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Products of the Gas-Phase Reaction of ©with Cyclohexene

Sara M. Aschmann, Ernesto C. Tuazon, Janet Arey,and Roger Atkinson*1*

Air Pollution Research Center, Umérsity of California, Rierside, California 92521

Receied: September 24, 2002; In Final Form: January 15, 2003

Products of the gas-phase reactions gfviith cyclohexene and cyclohexengy were investigated in the

presence of OH radical scavengers by gas chromatography with flame ionization detection, combined gas
chromatographymass spectrometry, in situ Fourier transform infrared spectroscopy, and in situ atmospheric

pressure ionization mass spectrometry (API-MS). Cyclohexane and cyclohéxamere used as OH radical
scavengers in the experiments using API-MS analyses to allow products formed fror rb@c@ons with
cyclohexene and cyclohexedgy to be differentiated from those from the reactions of OH radicals with
cyclohexane and cyclohexadg The gas-phase products observed from the reaction it cyclohexene

in the presence of an OH radical scavenger were pentanal 23.8%); OH radicals (54+ 8%); formic
acid (3.5% initial yield); glutaraldehyde [HC(O)GBH,CH,CHOQ]; adipaldehyde [HC(O)C{H,CH,CH,-
CHO], a GH1¢03 product attributed to the secondary ozonide;sBlfO,(OOH) product, a molecular weight
130 hydroxydicarbonyl; and a molecular weight 116 carbonyl compound. Yields of peutgn@b radicals,
and DC(O)OH from the reaction of Qvith cyclohexened,o, of 16.4+ 1.4%, 50+ 7%, and 1.6% (initial),

respectively, were obtained. Our data indicate that reactions of the Criegee intermediate to form pentanal

(plus CQ) and an OH radical plus organic radical coproduct account fat 8% of the reaction pathways,

with the organic radical coproduct reacting to form (in part) glutaraldehyde. Adipaldehyde can be formed

from reaction of the thermalized Criegee intermediate (presumablgrttiéntermediate) with water vapor.
OH (or OD) radical formation yields were also measured from the reactions witd propene (40t 6%),
propeneds (27 + 4%) a-pinene (86+ 13%), and 2,3-dimethyl-2-butene (167 16%).

Introduction mass spectrometry (GC-MS), in situ Fourier transform infrared
spectroscopy (FT-IR), and in situ atmospheric pressure ioniza-
tion tandem mass spectrometry (API-MS) to investigate the gas-
phase products formed from the reactions of cyclohexene and
cyclohexened;pin the presence of OH radical scavengers. The
use of cyclohexane and cyclohexahe-as OH radical scav-
engers in the experiments with API-MS analyses allowed the
products arising from the reactions of @ith cyclohexene to

be differentiated from those formed from the OH radical reaction
with cyclohexane, and investigation of the cyclohexeng-
reaction further aided in the elucidation of products using API-
MS. As part of this work, the use of 2,3-butanediol as a radical
scavenger to determine OH radical formation from the reactions
of O3 with cyclohexene and cyclohexeng; was validated.

Alkenes are emitted into the atmosphere from anthropogenic
and biogenic sourcésln the troposphere, alkenes react with
OH radicals, NQ radicals, and @'~2 with the G; reactions
often being an important transformation process during both
daytime and nighttimé3 The reactions of @with alkenes lead
to the production of OH radicals, often in high yiéld,and
these reactions also lead to the formation of secondary organic
aerosol~8 While the initial steps involved in the reactions of
03 with alkenes are understodd there are many details of
the complete reaction schemes which require investigation, and
these include the identity of the reaction products which initiate
formation of secondary organic aerosol, and the reactions of
the stabilized Criegee intermediates. For example, it has been
reported that the reaction ok@ith cyclohexene (a symmetrical
cycloalkene which can serve as a model compound for several
monoterpenes emitted from vegetation) forms @nd G- Experiments were carried out at atmospheric pressure of air
dicarboxylic acids which nucleate and/or partition into seed and at 296-298 K in a 5800 L evacuable, Teflon-coated
particles and are important components of secondary organicchamber equipped with a multiple-reflection optical system
aerosok7-8 However, the routes leading to formation of these interfaced to a Nicolet 7199 FT-IR spectrometer, ir@000 L

Experimental Section

dicarboxylic acids are at present speculative. Teflon chamber with off-line analyses by GC-FID, and in a
To complement a recent study by Ziemé&mf the aerosol- ~7000 L Teflon chamber interfaced to a PE SCIEX API IlI
phase products formed from the reaction afv@dth cyclohex- MS/MS direct air sampling, atmospheric pressure ionization

ene, in this work we have used gas chromatography with flame tandem mass spectrometer (API-MS). The experiments with GC-
ionization detection (GC-FID), combined gas chromatography FID, GC-MS and API-MS analyses were carried out-&%
relative humidity ¢3.4 x 10'® molecule cm? of water).

