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Abstract: Gas-phase oxidation routes of biogenic emissions,
mainly isoprene and monoterpenes, in the atmosphere are still
the subject of intensive research with special attention being
paid to the formation of aerosol constituents. This laboratory
study shows that the most abundant monoterpenes (limonene
and a-pinene) form highly oxidized RO, radicals with up to 12
O atoms, along with related closed-shell products, within a few
seconds after the initial attack of ozone or OH radicals. The
overall process, an intramolecular ROO—QOOH reaction
and subsequent O, addition generating a next R’ OO radical, is
similar to the well-known autoxidation processes in the liquid
phase (QOOH stands for a hydroperoxyalkyl radical). Field
measurements show the relevance of this process to atmos-
pheric chemistry. Thus, the well-known reaction principle of
autoxidation is also applicable to the atmospheric gas-phase
oxidation of hydrocarbons leading to extremely low-volatility
products which contribute to organic aerosol mass and hence
influence the aerosol-cloud—climate system.

Autoxidation processes, that is, the oxidation of hydro-
carbons by atmospheric oxygen, take place readily in the
liquid phase, and such processes have been known since their
discovery in 1875.11 In this free-radical-chain process, once
a free alkyl radical is formed by any initiation step, it reacts
with O, and forms an RO, radical. The RO, radical then
undergoes inter- or intramolecular H-abstraction, producing
a hydroperoxide and the next alkyl radical that can propagate
the chain process. Further reactions of the hydroperoxides
lead to alcohols, aldehydes, ketones, and carboxylic acids.”!
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Autoxidation processes have been thought to be unim-
portant for the atmospheric gas-phase oxidation of hydro-
carbons. This is because the chain propagation via intermo-
lecular H-abstraction is highly unlikely due to the very low
concentrations of hydrocarbons in the atmosphere (at most
only a few ppbV). Furthermore, the intramolecular H-shift
reaction, ROO—QOOH, becomes important only if rela-
tively weak C—H bonds are available in the molecule, and
then it is competitive with bimolecular reactions of the RO,
radicals with NO, HO,, and other RO, radicals (QOOH
stands for a hydroperoxyalkyl radical).’) Very recently, Ehn
etal.™ observed the formation of extremely low-volatility
organic compounds (ELVOCs) from atmospheric measure-
ments in a boreal forest and from the oxidation of a-pinene in
a smog chamber. The ELVOC:s are believed to contain OOH
groups and their means of formation was assumed to be
similar to an autoxidation process.

In this study, we performed comprehensive measurements
of the oxidation products from the ozonolysis of limonene and
a-pinene (including the OH radical reaction) over a wide
range of alkene concentrations (atmospheric and higher) in
an atmospheric-pressure flow tube.’! Product formation
(radicals and closed-shell species) was followed by means of
NO; -CI-APi-TOF mass spectrometry,’® which has been used
to efficiently detect highly oxidized compounds as NO;~
adducts.® A detailed description of the experimental
approach is given in the Supporting Information.

Figure 1 shows the concentrations of the most abundant
RO, radicals (in red) and the closed-shell products (in black
and blue) formed during ozonolysis experiments of the
studied monoterpenes in our flow tube. Identical signals
with the same elemental composition were detected from
limonene and a-pinene due to the structural similarity of the
reactants. For limonene, the attack of ozone takes place
predominantly on the endocyclic double bond,”* and for a-
pinene it is the only reactive site. The formation of closed-
shell C;, and C,, products (called monomers and dimers,
respectively) appeared to be more effective in the limonene
system than in the a-pinene system for a given RO,
concentration level. The complete set of product spectra
from both alkenes is given in Figure S1. Since OH radicals are
inevitably formed in the course of the gas-phase ozonolysis of
alkenes through the unimolecular decomposition of Criegee
intermediates,” the product spectra comprise signals of the
products formed in the OH radical-monoterpene reaction as
well. A distinction was made possible in later experiments by
applying OH radical scavengers.
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Figure 1. Concentrations of selected, highly oxidized products from the
ozonolysis of a) limonene and b) a-pinene as a function of the alkene
concentration; [O5]=6.5x 10" moleculescm™, reaction time 39.5s. In
red, the most abundant RO, radicals CyoH;5s05 and CoH;50;4 (O,0-
CioH15_«(OOH),0, for x=2 and 3); in black, the closed-shell products
CyoH 1407 and Cy4H,,04 (monomers); and in blue, the dimers CyH;,04,
and CyH30056.

