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Abstract. The biogenic volatile organic compoundα-pinene
is one of the dominant monoterpenes emitted to the Earth’s
atmosphere at an estimated rate of∼50 Tg C yr−1. Its atmo-
spheric oxidation products in the presence of NO can lead to
ozone production, as well as production of secondary organic
aerosol (SOA). The major oxidation pathway ofα-pinene is
reaction with OH, which in the presence of NO can form
eitherα-pinene nitrates or convert NO to NO2, which can
photolyze to form ozone. In this work, we successfully syn-
thesized fourα-pinene hydroxy nitrates through three dif-
ferent routes, and have identified these 4 individual isomers
in α-pinene/OH/NO reaction chamber experiments. From
the experiments, we determined their individual production
yields, estimated the total RONO2 yield, and calculated the
relative branching ratios of the nitrate precursor peroxy radi-
cals (RO2). The combined yield of the fourα-pinene nitrates
was found to be 0.130 (±0.035) at atmospheric pressure and
296 K, and the total organic nitrate yield was estimated to be
0.19 (+0.10/−0.06). We also determined the OH rate con-
stants for two of the isomers, and have calculated their over-
all atmospheric lifetimes, which range between 22 and 38 h.

1 Introduction

Biogenic volatile organic compounds (BVOCs) account
for more than 1200 Tg C yr−1 of emitted carbon in the
atmosphere (Guenther et al., 1993), which include iso-
prene (C5H8), monoterpenes (C10H16), and sesquiterpenes
(C15H32). Isoprene and monoterpenes account for over 50 %
of global BVOC emissions, with isoprene emitted at a rate
of ∼500 Tg C yr−1 and monoterpenes emitted at a rate of
∼127 Tg C yr−1 (Guenther et al., 1993, 2006). While not as
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dominant as isoprene in terms of total emissions, globalα-
pinene emissions of 50–60 Tg C yr−1 (Guenther et al., 1993,
2006) are on the order of global anthropogenic hydrocarbon
emissions (Isaksen and Hov, 1987). In mid-latitude regions,
such as the Mediterranean,α-pinene has been measured to
significantly exceed isoprene (Kalabokas et al, 1997; Owen
et al., 1997; Seufert et al., 1997). When compared to iso-
prene,α-pinene has∼2 times lower reactivity to the hy-
droxyl radical (OH), but relatively higher reactivity to ozone
(O3) and nitrate (NO3) radicals, making its atmospheric ox-
idation significant in the accounting of regional tropospheric
O3 and NOx concentrations (Atkinson and Arey, 2003a,b).
The oxidation products ofα-pinene, similar to other ter-
pene species, have recently been determined to generate large
amounts of secondary organic aerosols (SOA) in the atmo-
sphere, which impacts the global radiation budget (Andreae
and Crutzen, 1997; Larsen et al., 2001; Lee et al., 2006; Li-
brando and Tringali, 2005; Pathak et al., 2007; Steinbrecher
et al., 2009).

A BVOC (R-H) reacting with OH undergoes either hydro-
gen abstraction (Reaction R1) or OH-addition (Reaction R2)
across an olefinic double bond (if present).

R−H+OH→ R·+H2O(hydrogen abstraction) (R1)

→ RHOH(+O2) → RO2(OH addition) (R2)

R·+O2 → RO2 (R3)

RO2+NO+M → RONO2+M (R4)

→ RO·+NO2 (R5)

Both pathways can produce a radical that combines with
O2 (Reaction R3) to form a peroxy radical (RO2). Peroxy
radical (RO2) species originating from the OH-initiated ox-
idation of BVOCs can react either with NO through Reac-
tions (R4) and (R5) or, in the absence of NOx, with HO2
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to the APNs identified and produced in the yield experiment. (a) blank chromatogram prior to

irradiation; (b) the entire chromatogram after irradiation ; (c) part of chromatogram (8.5-15 min)

above.

Fig. 4. Schematic of the mechanism for the OH-initiated degradation of α-pinene to first generation

products in the presence of NO.

Fig. 5. Total α-pinene nitrate yield. Total [APN] is plotted vs. the loss of α-pinene over time.

The data plotted are from multiple experiments.

Fig. 6. OH rate constant data for the two α-pinene hydroxy nitrate isomers, APN-A (top), APN-C

(bottom).
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Fig. 1. Structure of the four α-pinene hydroxy nitrate isomers
Fig. 1. Structure of the fourα-pinene hydroxy nitrate isomers.

or RO2 to produce an organic peroxide or carbonyl com-
pound and alcohol (Atkinson and Arey, 2003a,b). RO2 re-
action with NO forms an unstable peroxy nitrite intermedi-
ate [ROONO∗] that decomposes into NO2 and RO· (Reac-
tion R5) or, less often, will rearrange to form a stable organic
nitrate (Reaction R4) (Atkinson et al., 1982; Barker et al.,
2003; Monks et al., 2009). The organic nitrate, RONO2,
formed from Reaction R4 can serve as a reservoir of NOx
in the atmosphere. Although this pathway is often treated as
a termination step in the oxidation pathway, it is likely that
significant NOx recycling occurs through further reactions
with radical species, such as OH, as well as via photolysis
(Horowitz et al., 2007; Monks et al., 2009).

