion for comparison are results from previous OH-yield studies from
was used to calculate rate coefficients for these reactioims. this laboratory, which were measured at 13% ®Ef Yields
brief, an estimate of the upper limit for the microcanonical rate measured here are systematically lower than those determined
coefficient was obtained by finding the minimum sum of states previously. In the case dfans2-butene, current and previous
for the molecule as the RCH(OH)@DH distancer) was varied.  OH-yield measurements (54% and 59%, respectively) lie within
Frequencies of vibrations in the parent hydroperoxide that are the mutual uncertainties. The OH-yields measured for ethene,
correlated with vibrations in the separated fragments were however, are significantly different to those measured in an

assumed to have the form earlier study in this laboratory. The reason for this discrepancy
is unclear, but does not affect the principal experimental findings
u(r) = u(re) expa(r —ry)) + v,{1 — exp[~a(r — rJ]} of this study regarding trends in OH yields as a function of

(E1) relative humidity.
As the humidity was increased from 0 to 65%, the OH yield

where u(r) is the vibrational frequency at distanceu(re) is for ethene was found to fall from 8% to 6%. This slight decrease
the vibrational frequency in the parent moleculg, is the in the OH yield is statistically insignificant given the uncertain-
vibrational frequency in the separated fragments, and an ties in the data. Likewise, farrans-2-butene, a small drop in
adjustable parameter, which was set to 1!ATransitional the OH yield was observed as the humidity increased (from

frequencies in the parent hydroperoxide were assumed to haveb4% at 0% RH to 52% at 65% RH). Once again, this decrease
the same functional form, but with, set equal to zero. A Morse  is smaller than the uncertainties in the measured OH yields.
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Figure 2. Activation energies for the unimolecular decomposition of HAHP (RCH(OH)OOH) (E11 antrefidesent two distinct pathways for
reaction R11).

TABLE 2: Activation Energies for the Unimolecular Decomposition of HAHP (RCH(OH)OOH)
activation energy/kcal mot

hydroperoxide reaction CCSD(#9)2° CBS-QB3

CH,(OH)OOH R-8 44.9 45.8
R9 38.2 43.8
R10 48.6 48.5
R11 449 45.9
R1T 48.2 49.3

CH3CH(OH)OOH R-8 38.2¢nti-CH;CHOO) 41.8 anti-CH;CHOO)

42.7 6ynCH,CHOO) 43.8 §ynCH,CHOO)

R9 38.6 @nti-CH;CHOO) 45.0 anti-CH;CHOO)

37.6 GynCH;CHOO) 44.0 6ynCH,CHOO)

R10 45.6 4nti-CH;CHOO) 45.8 anti-CH;CHOO)

44.6 6ynCH,CHOO) 44.8 ynCH,CHOO)

R11 45.0 &4nti-CH;CHOO) 46.6 &nti-CH;CHOO)

44.0 GynCH,CHOO) 45.6 §ynCH,CHOO)

R11 47.1 @nti-CH;CHOO) 48.7 &nti-CH;CHOO)

46.1 ynCH;CHOO) 47.7 §ynCH;CHOO)

The insensitivity of the OH vyield from ethene ozonolysis to obtained using E2 for the change in OH yield between dry and
relative humidity demonstrates that the OH yield from the humid conditions AYop)
reaction of CHOO with H,O (R8+ R9) is small. In the absence
of water vapor, OH must be formed exclusively from the AYy, = Yo4(RH = 65%)— Yo4(RH = 0%)
unimolecular decomposition of GBO* (R5 + R6). Under
humid conditions, OH may also be produced from the reaction = (0.4Y5_gg+ (1 —0.4)0.2)—
of CHO0 with H,O (R8 + R9). The two pathways for OH (OYop_prg T (1 — 0)0.2)
formation under humid conditions are competitive because the
excited and stabilized forms of the Criegee intermediate may =0.4Yq, g — 0.08 (E2a)
be interconverted via intermolecular collisional energy transfer
(Rg, Ra), although these forms are not in equilibrium. Assuming A value for AYoy of 0.05 should be clearly observable in these
that these reactions are the only sources of OH in these reactionsexperiments; thereforeYon-rs is less than about 30% for
the OH yield is given by the equation CH,0O0.

