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Abstract. Atmospheric oxidation of monoterpenes contributes to formation of tropospheric ozone
and secondary organic aerosol, but their products are poorly characterized. In this work, we report a
series of outdoor smog chamber experiments to investigate both gaseous and particulate products in
the ozone oxidation of four monoterpenes:α-pinene,β-pinene,13-carene, and sabinene. More than
ten oxygenated products are detected and identified in each monoterpene/O3 reaction by coupling
derivatization techniques and GC/MS detection. A denuder/filter pack sampling system is used to
separate and simultaneously collect gas and aerosol samples. The identified products, consisting of
compounds containing carbonyl, hydroxyl, and carboxyl functional groups, are estimated to account
for about 34–50%, 57%, 29–67%, and 24% of the reacted carbon mass forβ-pinene, sabinene,
α-pinene, and13-carene, respectively. The identified individual products account for>83%,
∼100%,>90%, and 61% of the aerosol mass produced in the ozone reaction ofβ-pinene, sabinene,
α-pinene, and13-carene. The uncertainty in the yield data is estimated to be∼ ±50%. Many of the
products partition between gas and aerosol phases, and their gas-aerosol partitioning coefficients are
determined and reported here. Reaction schemes are suggested to account for the products observed.
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1. Introduction

Emissions of biogenic organic compounds have been estimated to dominate over
those from anthropogenic sources on a global basis (Guentheret al., 1995). As
important constituents of biogenic VOC emissions, the C10H16 monoterpenes con-
tribute to formation of tropospheric ozone and secondary organic aerosol (SOA)
(Kamenset al., 1981; Chameideset al., 1988; Pandiset al., 1991; Zhanget al.,
1992; Hoffmannet al., 1997; Griffinet al., 1999). Whereas the rate constants of
monoterpenes with OH radicals, NO3 radicals, and O3 are reasonably well estab-
lished, the reaction products are less well understood (Atkinson, 1997; Calogirou
et al., 1999). Information on both gaseous and particulate products is important to
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elucidate the mechanism of oxidation and to understand the formation of secondary
organic aerosol.

In a previous paper, we reported the identification of ozone oxidation products
of α-pinene and13-carene (see below for chemical structures) (Yuet al., 1998).
In this work we have investigated ozone oxidation products of two additional bi-
cyclic monoterpenes,β-pinene and sabinene, for which little product information
is known.

At an initial β-pinene mixing ratio of several ppmv, nopinone is the only product
that has previously been clearly identified from O3 oxidation ofβ-pinene, besides
low-molecular products such as formaldehyde, CO, and CO2 (Hatakeamaet al.,
1989; Grosjeanet al., 1993; Hakolaet al., 1994). For the sabinene/O3 reaction,
sabina ketone is the only known product (Hakolaet al., 1994).

Few studies have been carried out to determine yields of gaseous and particulate
products from ozone oxidation of the monoterpenes, and to our knowledge, no
study has been reported to examine gaseous and particulate oxidation products
simultaneously. The semi-volatile nature of many of the oxidation products dictates
that they partition between the gas and aerosol phases. The filter-only technique,
which is the most common aerosol sampling method, results in positive artifacts
from adsorption of gaseous semi-volatile compounds on the filter (McDow and
Huntzicker, 1990; Hart and Pankow, 1994). We have employed a denuder/filter
pack system to separate gaseous and particulate semivolatile compounds and to
minimize sampling artifacts. Using this sampling device, we have measured the
product yields from the ozone oxidation of the four monoterpenes in both gas and
aerosol phases, and determined their gas-aerosol partitioning coefficients.

Detection and identification of products from oxidation of biogenic hydrocar-
bons are hindered by the fact that many contain functional groups such as carbonyl
and carboxylic acids that are poorly resolved by standard gas chromatography.
We have recently reported a method to detect and identify organics containing –
C=O (aldehyde and ketone), –OH (hydroxy) and –COOH (carboxyl) groups (Yu
et al., 1998). In this method, –C=O groups are derivatized using O-(2,3,4,5,6-
pentafluorobenzyl) hydroxy amine (PFBHA), and –COOH and –OH groups are
derivatized using a silylation reagent, N,O-bis(trimethylsilyl)-trifluoroacetamide
(BSTFA), to give trimethylsilyl (TMS) derivatives. The resulting derivatives are
easily resolved by a GC column, and identified by their chemical ionization (CI)
and electronic ionization (EI) mass spectra. The CI mass spectra of these derivat-



GAS-PHASE OZONE OXIDATION OF MONOTERPENES 209

ives exhibit several pseudo-molecular ions, allowing unambiguous determination
of molecular weights. The EI mass spectra allow functional group identification
by exhibiting ions characteristic of each functional group:m/z181 for carbonyl,
andm/z73 and 75 for carboxyl and hydroxy groups. In addition, each functional
group is associated with a unique set of pseudo-molecular ions in CI spectra. The
PFBHA-carbonyl derivatives give rise to pseudo-molecular ions atm/z M+181,
M-181 and M-197, whereas the TMS derivatives of OH/COOH containing com-
pounds have pseudo-molecular ions atm/zM+73, M-15 and M-89. We refer the
reader to Yuet al. (1998) for a detailed description of the mass spectra fragment
patterns.

2. Experimental Section

2.1. SMOG CHAMBER EXPERIMENTS AND SAMPLE COLLECTION

Samples were collected from a series ofβ-pinene/O3, sabinene/O3, α-pinene/O3,
and13-carene/O3 experiments, conducted in the dark in a 60-m3 Teflon reactor,
which has been described previously (Hoffmannet al., 1997; Griffinet al., 1999).
When fully inflated, the reactor has a surface to volume ratio (S/V) of 1.8 m−1.
This reactor was normally divided in the center so that two experiments could
be run under identical environmental conditions. The temperature in the reactor
was maintained between 305 and 310 K to approximate that of a typical afternoon
smog chamber experiment. To achieve this, the entire reactor was covered with
an insulating cover as well as a black tarpaulin. In addition, four Holmes (Milford,
MA) Model HFH-501FP space heaters were placed in the open area underneath the
reactor. In a typical experiment, seed particles of (NH4)2SO4 were injected into the
chamber to obtain initial particle concentrations of approximately 9,000–17,000
particle cm−3. The initial size distribution of the seed aerosol was centered around
100 nm. The aerosol size distribution and total number concentrations of each side
of the reactor were monitored at a one-minute frequency using a TSI (St. Paul,
MN) Model 3071 cylindrical scanning electrical mobility spectrometer (SEMS)
and a TSI Model 3760 condensation nucleus counter (CNC). Particle losses in the
SEMS, SEMS response functions, particle charging efficiencies, CNC charging
efficiencies, and particle deposition in the reactor have been taken into account
in the analysis of the aerosol data (Wanget al., 1992). The initial monoterpene
mixing ratio ranged from 50 to 110 ppbv, and an appropriate amount of 2-butanol
was also added to the reactor to scavenge>95% of OH radicals produced from the
monoterpene-O3 reaction (Chew and Atkinson, 1996; Atkinson, 1997). Finally,
ozone was injected to the reactor using an Enmet Corporation (Ann Arbor, MI,
U.S.A.) Model 04052-011 O3 generator until the O3 mixing ratio reaches at ap-
proximately four times that of the initial hydrocarbon for all experiments except
oneα-pinene/O3 and oneβ-pinene/O3 experiment, in which excessive hydrocarbon
was established in the reactor. Table I summarizes the initial conditions of each
experiment.
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Table I. Initial conditions and results of ozone-terpene reactions

HC Date T (K) O3 initial HC initial HC final 1HC Sample start 1Mo Aerosol

ppbv ppbv ppbv ppbv time (min) µg m−3 yield

α-Pinene 6/9/98a 308 237 59.2 2.2 57.0 291 54.2 0.176

6/9/98b 308 269 67.2 2.1 65.1 339 65.1 0.186

6/17/98a 306 74 107.1 62.0 45.1 53 38.8 0.159

β-Pinene 6/11/98b 307 352 87.9 10.0 77.9 388 18.9 0.045

6/17/98b 306 56 104.6 79.8 24.8 303 11.2 0.083

13-Carene 6/15/98b 306 360 89.9 0.4 89.5 299 63.3 0.130

Sabinene 6/15/98a 306 370 92.4 0.0 92.4 232 17.6 0.035
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Reactor air was withdrawn through a sampling system consisting of a glass an-
nular denuder (University Research Glassware, Chapel Hill, NC, U.S.A.) followed
by a 47 mm Pallflex Teflon impregnated glass fiber filter at a flow rate of 25 L
min−1 for 1 h. The denuder is 40 cm long and consists of 5 annular channels with
2 mm space between channels. The sand-blasted denuder walls were coated with
sub-micron XAD-4 particles beforehand using the procedure described by Gundel
et al. (1995).

2.2. SAMPLE TREATMENT AND ANALYSIS

Denuder and filter samples were spiked with 10µL of 40 ng/µL tricosane in
dichloromethane (DCM) immediately after sample collection. Filters were soxhlet-
extracted with 160 mL 1 : 1 acetonitrile and DCM solvents for 12–16 hrs. Before
extraction, 150µL of 19 mM PFBHA acetonitrile/aqueous solution (a minimum
amount of water was used to dissolve PFBHA·HCl) was added to the soxhlet
extractor along with the extraction solvents. Denuders were extracted with 4× 40
mL of a solvent mix made of DCM, acetonitrile, and hexane (50% : 38% : 12%) by
manually inverting the denuder 40 times. After addition of 150µL of 19 mM PF-
BHA solution, the denuder extracts were left at room temperature overnight. Then
both the filter and denuder extracts were reduced to ca. 5 mL by rotary evaporation.
The extracts were blown to nearly dryness under a gentle N2 stream, followed by
reconstitution with 280µL 1 : 1 hexane and DCM solvent mixture, and addition
of 20µL of BSTFA and 10µL of 3 ng/µL 1-phenyldodecane (injection internal
standard). The mixtures were then heated at 70◦C for 2.5 hrs. After cooling briefly,
20µL of the mixture was injected for GC/MS analysis.