At present, much is unknown regarding theα-pinene ox-
idation mechanism. Previous laboratory studies ofα-pinene
oxidation products (Aschmann et al., 2002; Grosjean et al.,
1992; Hakola et al., 1994; Hatakeyama et al., 1991; Larsen
et al., 2001; Lee et al., 2006; Nozière et al., 1999; Reis-
sell et al., 1999; Ruppert et al., 1999; Orlando et al., 2000;
Wisthaler et al., 2001; van den Bergh et al., 2000; Vinck-
ier et al., 1998) focused on the yields of one or more key
α-pinene aldehyde and ketone products such as pinonalde-
hyde, formaldehyde, and acetone. Aschmann et al. (2002)
and Nozìere et al. (1999) presented the only studies of the
total gas-phase organic nitrate yields fromα-pinene oxida-
tion initiated by OH attack. However, the data from the two
studies are considerably divergent (<1 % for Aschmann et
al. (2002) and 18 % for Noziere et al., 1999), necessitating
further experimental study of the reaction mechanism forα-
pinene nitrate formation.

In this work, we have successfully synthesized fourα-
pinene hydroxy nitrates. They were separated, identified and
detected in photochemical reaction chamber experiments.
The individual production yields, total RONO2 yield and the
value for the branching ratios (α) were determined. We also
measured the rate coefficients for the reaction of OH radical
with two α-pinene hydroxy nitrates at atmospheric pressure
and 296 K.

2 Experimental

2.1 Synthesis ofα-pinene hydroxy nitrates

We developed three methods to synthesizeα-pinene
hydroxy nitrates (APNs). Four compounds were
synthesized: 2-hydroxypinene-3-nitrate (APN-A), 3-
hydroxypinene-2-nitrate (APN-B), 6-hydroxy-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-yl nitrate (APN-C), and
6-hydroxymenthen-8-nitrate (APN-D) (Fig. 1). The syn-
thetic procedures applied in this study are modifications
of several techniques (Ẅangberg et al., 1997; Constantino
et al., 2007; Rollins et al., 2010a) and are described in
detail therein. All the reagents used for the synthesis and
chromatography were obtained from Sigma-Aldrich (at
analytical grade) and were used without further purification.
The 1H and13C NMR spectra were recorded with a Varian
Inova 300 MHz spectrometer using CDCl3 as the solvent.

Method 1: Method 1 employsα-pinene diol (99 %) as the
starting reagent for the synthesis of APN-A (Wängberg et
al., 1997). The basic principle underlying this technique is
the use of mild nitration reactions that differentiate between
two unequivalent OH groups in the reagent diol. A solution
consisting of 17 ml 65 % HNO3 in 24 ml acetic anhydride
was prepared by dropwise addition of HNO3 and stirred.
It was subsequently cooled to 0◦C via a methanol bath in
a CryoCool immersion cooler before a solution containing
1.3 gα-pinene diol dissolved in 25 ml acetic anhydride was
added. The mixture was stirred for 15 minutes at 0–10◦C and
poured onto an ice salt mixture into a separatory funnel. The
mixture was extracted with 140 ml diethyl ether. The organic
fraction was washed with 3 small portions of brine solution
and dried over Na2SO4. The product, APN-A, was purified
by column chromatography on silica gel (hexane:ethyl ac-
etate, 9:1).

Method 2: α-Pinene hydroxy nitrates were also pre-
pared using reactions betweenα-pinene epoxide (97 %) with
NbCl5 (99 %) (Constantino et al., 2007) followed by silver
nitrate. A solution ofα-pinene epoxide (1.52 g, 10.00 mmol)
in anhydrous ethyl acetate (10 ml) was added to a solution
of niobium pentachloride (1.35 g, 5.00 mmol) in anhydrous
ethyl acetate (10 ml) (maintained at−78◦C and under ni-
trogen atmosphere). The reaction mixture was stirred at
the same temperature for 5 min. The reaction mixture was
quenched with 20 ml of a 1:1 water:THF solution. The
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Fig. 2. α-Pinene hydroxy nitrate synthesis chemistry

Fig. 2. α-Pinene hydroxy nitrate synthesis chemistry.

mixture was diluted with water and ethyl acetate. The or-
ganic layer was separated and washed three times with 10 ml
aliquots of 5 % aqueous sodium bicarbonate and twice with
10 ml aliquots of brine solution (NaCl). The organic layer
was then dried over anhydrous sodium sulfate. The solvent
was removed under vacuum, and the products were purified
by silica gel column chromatography using a mixture of hex-
ane and ethyl acetate (8:2) as eluent to give the chlorohydrins
(I and II in Fig. 2) as pale yellow oils.

Powdered silver nitrate, at a 2:1 molecular ratio, was added
to the chlorohydrins (I or II) in 10 ml pure dry ether, and the
solution was stirred at room temperature overnight to yield
the products APN-C and APN-D.