* To whom correspondence should be addressed. Phone: (909-787-4191. GC-FID Analyses. Two series of @cyclohexene (or cyclo-
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the OH radicals formed in the reactions of @ith cyclohex- temperature programmed at°€ min~! to 200 °C. For the
ené10 or cyclohexenedp and (b) to enable the OH radical analysis of pentanal (or pentargb) and 3-hydroxy-2-butanone,
formation yields from the @ reactions to be derived from 100 cn? volume gas samples were collected from the chamber
measurements of a product(s) of the OH radical reaction with onto Tenax-TA solid adsorbent, with subsequent thermal
the scavenger compoufid! Previously cyclohexane was em-  desorption at~250°C onto a 30 m DB-1701 megabore column
ployed as a radical scavenddbut because of uncertainties in  held at—40 °C and then temperature programmed to 20Gat

the yields of the products measured to quantify the amount of 8 °C min~t. GC-FID response factors were determined by
OH radical formation, 2-butanol has more recently been introducing measured amounts of the chemicals into the chamber
employed with measurements of the amounts of 2-butanoneand conducting several replicate GC-FID analyses.
formed!-12However, on the DB-1701 column used to separate GC-MS Analyses. To identify carbonyls as their oxime
2-butanone from a large excess of 2-butanol, cyclohexene andderivatives, experiments were also carried out in which a 65
2-butanone coeluted. Therefore, a number of other diol and ym PDMS/DVB Solid-Phase Micro Extraction (SPME) fiber
hydroxycarbonyl scavengers were investigated, with the goal coated withO-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFB-
being to measure the amounts of hydroxycarbonyl or dicarbonyl HA) hydrochloridés was exposed to the chamber reaction
products formed, respectively. For example, when 2,3-butanediol products and then analyzed by combined gas chromatography
was used as an OH radical scavenger the product monitoredmass spectrometry (GC-MS) with thermal desorption onto a 30

was 3-hydroxy-2-butanoné. m DB-1701 fused silica capillary column in a Varian 2000 GC/
MS/MS with analysis by isobutane chemical ionization. Car-
OH + CH;CH(OH)CH(OH)CH — bonyl-containing products were examined from cyclohexene and

H,O + CH,C'(OH)CH(OH)CH, (1) cyclohexened; reactions in which cyclohexane was used as
the OH radical scavenger. Standards of pentanal and glutaral-
CH,C'(OH)CH(OH)CH, + O, — dehyde were analyzed to confirm the retention times and mass

HO. + CH.C(O)CH(OMCH. (2 spectra of their oxime derivatives.
2 sC(O)CH(OH)CH (2) API-MS Analyses. In these experiments, the chamber

contents were sampled through a 25 mm diameter x 75 cm
length Pyrex tube at-20 L min~t directly into the API mass
spectrometer source. The operation of the API-MS in the MS
(scanning) and MS/MS [with collision activated dissociation
(CAD)] modes has been described previouélyse of the MS/
MS mode with CAD allows the “product ion” or “precursor
ion” spectrum of a given ion peak observed in the MS scanning
mode to be obtainetf.

The majority of the data obtained used the positive ion mode,
in which protonated water hydrates 4Bt" (H.O),) generated
by the corona discharge in the chamber diluent air were
responsible for the protonation of analy#€4? lons are drawn
by an electric potential from the ion source through the sampling
orifice into the mass-analyzing first quadrupole or third quad-
rupole. In these experiments the API-MS instrument was
respectively. On the basis of the concentrations of the hydroxy- OP€rated under conditions that favored the formation of dimer
carbonyls initially present and the amounts formed in the 1ONSin the ion source reg.ldﬁ.Neutr'a.I molecules and .partlcle's
presence of § we decided to use 2,3-butanediol as the OH &r€ prevented from entering the orifice by a flow of high-purity
radical scavenger, with formation of 3-hydroxy-2-butanone in Nitrogen (‘curtain gas”), and as a result of the declustering action
89 + 9% yield from the OH radical-initiated reactidaTo test of the curtain gas on the hydrated ions, the ions thit are mass
the use of 2,3-butanediol as an radical scavenger to measuré"@lyzed are mainly protonated molecular ions (f\H] ™) and

OH radical yields, OH radical formation yields from the their protonated homo- and hetero-dimés.

The OH radical scavengers investigated were 1,2-, 1,3-, and
2,3-butanediol, for which the rate constants for their reactions
with OH radicals and the formation yields of the corresponding
hydroxyketone have been measutédnother potential scav-
enger, 4-hydroxy-3-hexanone, had as an impuridy7% of 3,4-
hexanedione, its OH radical reaction product. Hence in the
presence of~1.5 x 10Y molecule cm?® of 4-hydroxy-3-
hexanone, the level required for efficient scavenging of OH
radicals, formation of 3,4-hexanedione during ther€actions
would have been relatively small compared to its initial
concentration. As in our previous study using 2-butanol as the
OH radical scavengét,in preliminary experiments we inves-
tigated formation of the hydroxycarbonyls from the diols in the
presence of g with the diol and @ concentrations being1.7

x 10% molecule cm?® and (4-5) x 102 molecule cm?,

reactions of @ with propene (and propers), a-pinene, and Experiments were carried out with cyclohexeheyclohex-
2,3-dimethyl-2-butene were also measured. ane, cyclohexenéso + cyclohexane, cyclohexene cyclohex-