A Varian Saturn 2000 gas chromatograph/ion trap mass spectrometer was used
for both EI and methane CI analysis. The GC temperature was programmed at
60◦C for 1 min, to 250◦C at 10◦C/min, to 300◦C at 5◦C/min, and held at 300◦C
for 10 min. Samples were injected in the splitless injection mode. The injector
was switched to split mode 1 min after an injection was made. The injector port
temperature was programmed at 60◦C for 1 min, ramped to 320◦C at 180◦C/min,
and held at 320◦C until the end of the analysis. The mass range was 50–650 amu.
A 30 m× 0.25 mm× 0.25µm DB-5 fused silica column was used for all samples.

2.3. DENUDER AND FILTER COLLECTION EFFICIENCIES

The collection efficiency of the 40-cm long denuder was determined by connecting
this denuder and a 20-cm long denuder in series (the limited space between the
sampling port and the ground can only accommodate a 20-cm long denuder).
The collection efficiency was calculated asAL/(AL + AS), whereAL andAS
represent the amounts collected by the long and the short denuders, respectively.
Semi-volatile products can volatilize from a filter due to changes in gas/particle
equilibrium conditions as a result of the denuder stripping off gas-phase semi-
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Table II. Denuder and filter collection efficiencies of selected
products

Compound Collection efficiency (%)

Denuder Filter

Pinic acid 98.7± 0.2 85

2,2-Dimethyl-3-formyl-cyclobutyl

methanoic acid 97.1± 1.9 NAa

Norpinonic acid 94.0± 4.0 NA

Pinonic acid 97.8± 1.3 59

Norpinonaldehyde 95.8± 1.0 89

Pinonaldehyde 97.7± 0.5 95

a Not available.

Table III. Relative recoveries of select multifunctional compounds vs recov-
ery standard

Compound Denuder samples Filter samples

N = 6a N = 5a

Pinic acid 0.66± 0.04 0.80± 0.07

Pinonic acid 0.67± 0.19 0.74± 0.14

2-Hydroxy-cyclohexanone 0.64± 0.10 0.74± 0.07

5-Methyl-1,3-cyclohexanedione 0.41± 0.06 0.61± 0.08

5-Isopropyl-1,3-cyclohexanedione 0.44± 0.04 0.63± 0.10

7-Oxo-octanoic acid 0.66± 0.12 0.83± 0.07

Heptanedioic acid 0.69± 0.05 0.77± 0.17

Octanedioic acid 0.59± 0.05 0.82± 0.14

a Number of experiments conducted.

volatiles. The filter ‘blow-off’ was collected by a pre-baked glass fiber filter placed
downstream from the Teflon filter. The filter collection efficiency was then cal-
culated asFt/(Ft + Fg), whereFt andFg represent the amounts collected by
the front Teflon filter and the rear glass fiber filter, respectively. The collection
efficiencies were computed using the photooxidation products ofα-pinene/NOx in
the outdoor reactor under sunlight irradiation. The reaction mixture contained pinic
acid, pinonic acid, norpinonic acid, 2,2-dimethyl-3-formyl-cyclobutyl-methanoic
acid, pinonaldehyde, and norpinonaldehyde. Table II lists the denuder and filter
collection efficiencies for each individual product. The results indicate that a 20-cm
long denuder is sufficient to collect any breakthrough from the first denuder.
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2.4. RECOVERIES OF DENUDER AND FILTER SAMPLES

Recoveries of select compounds were determined by spiking on filters and de-
nuders known amounts of liquid standards and the recovery standard tricosane.
The same extraction and concentration procedures as those described in Section 2.2
were then applied. Relative recoveries for select multifunctional compounds versus
the recovery standard tricosane are given in Table III. 2-Hydroxy-cyclohexanone
is included to serve as a surrogate for hydroxy pina ketones and hydroxy sabina
ketones, and the two dicarbonyls, 5-methyl-1,3-cyclohexanedione and 5-isopropyl-
1,3-cyclohexanedione, act as surrogates for dicarbonyl compounds, such as pinon-
aldehyde and norpinonaldehyde. Two dicarboxylic acids, heptanedioic acid and
octanedioic acid, and one keto acid, 7-oxo-octanoic acid, are included to test
whether compounds with the same type of functional groups exhibit similar re-
coveries. Comparison of the recoveries of heptanedioic and octanedioic acid with
that of pinic acid, a C9 cyclic dicarboxylic acid, shows that the three dicarboxylic
acids exhibit similar recoveries for both denuder and filter samples. The two keto
acids, 7-oxo-octanoic acid and pinonic acid, also have similar recoveries. This
adds confidence to the assumption that the recoveries for those compounds without
available standards can be approximated with those of known standards that have
similar functional groups.

For each compound tested, the denuder samples show lower recovery than fil-
ter samples. This indicates the mouth washing extraction technique performed on
denuders is not as efficient in extracting the polar compounds as the soxhlet extrac-
tion method performed on filter samples. The large standard deviations associated
with the recoveries are likely a result of a number of factors including extraction
efficiency, volatilization during rotary evaporation, and losses from transfer and
surface adsorption. Absolute recovery of a given compound is obtained by mul-
tiplying its relative recovery by that of tricosane in individual samples. All the
denuder and filter samples have been corrected with the recoveries determined here.

3. Product Identification

The newly developed analytical derivatization method (Yuet al., 1998) allows for
detection and identification of three types of products: (1) those containing only
carbonyl group(s) (e.g., simple aldehydes, ketones and dicarbonyls), (2) those con-
taining only OH/COOH groups (e.g., dicarboxylic acids), and (3) those containing
both carbonyl and OH/COOH groups (e.g., oxoacids and hydroxy carbonyls). Here
OH/COOH denotes the presence of hydroxy or carboxy functional groups since the
mass spectra for the TMS derivatives often can not differentiate between these two
functional groups. Two types of ion chromatograms are constructed:m/z181 ion
chromatogram andm/z73 and 75 ion chromatogram. Type (1) compounds show
peaks only in the 181 ion chromatogram, type (2) compounds exhibit peaks only
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in the 73 and 75 ion chromatogram, and type (3) compounds show peaks in both
chromatograms. The classification for each product is further substantiated by the
unique pseudo-molecular ions in the CI mass spectra.

3.1. PRODUCTS FROM OZONE OXIDATION OFβ-PINENE

Figure 1a is the reconstructedm/z 181 ion chromatogram, showing carbonyl-
containing products from theβ-pinene/O3 reaction. Figure 1(b) is the reconstructed
m/z 73 and 75 ion chromatogram, displaying all products bearing OH/COOH
groups. Table IV lists molecular weight (MW), chemical structure, and the pseudo-
molecular ion fragments in the CI mass spectra that are used to obtain molecular
weight for the products. Product names are derived using the newly proposed
nomenclature for terpene oxidation products by Larsenet al. (1998).

Among the products, compounds P1 and P2 are type (2) products, i.e., only
contain OH/COOH groups. Compound P1 is tentatively identified as norpinic acid
(2,2-dimethyl-cyclobutane-1,3-dicarboxylic acid). The CI spectrum shows ions at
m/z389, 317, 301, 227, and 199, corresponding to M+73, M+1, M-15, M-89, and
M-117 (Figure 2-P1). Them/zM+73 ion is an adduct ion resulting from the addition
of the [Si(CH3)3]+. fragment ion to a neutral molecule. Them/zM+1 ion is the
protonated molecular ion. The ions atm/zM-15, M-89, and M-117 are fragment
ions resulting from loss of CH3, OSi(CH3)3 and C(O)OSi(CH3)3 from the neutral
molecules. Compound P2 is identified as pinic acid, which has been confirmed by
comparison with an authentic standard obtained from Aldrich (Figure 2-P2).

Compounds P3, P10, and P11 have carbonyl groups, but no OH/COOH groups
(type 1 compounds), as indicated by their presence in Figure 1(a) and absence in
Figure 1(b). Compound P3 is positively identified as nopinone (pina ketone) by
comparison with an authentic standard. There are two GC peaks corresponding to
nopinone, as PFBHA forms two geometric isomers with a given nonsymmetrical
carbonyl (Le Lacheuret al., 1993; Yuet al., 1995). The relative intensity of the
pseudo-molecular ions from two isomers of a PFBHA derivative may vary, but the
mass fragment patterns are similar. Therefore, only one spectrum is given to illus-
trate the identification of a given carbonyl-PFBHA derivative. Figure 2-P3 shows
the CI spectrum of the second nopinone peak, with pseudo-molecular ions atm/z
514, 362, 334, 152 and 136, corresponding to M+181, M+29, M+1, M-181, and
M-197. Them/zM+181 ion is an adduct ion formed between a neutral molecule
and the fragment ion [C6F5CH2]+.. Them/zM+29 ion is an adduct ion resulting
from the addition of the methane reagent ion [C2H5]+. to a neutral molecule. The
ions atm/zM-181 and M-197 are fragment ions arising from loss of C6F5CH2 and
C6F5CH2O fragments from the neutral molecules. Compound P10 is tentatively
identified as 2,2-dimethyl-cyclobutane-1,3-dicarboxaldehyde, with a MW of 530
for its PFBHA derivative (Figure 2-P10). Compound P11 is tentatively identified
as 3-oxo-pina-ketone, a diketone (Figure 2-P11). Its PFBHA derivative has a MW
of 542 when both carbonyl groups are derivatized. In addition, two peaks in Fig-
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Figure 1. Chromatogram of products fromβ-pinene/O3 reaction. See Table IV for peak
identification. Top: Products containing carbonyl groups. Bottom: Products containing
OH/COOH groups.
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Table IV. Products from ozone oxidatio ofβ-pinene