The fact that the OH yields from trans-2-butene ozonolysis
are independent of the relative humidity shows that OH
production fromsyncarbonyl oxide occurs predominantly from
internally excited Criegee intermediates and not stabilized
Criegee intermediates. At 65% RH, about 25% of the Criegee
intermediates react with watéif these Criegee intermediates
were syncarbonyl oxide, then the OH yield would show a
marked decrease as the relative humidity increases. Because
this does not occur, the data support the assertion that the
majority of stabilized Criegee intermediates argi-carbonyl
oxides. The preceding argument assumes that the OH pathway
for the reaction of CRHCHOO with HO (R8 + R9) is not a
major product channel. This assumption is supported both by
the experimental results for the ethene reaction outlined above
and results from the master equation calculations (see below).

Yor = FeiYon-rs T (1 = Fc))You-rs (E2)

whereYoy is the total OH yield from the ozonolysis reaction,
Fci is the fraction of Criegee intermediates reacting with water,
Yon-rs is the OH yield from the reaction of GO with H0,
andYop-rs is the OH yield under dry conditions (which is equal
to the OH yield from the unimolecular decomposition of £H
0O0%). The equation implicitly assumes thatjf®] is effectively
constant and, thus, that reaction R8 is pseudo first order. Given
that at 1% RH, the water concentration is more than an order
of magnitude greater than the maximum alkene concentration
used, this is clearly a valid assumption. The value¥Yer-rs

is taken to be 0:245even though this number is considerably
higher than the value obtained in this work. At 0% R¥; is
zero, whereas at high RHr¢ is equal toYsc. Assuming that
HAHP and the OH-forming pathway are the only channels o
the reaction of CHOO with H,O and that the yield of Activation energies for the unimolecular decompositions of
hydroxymethyl hydroperoxide (HMHP) from reaction R8 is hydroxymethyl hydroperoxide (HMHP) and hydroxyethyl hy-
about 40% at 65% RH,Ysc can be taken to be 0.4 at high droperoxide (HEHP) are shown in Figure 2 and Table 2.
RH. Using this information, the following expression can be Formation of the HAHP from the reaction of Criegee intermedi-

N Calculations
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Figure 3. Calculated pressure-dependent product yields for the RCHQ&O reaction.

ate with water (R8) is found to be exothermic by about 40 kcal/ and the activation energy of the OH-forming reaction channel
mol, and significant fractions of each chemically activated (E9). CBS-QB3 calculations systematically yield a smaller ratio
HAHP possess enough energy to decompose via reactions R9for E-8:E9 than the CCSD(T) calculations. Master equation
R10, and R11. For both hydroperoxides, the smallest activation calculations using the CBS-QB3 data thus predict HAHP yields
barrier leads to the formation of OH and a hydroxyl alkoxy that are higher than calculations using the CCSD(T) data at
radical via cleavage of the -©0H bond (R9). Because this atmospheric pressure (Figure 3). In the caswanis-2-butene,
reaction also proceeds through a loose transition state, it isthe difference between the CCSD(T) and CBS-QB3 data is
reasonable to expect that reaction R9 dominates the chemistrysignificant, but for both calculations, HEHP is the major product.
of the hydroxyalkyl hydroperoxides (HAHPSs). This intuitive For ethene, however, the difference between the two calculations
picture is borne out by the Master equation calculations. is dramatic, with calculated HMHP yields of 0% and 50% for
Calculated pressure dependent product yields are shown inthe CCSD(T) and CBS-QB3 data, respectively.
Figure 3. Under all conditions, the two principal products Master equation calculations were carried out to determine
channels are the formation of energetically stabilized HAHP the sensitivity of the product yields to the assumed values for
and OH (which is generated along with RCH(O)OH). Yields [Eq4[)a, and the Morse parameter. Calculations performed with
of H,0, + RCHO and RC(O)OH+ H0 via reactions R10  0.5< o < 1.5 A-*and 1.3< Morse parameter 2.5 A resulted
and R11 are negligible. At low pressures, collisional deactivation in variations in product yields of less than 10% and 5%,
of the chemically activated HAHP is slow; hence, OH radical respectively. Additional calculations were carried out with
formation dominates. As the pressure increases and approache8E4= 100 and 1000 cm. Product yields were found to vary
one atmosphere, intermolecular energy transfer is rapid, andby less than 10% for the CBS-QB3 data, but by up to 40% for
stabilized HAHP becomes the major product. the CCSD(T) data. Hereafter, all calculated product yields refer
Calculated product yields are sensitive to the degree of to calculations performed with the CBS-QB3 data, and with
chemical activation, determined by the activation energy for oo = 1 A-%, Morse parameter 1.9 A, andE;0= 300 cntt
reaction R-8 (E-8) unless otherwise stated. At 760 Torr, calculated product yields
for the reaction of CHOO with H,O are 50% for HMHP and
RCH(OH)OCH + M) —~ RCHOO+ H,0 (R-8) 50% for OH. Under the same conditions, the yields are 94%