The initial reactant concentrations (molecule émnits) were ~ anediz, and cyclohexenéy + cyclohexaned,. The initial
cyclohexene or cyclohexerh, (2.20-2.47) x 1013 2,3- reactant concentrations (in molecule ¢hunits) were: cyclo-

butanediol, 1.7 10; or cyclohexane (used as the OH radical hexene or cyclohexenty, ~2.4 x 103 cyclohexane;~2.4 x
scavenger in certain of the experiments to measure the yields10' or cyclohexanes,, ~3.6 x 10' and two additions of

of pentanal or pentanaly), 4.9 x 105, and four additions of 50 cn® volume of G in O, diluent were made to the chamber.
50 cn? volume QJO, aliquots were made to the chamber during  The water vapor concentration was8.4 x 10*¢ molecule cm?

an experiment, with each 4D, addition corresponding to an  (~5% relative humidity). In additional experiments2.4 x
initial concentration of @in the chamber of-5 x 102 molecule 10" molecule cm? of butanal was added to the cyclohexene
cm 3. The water vapor concentration wa8.4 x 10 molecule ~ (0r cyclohexenehg)/cyclohexane/air mixture (at5% relative
cm3 (~5% relative humidity). The concentrations of cyclo- humidity) prior to reaction to investigate whether the butanal
hexene and cyclohexem, and of selected products were intercepted the Criegee intermediate.

measured during the experiments by GC-FID. For the analyses FT-IR Analyses. Experiments were carried out in which
of cyclohexene and cyclohexedg; gas samples were collected cyclohexene and cyclohexedgy were reacted with ¢) both
from the chamber into 100 cimvolume all-glass gastight in the presence and absence of cyclohexane as an OH radical
syringes and transferredava 1 cnd gas sampling loop onto a  scavenger, with analyses by in situ FT-IR spectroscopy. The
30 m DB-5 megabore column held at25 °C and then initial concentrations (in units of molecule ci) were cyclo-



Gas-Phase Reaction ofz@ith Cyclohexene

hexene or cyclohexendy, (4.77-4.92) x 104 Os, 1.47 x
10" and in certain experiments, cyclohexane, 9.30'6. The
reactants were mixed for 3 min using two magnetically coupled
Teflon-coated fans, including ar0.5 min injection time for
Os. FT-IR spectra were recorded every 2.5 min with a path
length of 62.9 m and a full width at half-maximum resolution
of 0.7 cnm™,

The following IR absorption bands with sharp Q branches
(cm™1) were used for quantitative measurements: cyclohexene,
1140; cyclohexeneh, 1082; HC(O)OH, 1105; and DC(O)-
OH, 1143. Calibrated reference spectra of DC(O)OH were
obtained by introducing 0.241 g of DC(O)OH into air at
atmospheric pressure in the 5800 L chamber, recording the
spectra at a path length of 5.59 m for 30 min with 5-min
intervals, and correcting the concentrations on the basis of the
measured decay rate of 1.9010-3 min~1. A similar procedure
was used for the calibration for anhydrous HC(O)OH, obtained
from a sample of 90.6% HC(O)OH solution in® which was
dried over anhydrous CaS0

Chemicals. The chemicals used and their stated purities
were: cyclohexane (HPLC grade), Fisher Scientific; 1,2-
butanediol (99%), 2,3-butanediol (98%), 1,3-butanedioi{%9),
cyclohexaned;; (99.5 atom % D), glutaraldehyde (50 wt %),
1-hydroxy-2-butanone (95%), 3-hydroxy-2-butandd€?,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride {9%), and
pentanal (99%), Aldrich Chemical Co.; cyclohexene (99%),
Chem Samples; cyclohexedgy (98 atom % D), Isotec Inc;
4-hydroxy-2-butanone (99%), TCI America; HC(O)OH (90.6%),
Baker Analyzed Reagent; and DC(O)OH (95wt % in water),
Aldrich/Isotec. Q in O, diluent was prepared as needed using
a Welsbach T-408 ozone generator.

Results

Measurement of OH Radical Yields.In addition to inves-
tigating the formation of OH radicals from the reactions af O
with cyclohexene and cyclohexedg, we also studied the
reactions of @ with propene, propends, a-pinene and 2,3-
dimethyl-2-butene to investigate the effect of deuteration on the

propene reaction and compare the measured OH radical forma-

tion yields for propeney-pinene and 2,3-dimethyl-2-butene with
previous literature dat®:18-24 Plots of the amounts of 3-hy-
droxy-2-butanone formed against the amounts of cyclohexene
and cyclohexeneés reacted are shown in Figure 1, and the OH
(or OD) radical formation yields obtained for the alkenes studied
are given in Table 1.

GC-FID and FT-IR Analyses. In agreement with the
previous studies of Hatakeyama et®%(rosjean et aP® and
Kalberer et al’, pentanal was observed from the @action

with cyclohexene. Plots of the amounts of pentanal and pentanal-
dio formed against the amounts of cyclohexene and cyclohexene-
dio reacted are shown in Figure 2. Least-squares analyses of

these data lead to formation yields of pentanal from cyclohexene
and pentanath, from cyclohexeneth of 0.236+ 0.018 and
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Figure 1. Plots of the amounts of 3-hydroxy-2-butanone formed against
the amounts of cyclohexene and cyclohexdngreacted with @, in

the presence of sufficient 2,3-butanediol to scaveri§8% of the OH
radicals formed. The 3-hydroxy-2-butanone data from the cyclohexene
reaction have been displaced vertically by 2.0 molecule cm?

for clarity.