Method 3: α-Pinene hydroxy nitrates were prepared by ni-
tration ofα-pinene epoxide (Rollins et al., 2010a). A 25 ml
round bottom flask was flame dried, equipped with a stir bar,
and a solution was added containing 6.52 mmol (1.07 ml)
of α-pinene oxide in 8 ml of dry diethyl ether. 3 ml of dry
diethyl ether and 7.39 mmols (0.3 ml) of fuming nitric acid
were added to another separate flame dried 25 ml round bot-
tom flask, equipped with a stir bar. Under nitrogen, these
flasks were cooled to−94◦C via a hexane/LN2 bath. After
cannulating the acid solution into the epoxide solution, the
new mixture was kept at−94◦C for an additional hour. The
reaction flask was then allowed to warm to room tempera-
ture over 12 h. The solution was washed several times with
sodium bicarbonate to remove excess HNO3 and then dried
over sodium sulfate. Flash chromatography was extensively
used for separating and obtainingα-pinene hydroxy nitrates.
This synthesis procedure generated fourα-pinene hydroxy
nitrate isomers. A pure APN-C was purified by silica gel
column chromatography.

Identification of the two pureα-pinene hydroxy nitrates
(APN-A and APN-C) was accomplished using1H and13C
NMR and GC-MS (EI, CI and negative CI). APN-D was
identified using GC-MS analysis, which indicated a 104m/z

fragment ((CH3)2C+-ONO2), and by comparison of the
chromatograms from Method 2 and Method 3 using a Var-
ian 450-GC with a thermionic specific detector (GC-TSD),
yielding a product nitrate with the same retention time
and the same elution temperature (∼245◦C); additionally,
Method 2 could only yield product APN-D from the corre-
sponding chlorohydrin II. The fourthα-pinene hydroxy ni-
trate produced from Method 3 was determined as isomer
APN-B, with a structure similar to APN-A, because of the
similar mass spectrum and given that it is a possible product
from Method 3. Figures 1 and 2 show the structure of the
four synthesizedα-pinene hydroxy nitrates and theα-pinene
hydroxy nitrates synthesis chemistry.

2.2 Photochemical reaction chamber experiments

A 5500 l Teflon photochemical reaction chamber was used
to determine the yield ofα-pinene nitrates from the reac-
tion of OH with α-pinene in the presence of NO. UV radi-
ation was provided to the chamber using 12 solar simulator
lamps (UVA-340) surrounding the chamber.α-Pinene, iso-
propyl nitrite (IPN) and NO were injected into the chamber
in a stream of N2 to avoid oxidation of NO to NO2. Initial
concentrations were 200 ppb to 2 ppm ofα-pinene, 20 ppm of
IPN, and 200 ppb to 2 ppm of NO. IPN was used as the source
of OH radicals, as shown in Reactions (R6)–(R8) below. The
chamber was irradiated for periods of 5 to 15 min and left
dark during periods of analysis to suppress the production of
O3 and NO3, ensuring that allα-pinene was consumed via
reaction with OH and all RO2 react with NO.

CH3CH(ONO)CH3+hυ → CH3CH(O·)CH3+NO (R6)

CH3CH(O·)CH3+O2 → CH3C(O)CH3+HO2 (R7)

HO2+NO → OH+NO2 (R8)

The consumption ofα-pinene during the photochemical re-
action chamber experiments was measured using a HP 5890
Series II gas chromatograph with a flame ionization detector
(GC-FID) that employed a RTX-1 column (30 m, 0.53 mm
i.d., 1.0 µm film thickness, Restek). NO and NOx concen-
trations were determined using a Chemiluminescence NO-
NO2-NOx Analyzer (Model 42, Thermo Environmental In-
struments Inc, Franklin, MA). A UV Photometric O3 An-
alyzer (Model 49, Thermo Environmental Instruments Inc,
Franklin, MA) was used to determine ozone concentrations
throughout the experiment.

A Varian 450-GC with a thermionic specific detector (GC-
TSD), which is specific for nitrogen and phosphorus com-
pounds, was employed using a RTX-1701 column (30 m,
0.32 mm i.d., 1.0 µm film thickness, Restek) to separate,
identify and quantify the synthesizedα-pinene nitrates. Sam-
ples were injected from a 10 ml sample loop connected to a
6-port valve. The GC temperature program was as follows:
80◦C for 2 min, 20◦C min−1 to 250◦C, and held at 250◦C
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for 5 min. The PFA-Teflon sample line and the 10 ml sample
loop were heated to 70◦C and 100◦C, respectively, to avoid
surface losses. The GC-TSD inlet, sample loop, and column
were conditioned with a large gas phase concentration of the
synthesizedα-pinene nitrates to alleviate adsorptive losses
of the APNs during experiments (Muthuramu et al., 1993).
The GC-TSD was calibrated using the pure synthesized 2-
hydroxypinene-3-nitrate (APN-A) prepared in a PFA-Teflon
bag. We then assume identical sensitivity for all theα-pinene
nitrates.