Name Structure Pseudo-molecular ions in CI

mass spectrum

P1: C8H12O4 M+73: 389 M+1: 317

norpinic acid M-15: 301 M-89: 227

MW = 172 M-117: 199

deri. MW= 316a

P2: C9H14O4
b M+73: 403 M+1: 331

pinic acid M-15: 315 M-89: 241

MW = 186

deri. MW= 330

P3: C9H14Ob M+181: 514 M+29: 362

nopinone M+1: 334 M-181: 152

MW = 138 M-197: 136

deri. MW= 333

P4: C9H14O2 M+181: 602 M+1: 422

hydroxy pina ketone M-15: 406 M-89: 332

MW = 154 M-197: 224

deri. MW= 421

P5: C8H12O3 M+73: 496 M+1: 424

2,2-dimethyl-3-formyl- M-15: 408 M-89: 334

cyclobutyl-methanoic acid M-117: 306 M-181: 242

MW = 156 M-197: 226

deri. MW= 423

P6: C9H14O3 M+73: 510 M+1: 438

norpinonic acid and its isomers M-15: 422 M-89: 348

MW = 170 M-117: 320 M-181: 256

deri. MW= 437 M-197: 240

P7: C10H16O3
b M+73: 524 M+1: 452

pinonic acid M-89: 362 M-181: 270

MW = 184 M-197: 254 M-238: 213

deri. MW= 451

P8: C9H14O4 M+73: 598 M+1: 526

hydroxy norpinonic acids M-15: 510 M-89: 436

MW = 186 M-181: 344 M-197: 328

deri. MW= 525
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Table IV. (Continued)

Name Structure Pseudo-molecular ions in CI

mass spectrum

P9: C10H16O4 M+73: 612 M+1: 540

hydroxy pinonic acid M-15: 524 M-89: 450

MW = 200 M-181: 358 M-197: 342

deri. MW= 539 M-326: 213

P10: C8H12O2 M+1: 530 M-181: 349

2,2-dimethyl-cyclobutane-1,3- M-197: 333 M-224: 306

dicarboxaldehyde

MW = 140

deri. MW= 530

P11: C9H12O2 M+29: 571 M+1: 543

3-oxo-pina ketone M-197: 345

MW = 152

deri. MW= 542

mono-deri. MW= 347

a deri. denotes derivative.
b Identification confirmed with an authentic standard.

ure 1(a) are ascribed to the mono-derivative of 3-keto-nopinone, with a MW of 347.
For a dicarbonyl, PFBHA may derivatize only one of the two carbonyl groups and
leave the other intact if unfavorable derivatization conditions occur. Among unfa-
vorable conditions are steric hindrance and insufficient amount of derivatization
agent and reaction time.

Compounds P4, P5, P6, P7, P8, and P9 have both carbonyl and OH/COOH groups
(type 3 compounds), indicated by their presence in both Figures 1(a, b). Compound
P4 is tentatively identified as a hydroxy substituted nopinone, 3-hydroxy-pina
ketone or 1-hydroxy-pina ketone. The derivatized form of P4 has a MW of 421
(see Figure 2-P4 for its CI mass spectrum). Compound P5 is tentatively identified
as 2,2-dimethyl-3-formyl-cyclobutyl-methanoic acid, having a MW of 423 for its
derivatized form (Figure 2-P5). Three peaks, labeled P6 in Figure 1, are identified to
have a MW of 437, indicated by the presence of several pseudo-molecular ions in
their CI spectrum atm/z510, 438, 348, 256, and 240, corresponding to M+73, M+1,
M-89, M-181, and M-197 (Figure 2-P6). The observation of three peaks indicates
that at least two isomers with the same number and type of functional groups
are present. The following three isomers are possible candidates with structures
consistent with the EI and CI mass spectra fragment patterns:
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Figure 2. (Continued).
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Figure 2. (Continued).
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Further differentiation among the three isomers is impossible on the basis of CI and
EI mass spectra. Figure 2-P6 shows ion fragment patters using pinalic-4-acid as an
example. Compound P7 is identified as cis-pinonic acid, and the identification has
been confirmed by comparison with an authentic standard. The CI mass spectrum
of its derivative is shown in Figure 2-P7. Compound P8 is tentatively identified
as hydroxy norpinonic acid, with a MW of 525 for its derivative (Figure 2-P8).
Compound P9 is tentatively identified as hydroxy pinonic acid, with a MW of 539
for its derivative (Figure 2-P9).

Some of the products observed here have been reported in previous studies.
Nopinone has long been identified as a major product in theβ-pinene/O3 re-
action (Hull, 1981; Hatakeyamaet al., 1989; Grosjeanet al., 1993, Hakolaet
al., 1994). Using GC/MS and nuclear magnetic resonance (NMR) analyses, Hull
also positively identified 3-hydroxy-pina ketone and 3-oxo-pina ketone and had
indirect evidence for the formation of 1-hydroxy-pina ketone. Products that are
reported here for the first time include pinic acid, norpinic acid, 2,2,-dimethyl-3-
formyl-cyclobutyl methanoic acid, norpinonic acid and its isomers, pinonic acid,
hydroxy norpinonic acid, hydroxy pinonic acid, and 2,2-dimethyl-cyclobutane-1,3-
dicarboxaldehyde.

3.2. PRODUCTS FROM OZONE OXIDATION OF SABINENE

Carbonyl bearing products of the sabinene/O3 reaction are shown in Figure 3(a),
and OH/COOH bearing products are shown in Figure 3(b). Table V lists the MWs
and chemical structures of these products. Most products are analogous to those
identified in theβ-pinene/O3 reaction, and their methane CI mass spectra are sim-
ilar to those in theβ-pinene/O3 reaction. The CI mass spectra are given only for
the products unique in the sabinene/O3 reaction (Figure 4). Interested readers can
get from us the mass spectra data for those analogous products.

Among the products, compound S1, S2, and S3 contain only OH/COOH groups
(type 2 compounds). Compound S1 is tentatively identified as norsabinic acid on
the basis of that it shows a MW of 316 for its derivative, and elutes at an earlier re-
tention time than that of norpinic acid. The CI spectrum of compound S2 indicates a
MW of 330 for its TMS derivative. S2 elutes from the GC column earlier than pinic
acid. It is tentatively identified as sabinic acid, the analogue of pinic acid derived
from sabinene. Compound S3 is pinic acid, confirmed by authentic standard. The
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Figure 3. Chromatogram of products from sabinene/O3 reaction. See Table V for peak
identification. Top: Products containing carbonyl groups. Bottom: Products containing
OH/COOH groups.
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Table V. Products from ozone oxidation of sabinene

Name Structure Pseudo-molecular ions in

CI mass spectrum

S1: C8H12O4 M+73: 389 M+1: 317

MW = 172 M-15: 301 M-89: 227

deri. MW= 316 M-117: 199

S2: C9H14O4 M+73: 403 M+1: 331

sabinic acid M-15: 315 M-89: 241

MW = 186 M-117: 225

deri. MW= 330

S3: C9H14O4 M+73: 403 M+1: 331

pinic acid M-15: 315 M-89: 241

MW = 186

deri. MW= 330

S4: C9H14O M+181: 514 M+29: 362

sabina ketone M+1: 334 M-181: 152

MW = 138 M-197: 136

deri. MW= 333

S5: C8H12O3 M+73: 496 M+1: 424

2-(2-isopropyl)-2-formyl- M-15: 408 M-89: 334

cyclopropyl-methanoic acid M-181: 242 M-197: 226

MW = 156

deri. MW= 423

S6: C9H14O2 M+181: 602 M+1: 422

hydroxy sabina ketones M-15: 406 M-89: 332

MW = 154 M-197: 224 M-212: 210

deri. MW= 421

S7: C9H14O3 M+197: 634 M+181: 618

norsabinonic acid and its M+73: 510 M+1: 438

isomers M-15: 422 M-89: 348

MW = 170 M-197: 240

deri. MW= 437

S8: C8H12O3 e.g. M+89: 584 M+1: 496

MW = 156 M+29: 524 M-15: 480

deri. MW= 495 M-89: 406 M-147: 348

M-197: 298
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Table V. (Continued)

Name Structure Pseudo-molecular ions in

CI mass spectrum

S9: C9H14O4 e.g. M+73: 598 M+1: 526

hydroxy norsabinonic acid M-15: 510 M-89: 436

MW = 186 M-197: 328

deri. MW= 525

S10: C10H16O4 e.g. M+73: 612 M+1: 540

MW = 200 M-15: 524 M-89: 450

deri. MW= 539 M-181: 358 M-197: 342

S11: C9H12O2 M+29: 571 M+1: 543

3-oxo-sabina ketone M-197: 345

MW = 152

deri. MW= 542

S12: C6H8O3 e.g. EI spectrum

MW = 128 M: 590 M-15: 575

deri. MW= 590 M-181: 409 M-197: 393

observation of pinic acid as a product in the sabinene/O3 reaction is also reported
by Glasiuset al. (1998). It is not likely that pinic acid is a residue resulting from
the previous chamber experiment, which was aβ-pinene/O3 experiment. Between
chamber experiments, clean air of more than 15 times the bag volume passes
through the reactor. More experiments are needed to verify this observation.

Compounds S4 and S11 are found to contain only carbonyl groups (type 1 com-
pounds), indicated by their presence in Figure 3(a) and absence in Figure 3(b).
Both EI and CI spectra indicate a MW of 333 for compound S4. It is tentatively
identified as sabina ketone. This product is identified as a major product by Hakola
et al. (1994). Compound S11 is tentatively identified as 3-oxo-sabina ketone. The
mono-derivative of this diketone is also present.