TABLE 1. Measured OH Radical Formation Yields from
Reactions of Q with Selected Alkenes at Atmospheric
Pressure Using 2,3-Butanediol as the Radical Scavenger,
Together with Recent Literature Data

OH radical formation yield

reference
Fenske et &P,

literature
0.544+-0.13

this work

0.540.08
0.50+ 0.07
0.4 0.06

alkene

cyclohexene
cyclohexenedo
propene Paulson et &f
Rickard et al?
Neeb and
Moortgat®
Fenske et &t
Fenske et &t

0.35+0.07
0.32+0.08

0.34%55¢

0.33+0.07
0.37+0.08
0.27+0.04
0.86+ 0.13

propeneds
a-pinene 0.76£ 0.11 Chew and
Atkinsont!
Paulson et &k
Rickard et at?
Siese et &
Chew and
Atkinsont!
Rickard et at?
Fenske et &k
Siese et &°
Orzechowska

and Paulsott

0.70+ 0.17
0.83+0.21
0.91+0.23
2,3-dimethyl-2-butene 1.0# 0.16 0.80+ 0.12
0.89+ 0.22
0.99+ 0.18
1.00+ 0.25
0.91+0.14

a|ndicated errors are two least squares standard deviations combined
with estimated uncertainties in the GC-FID response factors for the

0.164+ 0.014, respectively, where the indicated errors are two gjkene and 3-hydroxy-2-butanone 5% each.

least-squares standard deviations combined with estimated

uncertainties in the GC-FID response factors for cyclohexene 34 min. HCHO was not detected as a product. In the cyclo-
and pentanal (or their deuterated analogues)5¥% each. hexene reaction in the presence of sufficient cyclohexane to

In situ FT-IR analyses of reacteds@yclohexene/cyclohex-
ane/air and glcyclohexened;¢/cyclohexane/air mixtures showed
total consumption of the £ntroduced within 4 min of mixing

scavenge>95% of the OH radicals formed, 1.4% 10"
molecule cm® of O3 consumed 1.6% 10" molecule cm® of
cyclohexene, with a 3.5% yield of HC(O)OH which increased

in all cases. In the cyclohexene reaction in the absence of addedo 4.4% after 17 min. In the cyclohexengy reaction in the

cyclohexane, 1.4% 10 molecule cm?® of O3 consumed 2.18
x 10" molecule cm? of cyclohexene, with a 2.5% yield of
HC(O)OH which gradually increased to 3.2% after a period of

absence of an OH radical scavenger, 1x4¥0* molecule cm?
of Oz consumed 2.1% 10" molecule cm?® of cyclohexene-
di1o and showed a 0.8% yield of DC(O)OH which increased to
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Figure 2. Plots of the amounts of pentanal and pentahaformed 1 “ l 1 Jl * ﬁ
against the amounts of cyclohexene and cyclohexkgeespectively, 0 adilha " L 4; . —R
reacted with @, in the presence of sufficient cyclohexane or 2,3- 100 150 200 250 300
butanediol to scavenge95% of the OH radicals formed. The pentanal 0
data from the cyclohexene reaction have been displaced vertically by m/z
1.0 x 10'2 molecule cm? for clarity. Figure 3. API-MS spectra (using §0*(H,O)s as the reagent ion) of

reacted @cyclohexene/cyclohexane/air ands/€yclohexenedo/cy-
1.0% after 10 min. DC(O)OD, which has a sharp Q-branch clohexane/air mixtures. The ion peaks arising from the reaction of OH
absorption at 1171 cm (the equivalent of the 1143 crh radicals with cyclohexane are noted by asterisks. For the identities of
absorption of DC(O)OR) was not observed; it is expected that 1€ Major ion peaks see Table 2.

the labile D atom of DC(O)OD rapidly undergoes D/H exchange jon peaks at 115 and 125 u in the cyclohexene and cyclohexene-

with the water vapor present in the chambem the cyclo- g, reactions, respectively, are attributed to adipaldehyde (see
hexened;o reaction with added cyclohexane, 1.47 10* Table 2).

molecule cm* of Oz consumed 1.86 10 molecule cm® of An API-MS/MS CAD “product ion” spectra of the protonated
cyclohexened;o, and resulted in a 1.6% yield of DC(O)OH  molecular weight 130 and 140 products from the cyclohexene
which increased to 2.2% after 10 min. and cyclohexeneh, reactions, respectively, are shown in Figure