The total and individualα-pinene nitrate yields were de-
termined using GC-TSD sampling from the photochemical
reaction chamber. The GC peak assignments were conducted
by comparing chromatograms from the synthesized APN
standards with those fromα-pinene/NOx irradiation cham-
ber experiments.

2.3 OH rate constant experiments

The rate constants for the reaction ofα-pinene hydroxy
nitrates with OH were determined using the relative rate
method (Aschmann and Atkinson, 2008). OH radicals
were generated via photolysis of hydrogen peroxide (H2O2)

and approximately∼200–500 ppb of each synthesizedα-
pinene hydroxy nitrate was rapidly injected into the cham-
ber. Toluene and benzene were used as the relative rate
reference compounds for APN-A and APN-C, respectively.
The compounds were allowed to mix for 5 min. The mix-
ture was irradiated with solar simulator lamps that surround
the reaction chamber. The peak heights for the APNs were
determined throughout the experiment using GC/TSD as de-
scribed above. The consumption of the relative rate reference
compound during the photochemical reaction chamber ex-
periments was measured using GC-FID as described above.

1

t
· ln

{
APN0

APNt

}
=

1

t
·
kAPN

kREF
ln

{
REF0

REFt

}
+kw1 (1)

The APN rate constants were determined by plotting
(1/t)·ln([APN]0/[APN]t ) vs. (1/t)·ln([REF]0/[REF]t ) and
fitting the data linearly. APN0, REF0, APNt , and REFt
are the concentrations of each APN isomer and reference
compound (REF) at timet0 and t , respectively. The
slope and intercept of the least squares fit were equal to
kAPN/kREF and kwl , respectively. Equation (1) shows
the relative rate equation, wherekwl is the appropriate
first order APN wall loss rate constant (s−1). The OH
rate constants used for the reference compounds were
5.63(±0.26)× 10−12 cm3 molecules−1 s−1 (toluene) and
1.22(±0.09)×10−12 cm3 molecules−1 s−1 (benzene) (Atkin-
son and Arey, 2003a).

3 Results and discussion

Six experiments involving the OH oxidation ofα-pinene in
the presence of NO were conducted in the photochemical

reaction chamber. During each experiment, samples were
taken from the chamber at 15 min intervals.

A typical chromatogram from anα-pinene/OH/NO ir-
radiation experiment is shown in Fig. 3. The four
identified α-pinene nitrates eluted from the column at
retention times ranging from∼10-11 min. The let-
ters in Fig. 3 correspond to the APNs produced in
the yield experiment, 2-hydroxypinene-3-nitrate (APN-
A), 3-hydroxypinene-2-nitrate (APN-B), 6-hydroxy-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-yl nitrate (APN-C), and 6-
hydroxymenthen-8-nitrate (APN-D) (Fig. 1). Some iso-
propyl nitrate, which elutes at∼4.0 min, was also produced
from the 2-propoxy radicals generated by the photolysis of
isopropyl nitrite. This nitrate was not included in the inte-
grated total organic nitrate concentration. A major objective
for this study was the determination of the yields and peroxy
radical rection branching ratios (k4/(k4+k5)) for the identified
individual APN isomers.

3.1 Possible reaction mechanism

Here we propose and discuss the likely mechanism support-
ing a major result of this work, which is the identification and
quantification ofα-pinene hydroxy nitrates A-D. The prod-
ucts of reaction ofα-pinene and OH radicals in the presence
of NO include twoα, β-hydroxy nitrates named APN-A and
APN-B, as well as two hydroxy nitrates from rearrangement,
named APN-C and APN-D. In particular, identification of
APN-C and APN-D has important implications for theα-
pinene oxidation mechanism.

The degradation ofα-pinene is initiated primarily by the
OH radical addition to the C = C double bond, producing the
α-pinene-OH adduct radicals that can lead to either P1OH,
a secondary radical, or P2OH, a tertiary radical, as seen in
Fig. 4. The P1OH adduct will react rapidly with O2, form-
ing the corresponding peroxy radical R1. Under atmospheric
conditions with NO present, peroxy radical R1 will quickly
form a peroxynitrite that will, in part, isomerize to nitrate
APN-A. The major pathway of the peroxynitrite is dissocia-
tion to form the alkoxy radical and NO2. The subsequent C-C
bond cleavage in the alkoxy radical (proposed by Nozière et
al., 1999) and O2 addition produces pinonaldehyde, a com-
pound that is expected to be a major product under atmo-
spheric conditions.

The tertiary radical, P2OH, can react rapidly with O2,
forming the corresponding peroxy radical R2 (Fig. 4). R2
will quickly react to form a peroxynitrite in the presence of
NO, of which a minor fraction will, as noted above, iso-
merize to form nitrate APN-B. The major pathway of the
peroxynitrite is dissociation to the alkoxy radical and NO2.
The very fast subsequent C-C bond cleavage of the alkoxy
radical, followed by reaction with molecular oxygen, yields
pinonaldehyde, as discussed above for the similar P1OH
mechanism.
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Fig. 3. GC-TSD chromatograms for an α-pinene/OH/NO yield experiment. The letters correspond

to the APNs identified and produced in the yield experiment. (a) blank chromatogram prior to

irradiation; (b) the entire chromatogram after irradiation ; (c) part of chromatogram (8.5-15 min)

above.