Compounds S5, S6, S7, S8, S9, S10, and S12 have both carbonyl and OH/COOH
groups (type 3 compounds), indicated by their presence in both Figure 3(a, b).
Compound S5 is tentatively identified as 2-(2-isopropyl)-2-formyl-cyclopropyl-
methanoic acid, as its CI spectrum shows a MW of 423 for its PFBHA and TMS
derivative. Three peaks are ascribed to S6, and their CI spectra indicate a MW of
421. S6 is therefore tentatively identified as hydroxy sabina ketones (3-hydroxy
and 1-hydroxy sabina ketone). Four peaks are assigned to S7, which has a MW of



GAS-PHASE OZONE OXIDATION OF MONOTERPENES 225

Figure 4. Mass spectra for the derivatives of two products (S8 and S12) from ozone oxidation
of sabinene.

437. Similar to P7 peaks in theβ-pinene/O3 samples, S7 could be two of the three
isomers listed in Table V. Further differentiation is not possible based on the mass
spectra data. Peak S8 shows a MW of 495 (Figure 4-S8). Table V lists one of the
possible candidates that matches the MW and functional group types. Three peaks,
with a MW of 525 determined from their CI mass spectra, are assigned to S9. Three
of all possible structures are listed in Table V. S10 is determined to have a MW of
539 for its derivatized form. Two peaks are ascribed to compound S12, with a MW
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of 590 for its derivatized forms. One EI spectrum is given in Figure 4-S12. Their
CI spectra are weak, but the protonated molecular ion is present. One postulated
structure is listed in Table V.

A comparison of the products fromβ-pinene/O3 and sabinene/O3 reveals that
there are nine analogous product pairs in the two reaction systems: Norpinic
acid/norsabinic acid, pinic acid/sabinic acid, nopinone/sabina ketone, P5/S5, hy-
droxy pina ketones/hydroxy sabina ketones, P6/S7, P8/S9, P9/S10, and 3-oxo-pina
ketone/3-oxo-sabina ketone (Tables IV and V). These analogous products suggest
that they are derived from a common moiety between the two parent reactants, i.e.,
an external unsaturated bond to the six-member ring. The sabinene/O3 reaction
also produces two unique products (S8 and S12), correspondents of which are not
observed in theβ-pinene/O3 reaction.

3.3. PRODUCTS FROM OZONE OXIDATION OFα-PINENE

Identification of ozone oxidation products ofα-pinene, based on a collection of
∼0.36 m3 reactor air in an impinger, has been described by Yuet al. (1998).
The collection of a larger air volume (1.5 m3) by the denuder/filter system in
this work allows detection of six additional minor products. For completeness,
Table VI shows the structures of all the identified products. The six additional
products identified include norpinic acid (A1), (2,2-dimethyl-3-acetyl)-cyclobutyl
formate (A3), hydroxy pinonic acid (A7), A11, A13, and A14 (see Table VI). Figures
5(a, b) are the GC chromatograms for carbonyl and COOH/OH bearing products,
respectively. Some of the products in theβ-pinene/O3 reaction are also observed in
theβ-pinene/O3 system, apparently as a result of the common moieties shared by
α-pinene andβ-pinene. Unique products in theα-pinene/O3 reaction include A3,
and A9–A14. Their CI spectra are displayed in Figure 6.

The tentative identifications of (2,2-dimethyl-3-acetyl)-cyclobutyl formate (A3),
norpinonaldehyde (A9), pinonaldehyde (A10), and hydroxy pinonaldehydes (A12)
are based on their mass spectra and reasonable postulation of the gas-phase
α-pinene/O3 reaction mechanism (Yuet al., 1998). Possible structures for A11,
A13, and A14 are suggested based on their mass spectra (Table VI).

A number of recent product studies of theα-pinene/O3 reaction have also re-
vealed some of the products observed in this work (Hoffmannet al., 1998; Glasius
et al., 1998, 1999; Jang and Kamens, 1998). Using HPLC/atmospheric pressure
chemical ionization (APCI) mass spectrometry, Hoffmannet al. (1998) reported
the observation of pinic acid, norpinic acid, pinonic acid, and evidence for an ad-
duct of pinic acid and norpinic acid. Such a binary diacid adduct, if existing, would
likely dissociate when undergoing the heating treatment (70◦C for 2.5 hrs) used
for the silylation derivatization. Glasiuset al. (1999), using HPLC/ electrospray
ionization and APCI mass spectrometry, reported observation of pinonic acid, pinic
acid, norpinic acid, hydroxy pinonic acid, and pinalic-4-acid. Jang and Kamens
(1998), using derivatization techniques and GC/MS detection similar to this work,
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Table VI. Products from ozone oxidation ofα-pinene

Product Structure Product Structure

A1: C8H12O4 A8: C8H12O2

norpinic acid 2,2-dimethyl-cyclobutyl-

MW = 172 1,3-dicarboxaldehyde

deri. MW= 316 MW= 140

A2: C9H14O4 A9: C9H14O2

pinic acid norpinonaldehyde

MW = 186 MW= 154

deri. MW= 330 deri. MW= 544

A3: C10H16O3 A10: C10H16O2

(2,2-dimethyl-3-acetyl)- pinonaldehyde

cyclobutyl formate MW= 168

MW = 184 deri. MW= 558

deri. MW= 379

A4: C8H12O3 A11: C10H14O3

2,2-dimethyl-3-formyl- MW= 182

cyclobutyl-methanoic acid deri. MW= 572

MW = 156

deri. MW= 423

A5: C9H14O3 A12: C10H16O3

norpinonic acid and isomers hydroxy pinonaldehydes

MW = 170 MW= 184

deri. MW= 437 deri. MW= 646

A6: C10H16O3 A13

pinonic acid MW= 198

MW = 184 deri. MW= 588

deri. MW= 451

A7: hydroxy pinonic acid A14: C10H14O3

MW = 200 MW= 198

deri. MW= 539 deri. MW= 660
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Figure 5. Chromatogram of products fromα-pinene/O3 reaction. See Table VI for peak
identification. Top: Products containing carbonyl groups. Bottom: Products containing
OH/COOH groups.
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tentatively identified norpinic acid, pinic acid, norpinonic acid, pinonic acid, 2,2-
dimethyl-3-formyl-cyclobutyl-methanoic acid, norpinonaldehyde, pinonaldehyde,
pinalic-3-acid, hydroxy pinonic acid, and A14. Compounds A3, A11 and A13 are
reported here for the first time.

3.4. PRODUCTS FROM OZONE OXIDATION OF13-CARENE

Identification of ozone oxidation products of13-carene based on impinger samples
has been described by Yuet al. (1998). Using the denuder/filter pack collection
system, we have identified additional products in small yields. Figures 7(a, b) are
the GC chromatograms of the derivatized products in a denuder sample. Table VII
lists the structures of these products and the pseudo-molecular ions in their CI mass
spectra, which are used to determine MWs. Due to lack of authentic standards,
all the products are tentatively identified on the basis of their mass spectra and
possible reaction mechanism. Many of the products in the13-carene/O3 reaction
are analogous in structure to those in theα-pinene/O3 reaction. The CI mass spectra
of the products, which do not have analogous products in theα-pinene/O3 reaction,
are given in Figure 8. The CI mass spectra for C7 and C8 have been shown in the
previous paper (Yuet al., 1998).

Additional products identified in the denuder sample include nor-caric acid
(C1), pinic acid (C3), C4, C5, and C10. For C4, C5, and C10, we are not currently
able to suggest possible chemical structures, so only their MW and the presence
of functional group types are given in Table VII. These three products do not
have corresponding analogues in theα-pinene/O3 reaction. On the other hand, four
products, A3, A11, A13, and A14, are found unique to theα-pinene/O3 reaction. This
is not unexpected as minor reaction pathways may take place at locations other than
the C=C bond.

The observation of pinic acid in the13-carene/O3 reaction is not expected.
Glasiuset al.(1998) also observed trace amount of pinic acid in their13-carene/O3
reaction systems.

4. Product Yields

Yields of the above-identified products have been determined or estimated. For
products with standards, the calibration factor, extraction recovery, and collection
efficiency have been determined using the standards. For products that do not have
available authentic standards, their yields are estimated using the calibration factor,
and the recovery and collection efficiency of surrogate compounds. The surrogate
compounds are chosen to have the same type of functional groups and approximate
carbon numbers as the products that the surrogates represent. Table VIII lists the
available standards and the products for which the standards serve as surrogates.
For example, pinic acid serves as the surrogate for norpinic acid, 3-caric acid, nor-
3-caric acid, sabinic acid, and norsabinic acid. Carbonyl bearing products (type 1
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Table VII. Products from ozone oxidation of13-carene

Product Structure Pseudo-molecular ions in CI
mass spectrum

C1: C8H12O4 M+1: 317 M-15: 301
nor-3-caric acid M-89: 227 M-117: 199
MW = 172
deri. MW= 316

C2: C9H14O4 M+147: 477 M+73: 403
3-caric acid M+29: 359 M+1: 331
MW = 186 M-15: 315 M-89: 241
deri. MW= 330 M-117: 213

C3: C9H14O4 M+73: 403 M+1: 331
pinic acid M-15: 315 M-89: 241
MW = 186 M-117: 213
deri. MW= 330

C4: One carbonyl and two M+181: 638 M+1: 458
MW = 118 OH/COOH M-15: 442 M-89: 368
deri. MW= 457 groups M-117: 340 M-197: 260

C5: One carbonyl group, M+181: 518 M+1: 338
MW = 142 no OH/COOH M-17: 320 M-197: 140
deri. MW= 337 groups

C6: C8H12O2 M+1: 424 M-89: 334
MW = 140 M-197: 226
deri. MW= 423

C7: C9H14O3 M+73: 510 M+1: 437
3-norcaronic acid and M-89: 348 M-181: 256
isomers M-197: 240
MW = 170
deri. MW= 437