API-MS Analyses. API-MS spectra were obtained from the 4. The CAD spectra reveal that these are analogous products,
reactions of @with cyclohexene and cyclohexedgy each in with the 131 u ion peak from the cyclohexene reaction showing
the presence of sufficient cyclohexane and cyclohexhpés losses of HO, 2H,0, H,O+CO, and 2HO+CO, while the 141
scavenge>91% (added cyclohexane) ar86% (added cyclo-  u jon peak from the cyclohexertly reaction shows losses of
hexaned,) of the OH radicals formed from thes@eactions. HDO+CO and HDGHD,0O+CO. These fragmentation patterns
The use of cyclohexane and cyclohexafig-as OH radical ~ suggest the presence of three oxygens, and the presence of 10
scavengers allowed the products formed from thee@ctions  deuteriums in the cyclohexeml, reaction product is consistent
with cyclohexene and cyclohexedgyto be differentiated from  with a secondary ozonide.
those formed from the reactions of OH radicals with cyclohex- Figure 5 shows that the 133 u ion peak from the cyclohexene
ane and cyclohexard». Thus, Figure 3 shows API-MS spectra  reaction has losses of;B, 34 (H0O,) and HO+CO, while the
from reacted @cyclohexene/cyclohexane/air ang/€yclohex- 140 u ion peak from the cyclohexeng; reaction has losses of
enego/cyclohexane/air mixtures using protonated water clusters H,0, H,0,, and HO/HDO+CO. Particularly interesting (and
as the reagent ion, with the ion peaks arising from the reaction allowing identification of the 140 u ion peak in the cyclohexene-
of OH radicals with cyclohexane being noted by asterisks. d, reaction as the analogue to the 133 u ion peak in the
Analysis of the API-MS spectra from the various combinations cyclohexene reaction) is the loss of a 34 mass unit fragment
of reactions showed the products listed in Table 2 from the (H,0,) in both cases. Loss of4; is indicative of the presence
reactions of @with cyclohexene and cyclohexenigy. of an OOH group and, because OD (and OOD) groups undergo

The most intense ion peaks from pentanal and penthgal- rapid D/H exchangé®?® these losses of #D and HO, are
were those at [M-H+H,O]* at 105 and 115 u, respectively, indicative of products containing OOH and OOD groups.
and an API-MS/MS CAD “product ion” spectrum of the weak Therefore, the products of molecular weight 132 and 139 from
87 u ion peak from the cyclohexene reaction was identical to the cyclohexene and cyclohexedg-reactions, respectively,
that of an authentic standard of pentanal. An API-MS/MS CAD have formula of gH;0,(OOH) and GD7O,(OOH), respectively.
“product ion” spectrum of the 101 u ion peak in the cyclohexene  Addition of butanal to the reactant mixtures resulted in

reaction in the presence of cyclohexahe{the reaction of @ changes in the post-reaction API-MS spectra. However, at least
with cyclohexene in the presence of cyclohexane leads to a 101qualitatively these changes were due to the formation of
u ion peak from cyclohexanol formed from cyclohexjneas heterodimers of protonated butanal and the protonated butanal

identical to that of an authentic standard of glutaraldehyde. The dimer with reaction products. Thus, for example, in a reacted



TABLE 2: Mass Spectral Evidence for Products Formed from the Gas-Phase Reactions of;Qvith Cyclohexene and Cyclohexeneh, in the Presence of an OH Radical Scavenger

3UBXayo|aAD YN EOo uonoesy aseyd-ses

O; + cyclohexene O; + cyclohexenedo
product (MW) APP(see Figure 3) SPME oximes product (MW) APF(see Figure 3) SPME oximés
pentanal (86) [M-H]t =87 [M+H]* =282 pentanaleo (96) [M+H]* =97 [M+H]* =292
CH3;CH,CH,CH,CHO [M+H+HO]t =105 (2 isomers) CECD,CD,CD,CDO [M+H+H,0]" =115 [M+H]* (with H/D exchange) = 293
glutaraldehyde (100) [MHH] T = 101 [M+H]* =491 glutaraldehydeds (108) [M+H]* =109 [M+H]* (with H/D exchange) = 500
HC(O)(CHy)sCHO (dioxime) DC(0)CBCD.CD,CDO [M+H]* (with 2 H/D exchanges) = 501
adipaldehyde (114) [MH]* = 115 [M+H]*= 505 adipaldehydeh, (124) [M+H]T =125 [M+H]* (with H/D exchange) =516
HC(O)(CH,),CHO (dioxime) DC(0)(CD),CDO [M+H]* (with 2 H/D exchanges) = 517
secondary ozonide (130) [WH]* = 1319 secondary ozonide (140) [WH]t = 1419
CeH1005 [M-+H+H,0]* = 149 GD100s [M+H+H;0]* = 159
CeH1003 (130 [M+H]*= 326 GD1003 (140) [M+H] ™= 336
[M+H—-H,CO;]* = 280 [M+H]* (with H/D exchange) = 337
[M+H—-HDCG;]* = 289
peracid (132) [MFH]T = 133 peracid (139) [MFH]™ = 140
CsH70,(O0H) GD70,(OOHY)
hydroxydicarbonyl (130) [M-H]T = 326 hydroxydicarbonyl (139) [MH]* =335
HC(O)(CHy)sCH(OH)CHO [M+H-HQO]* = 308 [M+H]* (with H/D exchange) = 336
(monooxime) [M-H—H,0]" = 317
[M+H]* =521 (monooxime)
[M+H-H,0]" = 503 [M+H]* (with H/D exchange) = 531
(dioxime) [531-H,0]" =513
[531-HDO]" =512
(dioxime)
hydroxycarbonyl or oxo-acid (116) [MH]t =312 hydroxycarbonyl or oxo-acid (123) fMH] T =319
[M+H—-H,0]" = 294 [M+H]* (with H/D exchange) = 320