Fig. 3. GC-TSD chromatograms for anα-pinene/OH/NO yield
experiment. The letters correspond to the APNs identified and pro-
duced in the yield experiment.(a) blank chromatogram prior to
irradiation;(b) the entire chromatogram after irradiation;(c) part of
chromatogram (8.5–15 min) above.

However, as discussed by Peeters et al. (2001) and
Vereecken et al. (2007), ring strain for radical P2OH can be
relieved by either of the two pathways: migration of the iso-
propyl group or ring opening. Migration of the isopropyl
group could involve an isomerization of the chemically acti-
vated P2OH to its isomer P3OH (Fig. 4), followed by rapid
reaction with O2, forming the corresponding peroxy radical
R3. Under atmospheric conditions with NO present, this
peroxy radical R3 will quickly react to produce a perox-
ynitrite that will, in part, isomerize to nitrate APN-C. The
major pathway of the peroxynitrite will be dissociation to
the alkoxy radical and NO2. The subsequent C-C bond
cleavage of the alkoxy radical followed by reaction with O2
yields campholenealdehyde and, ultimately, nitrate APN-E.
This isomerization has previously been proposed by Van den
Bergh et al. (2000) and Vanhees et al. (2001) to explain their
observed yield of campholenealdehyde fromα-pinene. Ring
opening of P2OH is believed to account for approximately
30 % of this adduct, forming 6-hydroxymenthen-8-yl radical
P4OH, which reacts with O2 to form the 6-hydroxymenthen-
8-peroxyl radical R4. R4 can then form the nitrate APN-D or

a 6-hydroxymenthen-8-oxy radical, which can then dissoci-
ate to acetone and a 2-methyl-3-hydroxycyclohex-1-en-5-yl
radical. That radical can further react with O2 and NO to
yield a nitrate APN-F and an alkoxy radical, which will react
further to produce a hydroxy-cyclohexenone. More recent
work (Vereecken et al., 2007; Aschmann et al., 1998), how-
ever, indicates that ring closure reactions by the R4 peroxy
radical may also lead to the formation of a six-membered
ring.

Another channel for the reaction ofα-pinene with OH rad-
icals occurring 5 % of the time is H-abstraction, leading to
a α-pinenyl radical and H2O. Theseα-pinenyl radicals can
then combine with O2 to form a peroxy radical, which will
quickly react with NO to form a peroxynitrite that will, in
part, isomerize to an alkyl nitrate. In Fig. 4, we show the
production of APN-G, as one example. As discussed below,
the overall yield of alkyl nitrates resulting from H-atom ab-
straction is estimated to be∼0.9 %.

3.2 α-pinene nitrate yields

Each measured APN concentration was corrected for con-
sumption by OH using the method described by Atkinson et
al. (1982). For any individual nitrate, APNi , we have the
following reactions accounting for individual isomeric APN
production.

OH+α−pinene+O2 → γi ·RO2,i (R9)

RO2,i +NO → RONO2,i (R10a)

→ ROi +NO2 (R10b)

Here γi is the fractional yield of the appropriate precur-
sor peroxy radical. Assuming steady state in RO2,i , and
where “R” represents the reaction rate, R9 · γi = R10 and
R9 = k9[OH][α-pinene]. Equation (2) describes theα-pinene
decay rate.

−d[α−pinene]/dt= R10/γi = k10[RO2,i][NO]/γi (2)

d[RONO2,i]/dt = R10a = k10a[RO2,i][NO] (3)

If 1[RONO2,i ] vs. −1[α-pinene] is plotted, the slope of
the least squares fit =k10a[RO2,i ][NO]/(k10[RO2,i ][NO]/γi)

= γi · k10a/k10. Thus if γi is known, the branching ratio for
RONO2,i formation, αi = k10a/k10, can be determined. If
16[RONO2,i ] vs. −1[α-pinene] is plotted, the slope of the
least squares fit is equal to the overall average (γ -weighted)
branching ratioα. The resulting plot for all the six experi-
ments is shown in Fig. 5, revealing a slope of 0.130±0.035
and thus a total yield for these fourα-pinene hydroxy nitrates
of 13.0 (±3.5) %. The concentrations of each individual iso-
mer, APNs A-D, were plotted against the loss ofα-pinene
to obtain the individual yields, which are listed in Table 1.
The uncertainties reported above and in Table 1 represent
the propagated 1s uncertainties from all known and estimated
sourcs of error in these experiments.
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Fig. 5. Total α-pinene nitrate yield. Total [APN] is plotted vs. the loss of α-pinene over time.
The data plotted are from multiple experiments.

Fig. 6. OH rate constant data for the two α-pinene hydroxy nitrate isomers, APN-A (top), APN-C
(bottom).

Fig. 5. Total α-pinene nitrate yield. Total [APN] is plotted vs.
the loss ofα-pinene over time. The data plotted are from multiple
experiments.