The signals assigned to RO, radicals were confirmed in
experiments with NO addition in which the known products
from the RO, + NO, reaction, organic nitrates and peroxyni-
trates, were detected.'’ RONO, formation yields of 32 % and
27% (RO,+NO—RONO,) were determined for the two
most abundant RO, radicals, C,,H;505 and C,H;50,,, respec-
tively (see Figure S2 in the Supporting Information).

A series of experiments with limonene were conducted to
gain deeper insight into the formation of the highly oxidized
products. First, the ozonolysis reaction was performed using
either heavy ozone ('*0;) or regular ozone ('°O,) (see
Figure S3). When '®0, was used instead of '°O;, all the main
peaks shifted by four mass units indicating that two O atoms
from the attacking ozone are bound in these products. We
reported a similar finding earlier for a-pinene ozonolysis in
our flow tube.™™ The oxidation products from the 'OH-
initiated reaction with limonene are expected to show a shift
by two mass units (products from OH addition on limonene)
compared to the products from the 'YOH reaction. These
peaks were found by comparing the '®0,/'°O; mass spectra,
but they had low intensities. The detected signals with odd
mass-to-charge numbers and two O atoms from the attacking
ozone are consistent with the RO, radical formula O,O-
CoH;5_((OOH),0,, x=1-4, showing differences of
31.9898 Th (two O atoms) each (“O,0” stands for two O
atoms arising from ozone; the Thomson (Th) unit, which is
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not recognized by ITUPAP or IUPAC, is a unit of m/z, where
1 Th=1 u/e). Their formation can be explained by starting
from the Criegee intermediates 2a and 2b after splitting off
OH (Scheme 1a). The formed alkyl radicals 3a-3 ¢ react with
O, producing the corresponding RO, radicals 4a—4¢. Sub-
sequent progress of the autoxidation process, that is, intra-
molecular H abstraction and subsequent O, addition, results
in an increase in x. Scheme 1b shows an example of this
reaction sequence starting from 4c.

The relatively weak signals attributed to the OH-initiated
RO, formation are consistent with the formula HO—C,\H¢_,-
(OOH),0,, x =2-4, again with a difference of 31.9898 Th
between successive members in the series. The initial steps of
the OH radical reaction with limonene are shown in
Scheme 1c. The further autoxidation process proceeds in
analogy to the reaction of 4¢ in Scheme 1b. Our experiments
in the absence/presence of OH radical scavenger (H, or C;Hy)
confirmed the assignment of the RO, radicals either to
ozonolysis or to the OH-driven formation (Figure 2): only the
signals attributed to HO—C,(H;,_,(OOH),0O, radicals from
the OH-initiated oxidation decreased in the presence of H, or
C;Hg, whereas the O,0-C; H;5_,(OOH),O, radical signals
from the ozonolysis remained unaffected.
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Figure 2. Concentrations of RO, radicals in the absence/presence of
an OH radical scavenger; [limonene]=5.0x10',

[0]=5.8x 10" moleculescm™, and if used [H,]=8.2x10'® or
[CsHg] =1.6x 10" molecules cm ™ scavenging more than 98 % of the
OH radicals, reaction time: 8.3 s.

The temporal behavior of the RO, radicals and the
formation of closed-shell products was investigated for close
to atmospheric reactant concentrations over a range of
reaction times between 8.3 and 39.5s. Figure 3 depicts the
time dependence of the concentration of the O,0-C,(Hs_,-
(OOH),0, and HO—C,(H;,_,(OOH),0O, radicals as well as of
selected closed-shell monomers and dimers.

All RO, radical concentrations increased with time (Fig-
ure 3a), whereas the relative concentration ratios were almost
constant after about 10 s or even sooner. This demonstrates
the fast conversion of an RO, radical to the next one on a time
scale of a few seconds or less. The complexity of the reaction
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Scheme 1. Formation of RO, radicals from the O;- and OH-initiated oxidation of limonene. a) First steps of ozonolysis, only the O, attack at the
most reactive, endocyclic double bond is considered.”® b) Example of a reversible intramolecular H-abstraction step (ROO —QOOH) starting
from 4c followed by the subsequent addition of O,. c) First steps of the OH radical reaction, branching ratios from Ref. [7].

system does not, however, allow a more precise determination
of the RO, interconversion Kinetics.