[319-H,O/HDO]* and [326-HDO]* = 300 and 301

a2The high mass peaks in Figure 3 (top) are those of homo- and heterodimers. For examptel26#130+H, 215= 114+100+H, 231 = 130+100+H, and 169= 100+86+H—H,0. Note that the
major products from the cyclohexane scavenger reaction with the OH radical are cyclohexanone (MW 98) and cyclohexanol (MW 100) and these atayrptrédgrmation of heterodimersForming
an oxime derivative adds 195 mass units to the molecular weight; a diderivative adds 390 Timithigh mass peaks in Figure 3 (bottom) are those of homo- and heterodimers. For exampte, %
124+100+H, 241= 140+100+H, and 179= 100+96+H—H,0O. Note that the major products from the cyclohexane scavenger reaction with the OH radical are cyclohexanone (MW 98) and cyclokgxanol
(MW 100) and these participate in the formation of heterodinfeB¥H exchange occurs in ion source. Forming an oxime derivative adds 195 mass units to the molecular weight; a diderivative aqgs 390
units. ¢ GC retention times and mass spectra verified with standard compdiBeks text for discussion of reaction with cyclohexakewhich allowed unambiguous identification of glutaraldehyti8ee o
Figure 4 for CAD spectra! Possibly the secondary ozonide which was sampled by the SPME, with decomposition on the fiber to form an oxo-acid which was then derivatizeecad d@salyime (see -
text). ' See Figure 5 for CAD spectraOD/OH exchange occurs, presumably with water in the chanifemtative identification (see Scheme 3).
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Figure 5. API-MS/MS CAD “product ion” spectra (using4®*(H20),

as the reagent ion) of the 131 and 141 u ion peaks observed in theas the reagent ion) of the 133 and 140 u ion peaks observed in the

reactions of @ with cyclohexene and cyclohexedgy reactions,
respectively. Cyclohexane was present to scavenge OH radicals.

reactions of @ with cyclohexene and cyclohexedgr reactions,
respectively. Cyclohexane was present to scavenge OH radicals. Note
the presence of fragment ions at 99 and 106 u from the cyclohexene

O4/cyclohexene/cyclohexane/butanal/air mixture compared to a@nd cyclohexeneh, reactions, respectively, indicating a loss o/

reacted @cyclohexene/cyclohexane/air mixture the ion peaks
of the molecular weight 114 and 130 products (which are
believed to involve reactions of the thermalized Criegee

intermediate; see below) and their protonated homo- and

heterodimers at 115, 131, 149, 215, 231, and 261 u (see Tabl
2) decreased in the presence of butanal and were replaced (
least in part) by ion peaks at 217 u ([HHutanai-H]*) and
275 u ([130+butanal-butanai-H] ) in the presence of butanal

in the reactant mixture. In particular, no evidence for any
significant formation of the secondary ozonide arising from
reaction of the Criegee intermediate HC(O)}CHH,CH,CH,-

CHOO (and its deuterated analog) with butanal was observed
(the protonated secondary ozonides being at 203 and 213 u

respectively).

GC-MS Analyses of PFBHA Derivatives.In two experi-
ments, PDMS/DVB SPME fibers precoated with PFBHA were
exposed in the chamber to cyclohexene and cyclohedgne-
reaction products. Oxime derivatives are formed from carbonyl-
containing compounds through the reaction.

C¢F-CH,ONH, + R,C(O)R,—
C4F<CH,ON=CR|R, + H,O

Utilizing GC-MS with isobutane chemical ionization, generally
intense protonated molecules fNH]™ and small adduct ions
at [M+41]* are observed, where the molecular mass M of the

oxime is 195 mass units greater than the weight of the carbonyl,

or in the case of a dicarbonyl forming a dioxime, 390 mass
units higher. Note thaZ and E configurations are sometimes
present and resolved.

in both cases.

retention times and mass spectra with those of authentic
standards. Note that two isomers of the oxime from pentanal
were formed and both carbonyls in glutaraldehyde were de-

Sivatized, with only a trace of the singly derivatized compound
axime being observed. The corresponding peaks from the

cyclohexened; reaction eluted from the GC column a few
seconds earlier than the cyclohexene products. The presence of
the apparent molecular ion of glutaraldehydieat 500 u rather

than the predicted 499 u, with an ion peak also observed at 501
u, must be attributed to H/D exchange in the ion trap source,
which is subject to secondary iemolecule reaction¥’

' The SPME analysis confirmed the presence of two carbonyl

groups in the molecular weight 114 compound attributed to
adipaldehyde in the API analyses. A large oxime peak corre-
sponding to a molecular weight 130 compound was also
observed from the cyclohexene reaction, and in contrast to the
oximes of pentanal, glutaraldehyde, and adipaldehyde which
showed almost no fragmentation, the base peak in the spectrum
was due to a loss of #O, from the [M+-H]™ molecular ion.
As noted in Table 2, the corresponding peak from the cyclo-
hexened; o reaction suggested 10 deuteriums and a base peak
due to loss of HDC®@from the [M+H]™" ion (or loss of BCO,
from the [M+D]™" ion). It is possible that this oxime peak is
due to SPME sampling of the secondary ozonide, with
decomposition of the secondary ozonide on the SPME fiber to
an oxo-acid which was then derivatized and analyzed as its
oxime.