3.3 RO2 + NO branching ratios

The relationship between size and structure of organic per-
oxy radicals and the branching ratioα has been studied for
simple molecules, but not as much for multiply functional-
ized RO2 radicals due to difficulty in measurements (Espada
and Shepson,2005). The branching ratio,α =k4/(k4+k5),
has been measured for several alkyl andβ-hydroxy peroxy
radical species (O’Brien et al., 1998; Arey et al., 2001;
Aschmann et al., 2001). Previous experimental work by
O’Brien et al. (1998) and Arey et al. (2001) has shown that
the branching ratio increases with increasing carbon num-

ber for both alkyl andβ-hydroxy alkyl peroxy radicals. In an
empirical mechanistic model, Zhang et al. (2004) found a lin-
ear dependence between the branching ratio and carbon num-
ber (CN) ofα = 0.0174·CN + 0.0088 for C1 to C7 systems.
Aschmann et al. (2001) performed experiments to determine
three different C10 alkyl nitrate branching ratios with an av-
erage branching ratio of 0.233±0.040. This is∼30 % higher
than the estimated value (0.18) from the Zhang et al. (2004)
linear relationship for a C10 compound.

In Table 1, we list the individual calculated yields, from
the plots of1[RONO2,i ] vs. −1[α-pinene]. As discussed in
Peeters et al. (2001) and Vereecken et al. (2007), a structure-
activity relationship indicates that 95 % of the OH +α-pinene
reactions occur by addition across the double bond rather
than through abstraction of a hydrogen atom. After OH ad-
dition, O2 adds to the other carbon atom associated with the
double bond. According to Kwok and Atkinson (1995), the
calculated site-specific OH-addition ratio is 65:35 in favor
of P2OH formation. It has been estimated (Peeters et al.,
2001; Vereecken et al., 2007) that∼30 % of the APN-B pre-
cursor P2OH rearranges to form the APN-D precursor radi-
cal P4OH and∼ 50 % of the APN-B precursor rearranges to
form the APN-C precursor radical P3OH (Fig. 4), and thus
we estimate that the precursor radical P2OH to APN-B is
produced 20 % of the time. We then can calculate the values
for γi for the precursor peroxy radicals for APN-B, APN-C,
APN-D as 0.95·0.65·0.2 = 0.124; 0.95·0.65·0.5 = 0.309 and
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0.95·0.65·0.3 = 0.185. The calculated value forγi for APN-A
is 0.95·0.35 = 0.332. The branching ratioα is then found by
dividing the yield of individual APNs by the fraction of the
time,γi , the precursor RO2 radical is formed in OH-addition.
Using these values forγi , the calculatedαi values for theα-
pinene hydroxy nitrates are shown in Table 1. These agree
reasonably well with what we expect from the literature, ex-
cept for APN-B, for which we would expect theαi to be sim-
ilar to that for APN-A. Further relative branching ratio ex-
perimental studies should be pursued forα-pinene and other
monoterpenes to compare against this set of results. Addi-
tional studies of alkyl and alkene nitrates with carbon number
(CN)≥ 10 should be conducted to expand the branching ratio
information, e.g. for other terpenes and sesquiterpenes. As
this data set increases significantly, a more reliable structure-
activity relationship may be developed and tested against ob-
servations.

3.4 Total α-pinene nitrate yields

In the course of these experiments, an unidentified group
of peaks with retention times of 8.5–10 min and 11–14 min
was observed. Some of the peaks in our chromatogram may
well be from internal abstraction by an RO, to form a di-
hydroxy nitrate (Matsunaga and Ziemann, 2010). The re-
action scheme shown in Fig. 4 results in the expectation of
predicted significant yields of two other nitrates, APN-E and
APN-F (not identified here), from OH radical addition toα-
pinene. These two compounds were presumed to be present
in the chromatogram in Fig. 3. The yield of the alkoxy rad-
ical formed from radical R3 in the presence of NO could be
calculated as 0.309·(1–0.16) = 0.26. Vanhees et al. (2001)
measured the yield of campholenealdehyde as 5.5 (±0.7) %,
thus the fractional yield of the appropriate precursor peroxy
radical to APN-E is 0.26· 0.84· 0.75 = 0.16 (see Fig. 4). If
we assume that the value for the branching ratioα is 0.16,
then the yield of nitrate APN-E will be 0.16·0.16 = 0.026.
For nitrate APN-F, the yield of the alkoxy radical formed
from radical R4 in the presence of NO can be calculated as
0.185· (1–0.17) = 0.15. If the alkoxy radical produced from
R4 only follows the path shown in Fig. 4 and the value for
the branching ratioα is 0.16, then we calculate the yield for
APN-F as 0.185·(1–0.17)·0.16= 0.024.