C8: C10H16O3 M+73: 524 M+1: 452
3-caronic acid M-89: 362 M-181: 270
MW = 184 M-197: 254 M-197: 254
deri. MW= 451 M-211: 240

C9: C10H16O3 e.g. M+1: 540 M-89: 450
hydroxy 3-caronic acid M-197: 342
MW = 184
deri. MW= 539

C10: Two carbonyl groups, M+1: 519 M-181: 337
MW = 128 no OH/COOH groups M-197: 321 M-224: 294
deri. MW= 518
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Figure 7. Chromatogram of products from13-carene/O3 reaction. See Table VII for peak
identification. Top: Products containing carbonyl groups. Bottom: Products containing
OH/COOH groups.
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Table VIII. Products and their surrogates for quantification

Standard Products surrogated for

β-Pinene/O3 Sabinene/O3 α-Pinene/O3 13-Carene/O3

Pinic acid Norpinic acid Sabinic acid, norsabinic Norpinic acid 3-Carid acid, nor-3-caric

acid acid

Pinonic acid P5, norpinonic acid and Sabinonic acid, norsabinoic A4, norpinonic acid and 3-Caronic acid, nor-3-

its isomers, hydroxy acid and its isomers, S8, S9, its isomers, hydroxy caronic acid and its

norpinonic acid, S10 pinonic acid, isomers, C6, C9

hydroxy pinonic acid

2-Hydroxy- Hydroxy pina ketones Hydroxy sabina ketones

cyclohexanone

5-Methyl-1,3- P10, 3-oxo-pina ketone 3-Oxo-sabina ketone, S12 Pinonaldehyde, C10, norcaronaldehyde,

cyclohexanedione norpinonaldehyde, A8, caronaldehyde, hydroxy

A11, hydroxy caronaldehydes

pinonaldehydes, A13,

A14

Nopinone Sabine ketone A3 C5
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compounds) are quantified using them/z 181 ion, products bearing COOH/OH
groups (type 2 compounds) are quantified using them/z73 and 75 ions, and for
those products that contain both carbonyl and COOH/OH groups (type 3 com-
pounds), the sum of three ions atm/z181, 73 and 75 is used for their quantification.
The selection of surrogates on the basis of functional group types is justified by the
use of the above functional group specific ions for quantification. The estimated
calibration factors have a∼ ±30% uncertainty. The other sources that contribute to
the uncertainty associated with product yields include uncertainties for collection
efficiency (∼ ±4%), extraction efficiency (∼ ±15%) and sample volume (±5%).
After considering all contributing sources, the uncertainty associated with product
yields is estimated to be∼ ±50%.

Our calculation of gaseous product yields ignores wall loss processes, as we
estimate that the loss of an oxygenated product resulting from wall loss processes
is likely less than 15% at 300 min after its formation. Grosjean (1985) measured
the wall loss rates for five oxygenated species, biacetyl, pyruvic acid, o-cresol,
benzaldehyde, and benzoic acid in a Teflon chamber with a S/V of 3.8 m−1. The
first three compounds had an unmeasurable wall loss rate while benzaldehyde and
benzoic acid had wall loss rates of 3.4 × 10−4 and 10.8 × 10−4 min−1, respect-
ively. Hallquist et al. (1997) measured the wall loss rates for pinonaldehyde and
caronaldehyde to be (2.4–4.2)× 10−3 min−1 in a borosilica glass reactor with a
S/V of 14.3 m−1. If one assumes wall loss processes are similar on borosilica glass
and Teflon surfaces, one could calculate that the two dicarbonyls have a wall loss
rate of (3–5)× 10−4 min−1, comparable to that for benzoic acid (5× 10−4 min−1),
in the present Teflon reactor with a S/V of 1.8 m−1. Using the wall loss rate for
benzoic acid, which has the highest wall loss rate among all the tested oxygenated
species, we estimate that about 86% of an oxygenated product remains in the gas
phase at 300 min after its formation, if we assume that wall loss is the only loss
process. A more detailed study of gas-phase product yields needs experimentally
determined wall loss rates for each product, which unfortunately can not be readily
accomplished as many products lack commercially available standards.

The organic aerosol mass generated in each experiment was obtained from the
aerosol volume measured by SEMS/CNC and assuming a SOA density of 1 g cm−3.
The SOA yield (Y) was then calculated by

Y = 1Mo

1HC
, (1)

where1Mo is the organic aerosol mass concentration (µg m−3) produced for
a given amount of hydrocarbon reacted,1HC (µg m−3). The estimated uncer-
tainty in the measured SOA yield is roughly±12%, with SOA density uncertainty
assumed to be±10%.
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Figure 9. Amount of nopinone formed versus the amount ofβ-pinene reacted.

4.1. β-PINENE

Table IX shows yields of individual products in gas and aerosol phases, as well as
the total yields in twoβ-pinene/O3 experiments. The yield of nopinone in the gas-
phase is determined from measurements made by an on-line GC/FID, as GC/FID
provides more accurate and frequent measurements of nopinone. As an example,
Figure 9 shows the amount of nopinone formed against the amount ofβ-pinene re-
acted for the experiment carried out on 11 June 1998 (side B). The gas-phase yield
of nopinone was determined to be 17.0% and 15.8% in the 6/11/98b and 6/17/98b
experiments, respectively. Nopinone resides almost exclusively in the gas phase;
trace amounts were detected in the filter samples. Previously reported nopinone
yields vary from 22% (Grosjeanet al., 1993) and 23± 5% (Hakolaet al., 1994) to
40± 2% (Hatakeyamaet al., 1989). The much higher nopinone yield in the study
by Hatakeyamaet al. (1989) is possibly due to the presence of other carbonyl
products that were reported as nopinone, as their measurement of nopinone was
based on FTIR absorption spectroscopy at the 1740 cm−1 –C=O stretch frequency.

Only one study in the literature (Hull, 1981) reported yields for individual
products other than nopinone in theβ-pinene/O3 reaction. In this study, Hull estim-
ated the total molar yields of three major products: Nopinone (10%),
3-hydroxy-pina-ketone (28%), and 3-oxo-pina-ketone (7%). The total molar yield
for 3-hydroxy-pina ketone in the present work is estimated to be 7.3% and 9.0% in
the two experiments, lower than Hull’s result. Our yield for 3-oxo-pina-ketone is
estimated to be 1.8% and 7.7%. In his study, Hull used high mixing ratios forbeta-
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Table IX. Gaseous and particulate product yields in theβ-pinene/O3 reaction

Molar yield (%) Aerosol yield by mass

Gas Aerosol Total (%)

Experiment data 6/11/98b 6/17/98b 6/11/98b 6/17/98b 6/11/98b 6/17/98b 6/11/98b 6/17/98b

Pinic acid 1.7 2.5 0.91 1.2 2.6 3.7 1.2 1.6

Norpinic acid 0.23 0.17 0.11 0.09 0.35 0.27 0.17 0.12

Pinonic acid 0.41 0.56 0.10 0.19 0.52 0.74 0.14 0.25

Norpinonic acid and isomer 4.6 14.3 1.3 2.2 5.9 16.5 1.7 2.7

Hydroxy pine ketones 6.6 7.9 0.66 1.1 7.3 9.0 0.74 1.3

3-Oxo-pina-ketone 1.8 7.6 0.02 0.11 1.8 7.7 0.02 0.12

2,2-Dimethyl-cyclobutane- 0.35 0.29 NDa ND 0.35 0.29 ND ND

1,3-dicarboxaldehyde

Nopinone 17.0 15.8 trace trace 17.0 15.8 trace trace

Hydroxy norpinonic acid 0.58 0.98 0.10 0.24 0.68 1.2 0.14 0.33

Hydroxy pinonic acid 0.26 0.16 0.17 0.15 0.43 0.31 0.25 0.20

Total molar yield 33.5 50.3 3.4 5.3 36.9 55.6 4.4 6.6

Carbon-based total yield 34.2 50.1

Aerosol yield measured by SEMS and CNC 4.5 8.3

a Not detectable.
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pinene (275 to 440 ppmv) and ozone (179 to 270 ppmv), and no OH scavenger. The
very different reaction conditions may account for the different product yields.

The identified products account for 34% and 50% of the reactedβ-pinene car-
bon mass in the 6/11/98b and 6/17/98b experiments, respectively. Products with
a yield exceeding>1% include nopinone (15.8–17.0%), hydroxy pina ketones
(7.3–9.0%), 3-oxo-pina-ketone (1.8–7.7%), norpinonic acid and its isomers (5.9–
16.5%), and pinic acid (2.6–3.7%). The identified products are estimated to account
for 98% and 83% of the organic aerosol mass formed in the twoβ-pinene/O3

experiments. Norpinonic acid and its isomers, pinic acid and hydroxy pina ketones
are SOA components that contribute to more than 10% of the organic aerosol mass.

The 6/17/98b experiment has a much higher percentage of reactedβ-pinene
accounted for by the identified products than the 6/11/98b experiment, as two major
products, norpinonic acid and its isomers and 3-oxo-pina-ketone, were observed to
have much higher gas-phase yields in the 6/17/98b experiment (Table IX). The
two β-pinene/O3 experiments were conducted under different initial conditions,
i.e., ozone was present in an excess amount in the 6/11/98b experiment whereas
β-pinene is in excess in the 6/17/98b experiment (Table I). The variation between
the two experiments can not be accounted for by measurement error alone. It is
possible the different initial reaction conditions are responsible for the variation,
but a satisfactory explanation is not possible without further experiments designed
to systematically examine the effects of different reaction conditions on product
yields.