Significantly smaller peaks corresponding to two carbonyl-
containing compounds of molecular weight 116 and 130 were

The oximes observed are listed in Table 2. Pentanal andalso observed in the SPME analysis. For the molecular weight
glutaraldehyde were identified based on matching the GC 130 product, both mono- and dioxime derivatives were observed,
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indicating a dicarbonyl. The oximes gave fragments correspond- pentanal yield from the ©reaction with cyclohexene of 26.5
ing to a loss of HO and, in the cyclohexengy reaction, a + 3.0% assuming that all of the OH radicals formed reacted
loss of HO and HDO, suggestify that this product is a  with the cyclohexene and did not lead to pentanal forma-
hydroxydicarbonyl and possibly that shown in Scheme 3 [HC- tion, in agreement with our pentanal yield) and by Kalberer
(O)CH,CH,CH,CH(OH)CHO]. For the molecular weight 116 et al? (17.0 + 9.4%, in the presence of an OH radical
carbonyl-containing product only a monooxime derivative was scavenger).

observed. The oxime gave a fragment corresponding to a loss yield of HC(O)OH from the reaction of Dwith

of H20 and, in the cyclohexengiy reaction, a loss of b0 and cyclohexene of 2.53.2% in the absence of an OH radical

HDO.,bisuggesting t%at tht'ﬁ pZOdtUCt dis(;a hydroxy(:larp?)hgg i scavenger is similar to that of 3.7% calculated from the spectrum
possibly an oxc-acid (without standards no conclusive identi- shown by Niki et al3* but is significantly lower than the yield

fication is possible). _ of 12 + 1% reported by Hatakeyama etsdh agreement with
The presence of a small hydroxydicarbonyl of molecular preyious studied34 HCHO was not detected as a reaction

weight 130 (as noted, possibly HC(O)EEHCH.CH(OH)- - py6qyct. In the presence of sufficient cyclohexane to scavenge

CHO) is not inconsistent with the API-MS/MS data shown in > 9504 of the OH radicals formed, the HC(O)OH yield from

. ) . .
Flgukr?s 4 ahnd > llnhFlgure 4 (to_p) the fhg'l] _'blsldu lon i the cyclohexene reaction was initially 3.5%, increasing to 4.4%
peak from the cyclohexene reaction may be attributed primarily aqe% 7 min (note that the {dvas consumed after 4 min), while

to the protonated secondary ozonide plus a small amount of : : .
: . the yield of DC(O)OH [which, because of rapid OD/OH
+ —
the protonated hydroxydicarbonyl, while the fi] talu exchange, could have been formed as DC(O)OD] from the

ion peak (Figure 4, bottom) from the cyclohexemg+eaction . I . -
. - cyclohexened; reaction was initially 1.6%, increasing to 2.2%
is solely due to the protonated secondary ozomigein Figure after 10 min. There therefore appears to be a significant

5 (top) the [M+H]* = 133 u ion peak from the cyclohexene o S
reaction may be attributed solely to the protonated peracid, while dezuée_rgjrzn isotope effect on the formic acid yield, of a factor of

the [M+H]* = 140 u ion peak (Figure 5, bottom) from the - ) ) _
cyclohexenedo reaction is due primarily to the protonated ~ The initial reaction of cyclohexene withs@rms the primary
peracide; plus a small amount of the protonated hydroxydi- ©0zonide which rapidly decomposes to an energy-rich Criegee

carbonylé. intermediate, which theoretical studies show to be a carbonyl
oxide and which can exist in syn or anti-configuration (see,
. . 36,3
Discussion for example, Fenske et &.and Kroll et al*6:3?.

On the basis of our GC-FID, GC-MS, API-MS, and FT-IR - O, + cyclo-GH,,— [C4H,(04] —
. 3 10 6' 10
analyses, the gas-phase products observed from the reaction of

O3 with cyclohexene in the presence of an OH radical scavenger WC(O)CHzCHzCHzCHzCHOOT ®3)

are pentanal (23.& 1.8%), OH radicals (54t 8%), formic

acid (3.5% initial yield), glutaraldehyde [HC(O)GEH,CH;- As shown in Scheme 1 (in which identified products are
CHQ], adipaldehyde [HC(O)CHH.CH.CH,CHO], a GH1¢0s shown in boxes), this Criegee intermediate can be collisionally
product which is attributed to the secondary ozonidestd7O- stabilized, decompose to form G@lus pentanal (possibly

(OOH.) product, a hydroxydicarbonyl of molecular weight 130 through the ester channel), and, for tlsgnintermediate,
(possibly HC(O)CHCH,CH,CH(OH)CHO), and a hydroxy-  jsomerize to a hydroperoxide which then eliminates an OH
carbonyl or possibly oxo-acid of molecular weight 116. As 54icall-335-37 The recent studies of Kroll et 88:37and Fenske
evident from Table 1, the OH radical formation yield measured et al3 show that thermalized Criegee intermediates can also

here from the cyclohexene reaction is in excellent agreementundergo isomerization with subsequent decomposition to form

W'g.] thlef valui of Ee?dsk? et éflr.]Furthetr.more, c%{rt'hpresent OH an OH radical (plus organic radical coproduct), as also indicated
radical formation yields from the reactions of @ith propene, in Scheme 1 for theynintermediate.