As discussed above, the production of RO2 radicals from
abstraction of a hydrogen atom from a saturated carbon was
calculated to occur 5 % of the time, based on structure-
activity relationships. According to the relationship be-
tween the branching ratio and carbon number (Zhang et
al., 2004), α = 0.0174·CN + 0.0088, the yield of APN-G
formed from H-abstraction ofα-pinene can be calculated
as 0.05· (0.0174· 10 + 0.0088) = 0.009. We can then cal-
culate an estimate for the totalα-pinene nitrate yield as
0.009 + 0.024 + 0.026 + 0.130 = 0.19. The actual yield could
be larger to the extent that RO radical internal abstractions
occur (to produce dihydroxy nitrates). However, our estimate

Table 1. α-Pinene hydroxy nitrate data.

APN Calculated Individual Calculated
Identification Relative RO2 Yield RO2 + NO

Yield (γ ) Branching
Ratio (α)

APN-A 0.332± 0.096a 0.027± 0.011 0.08± 0.04
APN-B 0.124± 0.037 0.022± 0.008 0.18± 0.08
APN-C 0.309± 0.059 0.049± 0.019 0.16± 0.07
APN-D 0.185± 0.043 0.031± 0.013 0.17± 0.08
APN-E 0.16b 0.026b 0.16c

APN-F 0.15b 0.024b 0.16c

APN-G 0.05 0.009b 0.18b

a uncertainties are expressed as±1 s,bcalculated value,c assumed value

of 0.19 is consistent with the Nozière et al. (1999) results of
0.18 (±0.09), derived from comparison of the FTIR spec-
tra with a reference spectrum published in a previous study
that reacted NO3 directly with α-pinene (Ẅangberg et al.,
1997). However, due to the observation of several uniden-
tified peaks in GC-TSD chromatograms, it is likely that we
have not quantified all the organic nitrate products. If we hy-
pothesize that all these peaks in the chromatogram that repre-
sent primary products are organic nitrates and plot each one,
with an assumed sensitivity (as the average of theα-pinene
nitrate sensitivities), we determine the upper limit to the to-
tal organic nitrate yield as 0.29. Thus, our best estimate of
the overall yield ofα-pinene nitrates from OH reaction with
α-pinene in the presence of NO is 0.19 (+0.10/−0.06).

3.5 α-pinene nitrate lifetimes

The data obtained from the OH radical reactions with the
α-pinene hydroxy nitrates are plotted in accordance with
Eq. (1). Relative rate plots for APN-A and APN-C are
shown in Fig. 6, with toluene and benzene used as a refer-
ence compound, respectively. Very good linear correlations
were obtained, withr2

≥ 0.97 in both cases. The slopes of
the plots were obtained by least-squares fit of the entire set
of data and placed on an absolute basis using the follow-
ing rate coefficients for the reference compounds:kOH =

5.63(±0.26)×10−12 cm3 molecules−1 s−1 for toluene and
kOH = 1.22(±0.09)× 10−12 cm3 molecules−1 s−1 for ben-
zene (Atkinson and Arey, 2003a). The determinedkOH val-
ues for APN-A and APN-C were 6.6(±2.1)× 10−12 and
1.2(±0.4)× 10−12 cm3 molecule−1 s−1, respectively.

These values can be compared with the
calculated values from the EPA website
(http://www.epa.gov/opptintr/exposure/pubs/episuite.htm)
of 6.5× 10−12 cm3 molecules−1 s−1 and
1.0× 10−12 cm3 molecules−1s−1. To our knowledge,
this is the first study of the OH radical reaction with
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α-pinene hydroxy nitrates, and thus a comparison with
literature values is not possible.

The main atmospheric sinks of the hydroxyalkyl nitrates
are assumed to be gas-phase reactions with OH radicals, pho-
tolysis, and wet and dry deposition. For these compounds,
photolysis is relatively unimportant, and their removal is
dominated by OH reaction and wet deposition, depending on
atmospheric conditions (Shepson et al., 1996).

On the basis of the rate coefficients determined in this
study, the atmospheric lifetimes of the investigated hydrox-
yalkyl nitrates, with respect to their removal by reaction with
OH radicals, are derived assuming an ambient 24 h average
OH concentration of 1× 106 molecules cm−3 (Prinn et al.,
2005). The calculated average lifetime by reaction with OH
radicals is 1.9 days for APN-A and 9.6 days for APN-C. It
should be pointed out that the actual tropospheric lifetimes
against reaction with OH radicals may be longer than those
calculated here since the OH radical rate coefficients at the
typical tropospheric temperature (277 K) are expected to be
smaller than those measured during this study (296 K).

Shepson et al. (1996) indicate that the Henry’s law con-
stants for hydroxy nitrates are large enough that a significant
fraction (i.e., 10–50 %) of hydroxy nitrates would be in the
aqueous phase in cloud, and thus it is likely that rainout will
be an important removal process for these species. Here we
assume that the hydroxy nitrates are removed by wet depo-
sition as a first-order loss process. The first order removal
constant by wet deposition,kwd, is given by the following:

kwd = (RrEe(−z/Zx))/Zx[(HRT)−1
+Lwc] (4)

where Rr is the assumed annual rainfall rate, taken to be
3.2× 10−8 m s−1 (1 m yr−1), E is an enhancement factor due
to droplet evaporation (assumed to be 1.33),z is a character-
istic height for clouds (assumed to be 3.5 km),Zx is the scale
height for the species (assumed to be 1.0 km),Lwc is the di-
mensionless liquid water content of the cloud (4.2× 10−7),
andH is the Henry’s law constant. Assuming that the Henry’s
Law constant for theα-pinene hydroxyl nitrates is similar
to the average value, 5.6× 104 M atm−1 at 283 K (a typical
summer time cloudwater temperature), forβ-hydroxy alkyl
nitrates from Shepson et al. (1996) and Treves (2003), then
the calculatedkwd is 1.1× 10−6 s−1 and the calculated (av-
erage) lifetime (1/kwd) for these species is 10.5 days for re-
moval by wet deposition.