The functional group distribution of SOA components from theβ-pinene/O3

experiments is comparable to results obtained by Palenet al. (1992) using Four-
ier transform infrared spectrometry (FTIR). Palenet al. analyzed aerosol samples
generated from an experiment with 8 ppmv O3 and 14.5 ppmvβ-pinene. Their
results indicated that an average aerosol-phase product molecule contained one
ketone group, 0.7 alcohol groups, and 0.4 carboxylic groups. For the 6/17/98
β-pinene/O3 experiment where excessiveβ-pinene was used, our GC/MS analysis
showed that the average aerosol molecule contained about one ketone group, 0.2
alcohol groups, and 0.8 carboxylic groups.

4.2. SABINENE

Table X shows yields of individual products in the gas and aerosol phases, as well
as the total yields of both phases in the sabinene/O3 experiment. Identified products
in both the gas and aerosol phases account for 57% of the reacted sabinene carbon
mass. Products with a molar yield exceeding 1% include sabina ketone (47%),
hydroxy sabina ketone (7%), norsabinonic acid and its isomers (5%), pinic acid
(1%), and sabinic acid (1%).

All the products added together account for 100% of the organic aerosol mass
formed. The 100% yield is rather fortuitous, and it is associated with an uncer-
tainty factor resulting from the approximations made for response factors and SOA
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Table X. Gaseous and particulate product yields in the sabinene/O3 reaction

Product Molar yield (%) Aerosol yield by

Gas Aerosol Total mass (%)

Pinic acid 1.1 0.29 1.4 0.39

Sabinic acid 0.80 0.39 1.2 0.53

Norsabinic acid 0.18 0.07 0.25 0.09

Norsabinonic acid and its isomers 3.6 1.1 4.7 1.4

Hydroxy-sabina-ketones 6.6 0.43 7.0 0.53

3-Oxo-sabina-ketone 0.50 0.01 0.51 0.01

S5
a 0.15 0.11 0.26 0.13

Sabine ketone 46.2 0.43 46.6 0.43

S8
a 0.54 ND 0.54 ND

S9
a 0.75 ND 0.75 ND

S10
a 0.12 0.02 0.14 0.03

Total molar yield 60.5 2.9 63.4 3.5

Carbon-based total yield 57.0

Aerosol yield measured by SEMS and CNC 3.5

a See Table V for possible candidate structures.

density. Aerosol components that make up more than 10% of the aerosol mass
are norsabinoic acid and its isomers, hydroxy sabina ketones, sabinic acid, sabina
ketone, and pinic acid.

The estimated yield of sabina ketone in this work is in agreement with that,
50± 9%, measured by Hakolaet al. (1994). Glasiuset al. (1998) reported molar
yields of sabinic acid and pinic acid in aerosol phase at 1.1% and 1.4%. Our yields
for the two dicarboxylic acids in the aerosol phase are 0.4% and 0.3%. As we will
discuss in Section 5, the absolute aerosol yield of a particular product depends
on the temperature and the organic aerosol mass concentration in each system in
which SOA is generated. Without the knowledge of the temperature and organic
aerosol mass concentration in the system of Glasiuset al., it is difficult to make a
meaningful comparison.

4.3. α-PINENE

Table XI shows yields of individual products in the gas and aerosol phases, as
well as the total yields of both phases, in threeα-pinene/O3 experiments. Identified
products in both the gas and aerosol phases account for 29–67% of the reacted
α-pinene carbon mass. Products with a molar yield exceeding 1% include pinon-
aldehyde (6–19%), norpinonic acid and its isomers (4–13%), hydroxy pinonalde-
hydes (2–11%), pinonic acid (2–8%), pinic acid (3–6%), hydroxy pinonic acid (1–
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Table XI. Gaseous and particulate product yields in theα-pinene/O3 reaction

Product Molar yield (%) Aerosol yield (%)

Gas Aerosol Total by mass

Experiment date 6/9/98a 6/9/98b 6/17/98a 6/9/98a 6/9/98b 6/17/98a 6/9/98a 6/9/98b 6/17/98a 6/9/98a 6/9/98b 6/17/98a

Pinic acid 1.2 2.1 2.7 1.8 3.9 2.8 3.0 6.0 5.5 2.5 5.3 3.9

Norpinic acid 0.04 0.03 0.04 0.08 0.09 0.05 0.1 0.1 0.09 0.1 0.1 0.06

Hydroxy pinonaldehydes 1.4 0.8 9.2 2.4 1.1 2.0 3.8 1.9 11.2 3.3 1.4 2.8

Pinonic acid 0.8 0.6 6.6 1.7 1.6 1.3 2.5 2.2 7.9 2.3 2.1 1.8

Norpinonic acid and isomer 2.2 5.4 9.8 2.1 4.8 2.8 4.3 10.2 12.6 2.6 5.9 3.4

Pinonaldehyde 9.6 5.7 18.1 0.8 0.3 0.9 10.4 6.0 19.0 1.0 0.4 1.1

Norpinonaldehyde 1.1 1.5 2.4 0.1 0.2 0.2 1.2 1.7 2.6 0.2 0.2 0.2

2,2-Dimethyl-cyclobutyl- 0.4 0.3 1.6 ND ND ND 0.4 0.3 1.6 0 0 0

1,3-dicarboxaldehyde

Hydroxy pinonic acid 0.8 0.2 1.6 2.1 1.3 2.1 2.9 1.5 3.7 3.1 1.9 3.1

A3
a 1.5 0.6 3.8 ND ND ND 1.5 0.6 3.8 ND ND ND

A13
a 0.06 0.02 0.1 0.08 0.12 0.1 0.14 0.1 0.2 0.1 0.2 0.1

A14
a 0.03 trace 0.03 0.55 0.48 0.8 0.6 0.5 0.8 0.7 0.6 1.1

Total molar yield 19.1 17.2 56.0 11.7 13.9 13.0 30.8 31.0 69.1 15.9 18.1 17.6

Carbon-based total yield 29.9 29.1 66.8

Aerosol yield measured by SEMS and CNC 17.6 18.6 15.9

a See Table VI for possible candidate structures.
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4%), (2,2-dimethyl-3-acetyl)-cyclobutyl formate (1–4%), and norpinonaldehyde
(1–3%).

In the 6/17/98a experiment, a much higher percentage of reactedα-pinene is
accounted for by the identified products, as the four major products, pinonalde-
hyde, hydroxy pinonaldehydes, pinonic acid, and norpinonic acid and its isomers,
are measured to have much higher yields than those in the experiments 6/9/98a
and 6/9/98b. While measurement errors may account for part of the variation, the
different reaction conditions also likely contribute to the variation. The 6/17/98a
experiment is different from the experiments 6/9/98a and 6/9/98b in two aspects:
(1) excessiveα-pinene was used in the 6/17/98a experiment while excessive ozone
was present in the prior two experiments, and (2) the denuder/filter sample was
started 53 min after the initiation of theα-pinene/O3 in the 6/19/98a experiment
while in the other two experiments denuder/filter samples were collected more
than 290 min after ozone oxidation ofα-pinene started. One explanation is that the
polar nature of the products makes them susceptible to be lost to the reactor wall by
adsorption, as demonstrated for pinonaldehyde and caronaldehyde by Hallquistet
al. (1997) in their experimental chamber. Actual product yields may be higher after
accounting for wall loss, but wall loss does not account for all the yield variation. It
is noted that for both theα-pinene/O3 and theβ-pinene/O3 experiments, higher gas-
phase yields were measured when excess monoterpene was present in the reaction
systems. Presently we do not have a satisfactory explanation for this observation.
Four previous studies have reported yields of some of the above products. The
gas-phase yield of pinonaldehyde was measured to be 14.3± 2.4% (Alvaradoet
al., 1998) and 19± 4% (Hakolaet al., 1994). In this work, the yield is estim-
ated to be 5.7–18.1%, in general agreement with the values reported in the two
previous studies. Hull (1981) reported total yields in both phases for four major
products: Pinonic acid (27%), pinonaldehyde (15%), hydroxy pinonaldehyde (7%),
and norpinonic acid (7%). We have measured or estimated the yields in both phases
to be 2.1–7.9%, 6.5–19.0%, 1.8–11.2%, and 4.2–12.6%, respectively. The yield of
pinonic acid measured by Hull is much higher than our yield. In Hull’s study, no
OH scavenger was added, and the mixing ratios ofα-pinene used ranged from 110
to 509 ppmv, which is more than 1000 times higher than those in this work. It
is difficult to make meaningful comparisons considering the very different reac-
tion conditions investigated in the two studies. In the absence of OH scavengers,
Hatakeyamaet al. (1989) measured aldehyde yield in the gas-phase to be 51± 6%
by FTIR absorption spectroscopy. In this study we have identified ten products
with aldehyde functional group(s), i.e., pinonaldehyde, norpinonaldehyde, hydroxy
pinonaldehydes (A12), norpinonic acid and isomers (A5), A4, A8, A11, A12, A13, and
A14. The sum of yields for all these aldehyde products in the gas phase ranges from
14–45%. If one considers that the absence of OH scavenger would increase yields
of aldehyde products such as pinonaldehyde, yield data from this study may be
consistent with the result obtained by Hatakeyamaet al. (1989).
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Table XII. Gaseous and particulate product yields in the13-carene/O3 reaction

Product Molar yield (%) Aerosol yield

Gas Aerosol Total by mass (%)

Pinic acid 0.83 0.33 1.2 0.46

3-Caric acid 0.64 1.3 1.9 1.8

Nor-3-caric acid 0.07 ND 0.07 ND

Hydroxy caronaldehydes 3.0 0.19 3.2 0.25

3-Caronic acid 2.7 1.5 4.2 2.1

Nor-3-caronic acid and isomers 1.8 0.54 2.3 0.68

Caronaldehyde 7.8 0.67 8.5 0.83

Norcaronaldehyde Trace Trace Trace Trace

Hydroxy 3-caronic acid 0.47 0.69 1.2 1.0

C4
a 0.31 0.39 0.70 0.54

C5
a 2.3 0.24 2.5 0.25

C10
a 0.22 ND 0.22 ND

Total molar yield 20.1 5.9 26.0 7.9

Carbon-based total yield 24.4

Aerosol yield measured by SEMS and CNC 13.0

a See Table VII for possible candidate structures.