o-pinene and 2,3-dimethyl-2-butene are in good agreement with ) ) . . .
recent literature datér24 (Table 1), indicating that 2,3-butane- The thermalized Criegee intermediate may also react with

diol can be used to determine OH radical yields from the Water vapor present to form arhydroxyhydroperoxide, which
amounts of 3-hydroxy-2-butanone formed. may be thermally stable or decompose to either 6-oxohexanoic
The deuterium isotope ratidg/kp for the OH (or OD) radical ZC': gHC(aécg%Hzcgzggzgﬁoégg] phljs HO gr tosa(:]lpal-
yields from the reactions of Qwith propene and cyclohexene ~2€TY9€ [HC(O)CHCH,CH,CH, ] plus HO, (Scheme
are 1.48+ 0.31 and 1.08k 0.22, respectively. These are fairly 2).3839 Qur product data indicate that decomposition and/or
close to unity (especially for the cyclohexene reaction) and isomerization of the Qriegee interm_ediatg to form pentanal (plus
presumably reflect the fractions of the Criegee intermediates €©2 and aon OH radical plus organic radical coproduct account
formed in thesynconfiguration (see below) together with the for 78 £ 9% of the reaction pathways. Adipaldehyde can be
effect of deuterium substitution on the branching ratios for the formed from reaction of the thermalized Criegee intermediate
various reaction channels. (presumably theanti-intermediate, with thesynrintermediate
Our pentanal yield from cyclohexene (23:61.8%) is a factor decomposing to an OH radica_tl) with water vapor (Scheme 2).
of 1.5 higher than the yield reported by Grosjean et aif The product of molecular weight 130 from cyclohexeng and
15.6+ 0.4%. A similar discrepancy occurs for the reaction of 140 from cyclohexeneho observed by API-MS (and possibly
O with cyclopentene where we previously measured a butanal by SPME after decomposition) is consistent with this product

yield of 19.5 + 2.7%32 compared to the yield of 12.& being the secondary ozonide formed by recyclization of the
0.1% reported by Grosjean and GrosjéaPentanal yields  Criegee intermediate (Scheme 1).
have also been reported by Hatakeyama et @l7.2 &+ Addition of ~2.4 x 10'® molecule cm? of butanal to the

1.7% relative to the amount of cyclohexene consumed in the reactant mixture resulted in no marked changes in the products
absence of an OH radical scavenger; this corresponds to aformed, as deduced from the API-MS spectra. In particular, no
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Scheme 1.
@CCIJO (MW 130) CH3CH,CHoCH,CHO |+ CO,
[HC(O)CH2CH,CH,CHLCHOO]* (MW 86)
M
T anti- isomer / Ys\ter channel T H
HC(O)CH,CH,CH,CH,CHOO ¥ | .
JCRCRCHCH, syn-isomer HC(O)CHoCHoCHyCHaC— O
lsyn- Isomer |
. (o}
[HC(O)CH,CH,CH,CH=CHOOH] [HC(O)CH,CH,CH,CH=CHOOH] * l
HC(O)CH,CH,CHRCHCHO OGCH,CHaCH,CH,COH
+ |
o
OH l
HC(O)OH + OCCH,CH,CHoCH,
702
OOC(0)CH,CH,CH,CH,00
HOOC(0)CH,CH,CH,CHO | RO,
HO, .
(MW 132) <—2 O0OC(0)CH,CHoCH,CHO
and/or (plus other species)
HOC(O)CH2CHoCH,CHO
Scheme 2.
H,0
HC(O)CH,CHoCH2CH,CHOO ——»  HC(O)CH2CHoCHoCH,CH(OH)OOH
(anti-isomer) / \
H202 H,0
+ +
HC(O)CH,CH,CH,CH,CHO HC(O)CH,CH,CH,CH,C(O)OH
(MW 114)
Scheme 3.
HC(O)CH,CH,CH,CHCHO

lOz

) HO,
HC(O)CHoCH2CH2CH(OO)CHO — HC(0)CHoCHoCH,CH(OOH)CHO

Ro‘:/ RG;

HC(O)CH,CH,CH,CH(O)CHO HC(0)CHoCH2CH,CH(OH)CHO
(MW 130)
HC(O)CH,CH,CH,CHO [+ HCO and/or
(MW 100) HC(O)CH,CH,CH,C(O)CHO

secondary ozonide arising from reaction of butanal with the CH3(CH,);;CHOO intermediate, then for the water vapor and
Criegee intermediate was observed. The kinetic data reportedbutanal concentrations used here3(4 x 10 and 2.4x 103

by Tobias and Ziemarffor reactions of the CB{CH,)1:CHOO molecule cm3, respectively) reaction of the HC(O)GEH,-
intermediate with water and formaldehyde shows that formal- CH,CH,CHOO intermediate with butanal would be only a factor
dehyde is factor of 2700 more reactive than water vapor. of ~2 faster than with water vapor. Use of higher concentrations
Assuming that the relative reactivities of butanal and water vapor of butanal was precluded because the API-MS spectrum was
toward the HC(O)CHCH,CH,CH,CHOO intermediate are the  then dominated by ions arising from protonated butanal and its
same as those of formaldehyde and water vapor toward theprotonated dimer, trimer and tetramer.
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