The hydroxy nitrates can also be removed from the atmo-
sphere by dry deposition. Although there is no information
in the literature on dry deposition velocities for these com-
pounds, we might expect that dry deposition rates are signif-
icant for these difunctional nitrates. Usingvd = 1.0 cm s−1,
and a scale height for these compounds of 1.0 km (as for wet
removal discussed above), the first-order removal rate con-
stant would bekDD = vd /ZX = 1.0× 10−5 s−1. Since dry de-
position is unimportant at night (Shepson et al., 1996), the
diurnal average first-order removal rate for dry deposition
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Fig. 5. Total α-pinene nitrate yield. Total [APN] is plotted vs. the loss of α-pinene over time.
The data plotted are from multiple experiments.

Fig. 6. OH rate constant data for the two α-pinene hydroxy nitrate isomers, APN-A (top), APN-C
(bottom).Fig. 6. OH rate constant data for the twoα-pinene hydroxy nitrate
isomers, APN-A (top), APN-C (bottom).

can be estimated to be 1.0× 10−5/2 = 5× 10−6 s−1. We can
now estimate the overall lifetime of these species in the at-
mosphere using Eq. (5).

τAPN = 1/(kOH[OH]+kDD +kwd) (5)

For APN-A, we have τAPN−A = [(6.6 + 5 +

1.1) × 10−6 s−1]−1
= 22 h, and 38 h for APN-C.

Interestingly, APN-D still possesses a carbon-carbon dou-
ble bond, which could, for example, react with OH radi-
cals to produce significant yields of a dihydroxy dinitrooxy
product (which would likely readily partition to the aerosol
phase). Thus, unlike for the other threeα-pinene hy-
droxy nitrates identified here, it is likely that for APN-D,
the reaction with OH and O3 will represent the most im-
portant loss route. Rate constants were calculated from
the EPA website askOH = 9.9× 10−11 cm3 molecules−1 s−1

andkO3 = 4.3× 10−16 cm3 molecules−1s−1. Thus the atmo-
spheric lifetime, calculated as 1/(kOH[OH] + kO3[O3]), for
APN-D, where we assume [O3] = 1×1012 molecules cm−3,
is 0.5 h. Thus we expect that, under most atmospheric condi-
tions, APN-D will be unimportant as an organic nitrate, com-
pared to its oxidation products (which are likely to retain the
nitrooxy group).

4 Conclusions

The production ofα-pinene hydroxy nitrates in the presence
of OH can sequester NOx and transport it to the regional tro-
posphere. The relatively long residence time of individual
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APNs (0.5–38 h) in the atmosphere makes it appropriate to
include in regional and global atmospheric chemistry mod-
els. The reaction of OH radicals withα-pinene can produce
at least seven organic nitrates, which will likely partition
to the aerosol phase, as observed by Rollins et al. (2010b).
Fourα-pinene hydroxy nitrates were identified in the smog
chamber experiments and reported here: 2-hydroxypinene-
3-nitrate (APN-A), 3-hydroxypinene-2-nitrate (APN-B), 6-
hydroxy -1,7,7-trimethyl bicyclo[2.2.1]heptan-2-yl nitrate
(APN-C), and 6-hydroxymenthen-8-nitrate (APN-D). These
studies suggest that a variety of organic nitrates and/or sec-
ondary organic nitrates could be formed in the gas phase
and serve as a reservoir for NOx. The individual α-
pinene hydroxy nitrate yields from reaction of OH rad-
ical with α-pinene in the presence of NO were as fol-
lows: 0.027(±0.011) for APN-A, 0.022(±0.008) for APN-
B, 0.049(±0.019) for APN-C, and 0.031(±0.013) for APN-
D. However, the total organic nitrate yield is estimated to be
0.19(+0.10/−0.06). The atmospheric lifetimes of these ni-
trates are on the order of hours to days, making it possible
for them to contribute to NOy and atmospheric transport of
nitrogen. Furthermore, they may contribute significantly to
aerosol mass, and especially for APN-D, could react further
in the aerosol phase, e.g. with sulfate radicals, SO−

4 , as dis-
cussed by Nozière et al. (2010). In the future, we intend to
measure the concentration ofα-pinene hydroxy nitrates in
the aerosol phase and their gas/particle partitioning coeffi-
cients as well as the free NO2 yield from OH reaction with
theα-pinene nitrates.
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