All the products added together account for 90–111% of the organic aerosol
mass formed. The larger than 100% aerosol yield reflects the uncertainties asso-
ciated with the estimated response factors for those products without available
standards, and the assumption that SOA has a density of 1 g cm−3. At 306–308 K,
major aerosol components that make up more than 10% of the organic aerosol mass
include pinic acid, hydroxy pinonaldehydes, pinonic acid, norpinonic acid and its
isomers, and hydroxy pinonic acid.

Among all the monoterpenes, ozone oxidation ofα-pinene is the most fre-
quently studied reaction for its aerosol products. In previous studies, the molar
yield of pinic acid and pinonic acid in the aerosol phase was measured to range
from 0.2% to 1%, and 0.1–0.3%, respectively (Christoffersenet al., 1998; Glasius
et al., 1998). The temperature and organic aerosol mass in their systems were not
reported.

4.4. 13-CARENE

Table XII shows the gas and aerosol phase yields of the individual products, as
well as the total yields of both phases in one13-carene/O3 experiment. Identi-
fied products in both the gas and aerosol phases account for 24% of the reacted
13-carene carbon mass. Products with a molar yield exceeding 1% include caron-
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aldehyde (8%), 3-caronic acid (4%), hydroxy caronaldehydes (3%), nor-3-caronic
acid and isomers (2%), C5 (2%), 3-caric acid (2%), hydroxy-3-caronic acid (1%),
and pinic acid (1%). Caronaldehyde has been identified as a major product in a
previous study with a yield of≤8% in the gas phase (Hakolaet al., 1994). Here the
gas-phase caronaldehyde yield is estimated to be 7.8%.

All the products added together account for 61% of the organic aerosol mass
formed. Major aerosol products that contribute to>10% of organic aerosol mass
are 3-caronic acid and 3-caric acid. Glasiuset al. (1998) reported three aerosol
products, 3-caric acid, 3-caronic acid, and nor-3-caric acid with aerosol phase
yields of 0.5–5%, 0.1–0.7%, and 0.08–0.1%, respectively.

5. Gas-Particle Partitioning

Many products identified in this study are detected in both gas and aerosol
phases. Gas-particle partitioning for semi-volatile organic compounds have been
successfully described by the equilibrium relation:

Kom,i = Fi

Ai1Mo

, (2)

whereKom,i is the gas-particle partitioning coefficient of speciesi, Ai is the gas
phase concentration (µg m−3) of compoundi, andFi is the concentration of com-
pound i (µg m−3) in the aerosol phase (Odumet al., 1996).Ai andFi can be
determined directly from denuder and filter samples, and1Mo is obtained from
aerosol size distribution measurements. Table XIII lists the gas-particle partitioning
coefficients of aerosol components generated in the ozone oxidation of the four
monoterpenes.

Gas-particle partitioning coefficients of semi-volatile compounds depend on
their vapor pressures (Pankow, 1987);

Kom,i = 760RT

MWom106ζip
o
L,i

, (3)

whereR is the ideal gas constant (8.206× 10−5 m3 atm mol−1 K−1), T is temper-
ature (K), MWom is the number-averaged molecular weight of the organic matter
(om) phase (g mol−1), ζi is the molar fraction scale activity coefficient of com-
pound i in the om phase, andpoL,i is the sub-cooled liquid vapor pressure (mm
Hg) of compoundi. Sub-cooled liquid vapor pressures of the major products in the
β-pinene/O3 andα-pinene/O3 systems have been estimated using a modification
of the Clausius–Claperyron equation (Schwarzenbachet al., 1993) (Table XIV).
MeasuredKom,i values versus the estimatedpoL,i are shown in Figure 10. As
Figure 10 illustrates, the lower the vapor pressure, the higher the corresponding
Kom,i. For example, hydroxy pinonic acid, as a result of the presence of three
polar functional groups, has the lowest vapor pressure (∼10−5 mm Hg) among
all identified products, and consequently exhibits the highestKom,i value. On the
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Table XIII. Gas-particle partitioning coefficients (m3 µg−1) of individual products at 306–308 K

α-Pinene/O3 13-Carene/O3 β-Pinene/O3 Sabinene/O3
Compound Kom,i Compound Kom,i Compound Kom,i Compound Kom,i

Pinic acid 0.028± 0.001 3-Caric acid 0.033 Pinic acid 0.035± 0.009 Sabinic acid 0.027

Hydroxy 0.019± 0.013 Hydroxy 0.0010 Hydroxy pina- 0.0091± 0.0054 Hydroxy sabina 0.0037

pinonaldehydes caronaldehydes ketones ketones

Pinonic acid 0.030± 0.005 3-Caronic acid 0.0090

Norpinonic acid and 0.013± 0.005 Nor-3-caronic acid 0.0047 Norpinonic acid and 0.014± 0.001 Norsabinonic acid 0.018

its isomers its isomers and its isomers

Pinonaldehyde 0.0012± 0.0003 Caronaldehyde 0.0014 3-Oxo-pine ketone 0.0010± 0.0005 3-Oxo-sabina ketone 0.0012

Hydroxy pinonic 0.040± 0.010 Hydroxy caronic 0.0231 Hydroxy pinonic 0.066± 0.026 Sabina ketone 0.00053

acid acid acid

A13 0.025± 0.003 Hydroxy norpinonic 0.016± 0.009

acid
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Figure 10. Measured log(Kom,i ) versus estimated logpoL for the major products in the
β-pinene/O3 andα-pinene/O3 systems.

Table XIV. Sub-cooled liquid vapor pressure estimates

Compound Tb (K)a Vapor pressure estimates at 306 Kb

mm Hg ppmv

Hydroxy pinonic acid 606 1.9× 10−5 0.048

Pinic acid 601 5.1× 10−5 0.067

Hydroxy pinonaldehydes 577 2.4× 10−4 0.32

Pinonic acid 572 3.4× 10−4 0.45

Norpinonic acid and isomers 558 8.4× 10−4 1.1

Hydroxy pina ketone 542 2.2× 10−3 2.9

Pinonaldehyde 530 4.4× 10−2 58

3-Oxo-pina ketone 521 6.9× 10−2 91

Nopinone 482 4.7× 10−1 620

a Tb , boiling point at 1 atm if decomposition would not occur, estimated using
Meissner’s method (Rechsteiner, 1990).Tb is needed to estimate vapor pressure.
Meissner’s method underestimates theTb for each of C5–C10 n-alkanoic acids
by∼6.5%, therefore a correction formula is obtained by a linear regression (r2 =
0.994) for C5–C10n-alkanoic acids, and applied to the compounds of unknownTb .
This correction is also justified for carbonyl-containing compounds. For example,
Meissner’s method estimates that theTb for nopinone is 453 K before correction,
and 485 K after correction, which agrees well with the experimental value 482 K.
b Sub-cooled liquid vapor pressures are estimated using a modification of the
Clausius-Claperyron equation (Schwarzenbachet al., 1993).
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other hand, the vapor pressure of pinonaldehyde and 3-oxo-pina ketone are higher
than the –COOH bearing products, which correlates with the lowestKom,i values
(Table XIII). Nopinone has an even higher vapor pressure than 3-oxo-pina ketone
and is, as a result, expected to reside mainly in the gas-phase. Only trace amounts
of nopinone were detected in any filter samples, confirming the influence of vapor
pressure on the partitioning between the gas and aerosol phases. Similar trends are
observed for SOA products in the ozone oxidation of the other two monoterpenes.

The aerosol phase fractionφi of a semi-volatile product is given by

φi = Fi

Ai + Fi =
1MoKom,i

1+1MoKom,i
. (4)

As Equation (4) indicates,φi is controlled by the aerosol organic matter concen-
tration1Mo available for absorption and the gas-aerosol partitioning coefficient
Kom,i, which is a function of temperature and compound-dependent. Consequently,
SOA chemical composition is a function of organic matter concentration and tem-
perature. Figure 11 illustrates the dependence ofφi on1Mo, using pinic acid as an
example. The temperature dependence of SOA chemical composition was demon-
strated by Jang and Kamens (1998), who observed that for SOA generated in the
α-pinene/O3 reaction, the more volatile SOA components reside in the particle
phase to a much greater extent under cold conditions than warmer conditions.
When reporting aerosol yield of an individual product and composition of SOA,
it is necessary to include the organic aerosol mass concentration and associated
temperature.

The yield of an individual producti in the aerosol phase (Yi) can be expressed
as

Yi = 1Mo

αiKom,i

1+Kom,i1Mo

, (5)

whereαi is the individual mass-based stoichiometric coefficient ofi. The overall
SOA yieldY is then just the sum of the individual yields

Y =
∑
i

Yi = 1Mo

∑
i

(
αiKom,i

1+Kom,i1Mo

)
. (6)

Using Equation (6), a two-product model has successfully described the overall
SOA yieldY as a function of stoichiometric coefficientαi and partitioning coeffi-
cientsKom,i of two hypothetical products, and1Mo, the total organic aerosol mass
concentration (Odumet al., 1996, 1997a, b; Hoffmanet al., 1997; Griffinet al.,
1999).

One of the major assumptions underlying the derivation of Equations (5) and (6)
is that the total amount of a product is proportional to the amount of the parent hy-
drocarbon reacted. If this assumption holds, the SOA yield at any timeY (t), should
be described by Equation (6). Figure 12(a) shows theY (t) values as a function
of organic aerosol mass for the 6/09/98a and 6/09/98bα-pinene/O3 experiments.
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Figure 11. Fraction of pinic acid in aerosol phase as a function of organic aerosol mass
concentration.