Reaction of Criegee Intermediates with Water Vapor J. Phys. Chem. A, Vol. 107, No. 32, 200181

and 6% for HEHP and OH, respectively, for the reaction of RCH(OH)OOH+ M — RCHO+ H,0,+M  (R10a)
anti-CH;CHOO with KO, and Yienp = 88% and You = 12%
for the synCHsCHOO + H,0 reaction. —RC(O)OH+ H,0+ M (Rlla)

Recently, yields of hydroperoxides in the ozonolysis of ethene  RCH(OH)OOH-+ H,O — RCHO+ H,0, + H,0 (R10b)
and trans-2-butene were measured as a function of relative

humidity 8 These experimental yields (which corresponé¢p —RC(O)OH+ 2H,0 (R11b)

in eq E2) can be combined with the calculated value¥ &t rs

to predict OH yields as a function of relative humidity using Quantum calculations indicate that the activation energies for
equation E2 for ethene, and a related expressiorréons2- these reactions are relatively large 30 kcal/mol). These
butene. The equation fdrans2-butene is more complicated reactions are therefore extremely slow, and the thermalized
than for ethene because two different Criegee intermediates withHAHP molecules should have lifetimes of at least several years.
different values folFc;, Yon—rs, andYon-rs are formed in the It seems likely, therefore, that the high yields of hydrogen
ozonolysis reaction. The OH yield for this alkene is given by peroxide and carbonyl compounds formed in the humid ozone-

the expression alkene experimerjts are a re.sult of heterogeneous decomposition
of the HAHP during analysis.
— Atmospheric Implications. Because the concentration of
YOH - Ys(FCFsYOHfRst + (1 - FCI*S)YOH*R5*S) + P P

water vapor in the troposphere is often high, reaction wigdH
YaFe—aYor-rs—a T (1 — Foi—d) Yon-rs-a (E2D) is likely to be an important sink for stabilized Criegee
intermediates. The major product of this reaction is expected

In this equationYs andYa are the yields osynCH;CHOO and to be the HAHP. The reaction _of _C_riege_e intermediates_with
anti-CH,CHOO and are both assumed to be 50%. The remaining Vater (R8) should not have a significant impact on OH yields
parameters are the same as those defined for eq E2, with s an%Om alkene ozonolysis. In the atmosphere, the fate of the

: : . : ydroxyalkyl hydroperoxide may be heterogeneous removal,
a subscripts refereeing &yn andanti CH3CHO.O’ respectively. reaction with OH, or photolysis. Photolysis may be a significant
FCI*S: FC|7a, YOH7R575, andYOHngra were estimated from refs

source of secondary OH radicals, because th€D8 bond is
6and 7, andon-re-s andYor-rs-a Were taken from the Master "t |apile bor?ld in the molecule. The coproduct of the
N : o r]ohotolysis of the HAHP would be a hydroxyalkoxy radical
in Figure 1. For ethene ozonolysis, the OH yield is expected_ to (RCH(OH)O0), which would subsequently react with © form
increase from 18% at 0% RH to 36% at 65% RH. This 4 carpoxylic acid and HO see, for example, ref 32. Additional
apparently contradicts the experimental data which show that ok is required to establish removal rates of HAHPs from the
the OH yield is independent of the water concentration. This gtmosphere.
discrepancy can, however, be accounted for by noting the
sensitivity of the results to the barrier heights E-8 and E-9, as  Acknowledgment. A.S.H. thanks the donors of the Petro-
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