The experimentally determined time-dependent yield curves for both experiments
can be closely represented by using Equation (6) and assuming two hypothetical
products withα1 = 0.262,Kom,1 = 0.030, α2 = 0.062, andKom,2 = 0.0028
(Figure 12(a)). On the other hand, a yield curve can also be constructed for each
experiment by using Equation (6) and the experimentally determinedαi andKom,i

values for the individual aerosol-phase products. The resulting curves fit well the
experimental SOA yield curves (Figure 12(a)). Since the denuder/filter samples
were taken at the end of the two experiments (Table I), theαi andKom,i values ob-
tained from these samples represent the SOA composition and product distribution
between gas and aerosol phases at the end of the experiments. The fact that they
also predict the SOA yields during earlier stages of the experiments indicates that
in theα-pinene/O3 system, the SOA composition and product distribution between
gas and particle phase remains relatively unchanged over time. This is in agreement
with the time profiles ofα-pinene mixing ratio and organic aerosol mass concen-
tration1Mo (Figure 12(b)). As Figure 12(b) shows, after most of theα-pinene is
oxidized, the aerosol mass remains almost constant, which indicates that the SOA
mass arises from either primary products or secondary products formed relatively
rapidly.

Conversely, if the total amount of a product that is generated in the reaction
is not proportional to the amount of the parent hydrocarbon reacted throughout
an experiment, e.g., the relative chemical composition changes over the course of
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Figure 12. (a) Time-dependent secondary organic aerosol yields as a function of organic
aerosol mass for twoα-pinene/O3 experiments. (b)α-Pinene mixing ratio and organic aerosol
mass concentration as a function of time.
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Figure 13. (a) Time-dependent secondary organic aerosol yields as a function of organic
aerosol mass for the sabinene/O3 reaction. (b) Sabinene mixing ratio and organic aerosol
mass concentration as a function of time.
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the experiment, one set ofαi andKom,i values will not describe the SOA yields
over the reaction time. The time-dependent SOA yield in the sabinene/O3 reaction
appears to be such an example (Figure 13(a)). As shown in Figure 13(a), a two-
product model, using Equation (6) and assuming two hypothetical products with
α1 = 0.041,Kom,1 = 0.154, α2 = 0.51, andKom,2 = 0.0005, describes the
time-dependent aerosol yield reasonably well up to1Mo ∼ 15µg/m3, which cor-
responds to a reaction time of∼100 min and 99% sabinene consumption. TheY (t)

curve computed using Equation (6) and theαi, andKom,i values for multiple actual
products fits well the measured aerosol yields at the later stage, but represents
poorly the early-stage yields. The denuder/aerosol sample was taken 232 minutes
after the reaction started, therefore the measuredαi , andKom,i values of individual
products reflect the SOA composition in the later stage of the experiment. The
above analysis suggests that slowly forming secondary or tertiary products play
a role in the aerosol formation in the sabinene/O3 reaction. The contribution of
secondary products is further evidenced by the time profiles of sabinene mixing
ratio and organic aerosol mass concentration1Mo. As shown in Figure 13(b),
at ∼100 min, while nearly all the sabinene is reacted, the organic aerosol mass
continues to grow.

For reaction systems such asα-pinene/O3 reaction, one set ofαi andKom,i

values is sufficient to describe the kinetics of aerosol formation. On the other hand,
for reaction systems such as the sabinene/O3 reaction, more than one set ofαi and
Kom,i values are necessary to describe the evolution of aerosol mass.

6. Mechanisms of Product Formation

Based on known reaction mechanisms for alkene-O3 reactions, it is possible to
propose reaction schemes to account for most of the observed products.

6.1. β-PINENE/O3 REACTION

Figure 14 shows reaction sequences leading to the products in theβ-pinene/O3

reaction. The reaction ofβ-pinene with O3 proceeds by initial O3 addition to the
C=C bond to yield an energy-rich ozonide, which rapidly decomposes to form
nopinone and a C9 biradical. Many of the observed products are formed from the
subsequent reactions of the C9 biradical. The energy-rich C9 biradical undergoes
isomerization to give rise to two enehydroperoxides (EN1 and EN2) with excess
energies. This is the so-called hydroperoxide channel. The formation of hydroxy
pina ketones (P4) are a result of stabilization of EN1 and EN2 through collision
(Niki et al., 1987; Martinez and Herron, 1987, 1988; Atkinson, 1997). One ad-
ditional pathway for EN2 is to produce 3-oxo-pina ketone (P11) by loss of a H2

molecule. This pathway is not operative for EN1, because the OH group is attached
to a tertiary C, and no H-atom is available for loss of a H2 molecule. It is postulated
that the energized 3-hydroxy pina ketone could undergo unimolecular dissociation
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Figure 14. Reaction mechanism of O3/β-pinene reaction.

to form an acetyl-like radical I1 and I2. For the acetyl radical, it has been established
that its subsequent reactions with O2 and HO2 radical lead to the formation of acetic
acid (Niki et al., 1985; Moortgatet al., 1989).

Similarly, the reaction of I1 and I2 with O2, and subsequently with HO2 would
lead to P6. I2 can also lose a molecule of CO to form I3, which reacts with O2,
and a peroxy radical RO2 to form I4. It follows that I4 loses one H-atom to an O2
molecule to produce P10. The formation of P5, norpinic acid (P1), and pinic acid
(P2) is presupposed to result from oxidation of their corresponding aldehydes, P10,
P5 and P6, respectively, although the explicit oxidation mechanism is unclear.

The formation pathway for a possible candidate of P8 is proposed to arise
from I5, which can be formed from isomerization of I1. It is difficult to construct
plausible formation pathways for pinonic acid and hydroxy pinonic acid.
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Figure 15. Reaction mechanism of O3/sabinene reaction.

6.2. SABINENE/O3 REACTION

Figure 15 depicts reaction pathways that account for most of the products ob-
served from the sabinene/O3 reaction. The many pairs of analogous products in the
sabinene/O3 andβ-pinene/O3 reactions are easily explained by the same reaction
pathways derived from O3 attack of the external C=C bond.

The observation of pinic acid in the sabinene/O3 reaction is difficult to explain in
terms of plausible gas-phase reaction mechanisms. It is not clear whether aerosol
surface plays a role in the formation of pinic acid via heterogeneous reactions.
There is evidence that isomerization of monoterpenes can take place on acidic
surfaces (Pio and Valente, 1998). In addition, Coeuret al. (1997) observed that
∼70% of sabinene isomerizes to other monoterpenes of lower ring tension when it
is sampled onto Tenax TA or Carboxen sorbents. Sabinic acid may undergo similar
isomerization to pinic acid on particle surfaces.

As the chemical structures of the two unique products, S8 and S12, in the
sabinene/O3 reaction remain uncertain, we do not attempt to propose formation
mechanisms for them.
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Figure 16. Formation mechanism for A3 and A7 in the O3/α-pinene reaction.

6.3. α-PINENE/O3 AND 13-CARENE/O3

The formation mechanisms of products from ozone oxidation ofα-pinene have
been described in an earlier paper (Yuet al., 1998). Here we only discuss the
formation pathways for the newly identified products (Figure 16). The formation of
A3 arises from isomerization of the Criegee biradical, known as the ester channel
(Atkinson, 1997). Hydroxy pinonic acid is postulated to result from its aldehyde
precursor, 10-hydroxy-pinonaldehyde (A12). We do not yet attempt to propose
formation mechanism for A11, A13 and A14, as their chemical structures are not
yet certain.

The formation pathways for most of the products in the13-carene/O3 reaction
(Figure 17) are similar to those in theα-pinene/O3 reaction, as a result of the
internal C=C bond common to both reactants. Those products unique to the13-
carene/O3 reaction do not have obvious routes of formation. The presence of pinic
acid in the13-carene/O3 reaction system may derive from similar routes to those
responsible for the formation of pinic acid in the sabinene/O3 reaction system.

7. Summary and Conclusions

This study has identified a substantial fraction of the particulate products from
ozone oxidation of each of the four monoterpenes:α-pinene,β-pinene,13-carene,
and sabinene.β-Pinene and sabinene are structurally analogous in that both are
bicyclic and have an external unsaturated bond where ozone oxidation takes place.
α-Pinene and13-carene also share one common structural moiety, an internal un-
saturated bond. A number of analogous product pairs, including major products,
have been identified for each pair of monoterpenes. These products are consistent
with the established understanding of the mechanism of ozone-alkene reactions.
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Figure 17. Reaction mechanism of O3/13-carene reaction.

In addition to expected products, a number of products having minor yields that
are unique to each monoterpene have also been detected. One interesting finding
that is yet to be explained is the presence of pinic acid in both the sabinene/O3 and
13-carene/O3 reactions.

Yields of individual products in both the gas and aerosol phases have been
determined or estimated, thus providing a direct measure of the gas-particle parti-
tioning of each product. The identified products account for a significant fraction
of the secondary organic aerosol for each of the parent hydrocarbons. Identified
products, in both gas and aerosol phases, are estimated to account for about 34–
50%, 57%, 29–67%, and 24% of the total reacted carbon mass forβ-pinene,
sabinene,α-pinene, and13-carene, respectively. Whereas these percentages ex-
ceed those of previous studies, a significant fraction of the monoterpenes reacted
still remains unaccounted for. As the yields of many products are estimated using
the response factor of surrogates, an improved mass balance awaits authentic stand-
ards or new analytical techniques that do not require authentic standards. Based on
experimentally measured gas-particle partitioning coefficients of individual oxid-
ation products, it is possible to evaluate the extent to which overall aerosol yields
observed in smog chamber experiments can be represented by the stoichiometric
yields and gas-particle partitioning of the individual products.

Based on the nature and yield of various aerosol components, products such
as pinic acid, pinonic acid, norpinonic acid, hydroxy pinonic acid, and hydroxy
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pinonaldehydes can act as molecular markers for secondary organic aerosol derived
from biogenic sources.
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