By changing the O, concentration, we tested whether the
rate of the back reaction QOOH—ROO (e.g. 5a—4c) can be
competitive with the rate of the O, addition on QOOH (e.g.
5a+ 0O,—6a). Notable changes (up to a factor of two) in the
RO, concentrations were measured when the O, concentra-
tion was decreased by a factor of three from atmospheric
conditions, while reduction of the O, concentration by
a factor of 300 influenced substantially the product formation
(see Figure S4). This observation indicates that even in the
atmosphere with [O,] =5.2 x 10" moleculescm >, the fate of
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QOOH is not exclusively governed by the reaction with O,.
The rate coefficient of the back reactions, QOOH—ROO,
can be on the same order of magnitude as ko,[O,] =5.2x
10°s™" (ko,= 10" cm’molecule 's )"l for QOOH + O, —
R’O,. This finding is in line with results from calculations of
the rate coefficient for the back reaction which gave of up to
10® s~! for different reaction systems.?

The formation of closed-shell monomers (Figure 3b) can
formally be explained by a loss of one O atom and one H
atom starting from the corresponding O,0-CH;s_,-
(OOH),0, radical, for example, C,;H;;0, from the RO,
radical with x=2 etc. The loss of one O atom and one H
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Figure 3. Plot of product formation versus reaction time. a) RO, radicals from the ozone (O,0-C,,H;_,(OOH),0, for x=1-4) and OH radical
reaction (HO—CyoHs6_,(OOH),0, for x=2-4); [limonene] =5.0x 10", [0;]=5.5x10"" molecules cm™. The signal of HO—CyoH;5(OOH)O, was too
small for a reliable determination of its concentration. b) Most abundant closed-shell products with a C;, skeleton (monomers) and a C,, skeleton
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(dimers) from the same measurement series as given in (a); values multiplied by 10.

atom can take place via two routes with it being difficult to
deduce conclusively the contributions of the two options to

monomer generation based on our findings:

1) a unimolecular reaction in which an OH radical is split off

(Scheme S1a)B

2) the reaction of O,0-C,(H;5s_,(OOH),0O, with all other RO,
radicals, forming O,0-C;(H;5_,(OOH),O. The subsequent
reaction of this alkoxy radical with O, generates HO, and
a carbonyl O,0-C,(H,, ,O(OOH), (C;,H,0;, C;;H;,Oo,

" 3 o
concentration (molecules cm™) =

O
-

0, (molecules cm )

Figure 4. Field measurements in Melpitz (July 21, 2013) and Hyytidld (March 31, 2011). The measurement sites are close to (Melpitz) or within
(Hyytidld) forested areas. Panels a) and b) show the time series for the most important highly oxidized RO, radicals from the ozone- (O,0-

1%10" -

1%10"

5x10""

04

10 13

__0,0-C H,(OOH),0,

HO-C H,,(OOH),0,

“ 10° 14

i

!

[
A
(gt
‘

technical service

7
000000000°

%,
'0oo000co 0

00:00 04:00 08:00 12:00 16:00 20:00 24:00

time (hh:mm)

800
600

400
\

200

etc.); decomposition or isomerization of the alkoxy radical

reaction time (s)

can also occur (Scheme S1b).[*!

The formation of the dimers C,,H;,0,, and C,jH;,O;¢ can
be envisaged as the formal dimerization of the corresponding
OOH-group-containing RO, radicals via the reaction RO, +
R'O,—ROOR’'+ O,. In this context, the most abundant
dimer, C,jH3,0,4, can be explained as a product of the most
abundant OOH-group-containing RO, radical, O,0-C,H;s-
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CyoH13(O0H),0,) and OH-initiated (HO—C;,H,,(OOH),0,) reactions of limonene and a-pinene. In panels c) and d) the corresponding

concentrations of ozone (blue data points) and the global radiation (black data points) are plotted. Global radiation (GR) stands as a proxy for
the OH radical concentration assuming that photochemical OH production dominates. Measurements of highly oxidized RO, radicals in Melpitz

were carried out with a NO; -CI-APi-TOF mass spectrometer as described in this work and in Hyytiald as described by Jokinen et al.”
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(OOH),0, (CjyH;505). From the heavy-ozone experiments,
we concluded that these C,, dimers contain four O atoms
from heavy ozone, supporting the proposed dimer-formation
mechanism.

Field measurements at the TROPOS research site in
Melpitz,'! Germany, and the SMEAR 1II station in Hyy-
tidla,"™ Finland, were carried out in order to assess the
importance of these laboratory findings under atmospheric
conditions. All signals identified in our laboratory investiga-
tions were also detected in the field measurements. The most
abundant, highly oxidized RO, radicals, O,0-C,;H;;-
(OOH),0, and HO—C,;H,4,(OOH),0,, reached peak concen-
trations of a few 10" moleculescm™ (Figure 4a,b). Their
concentration profile followed roughly the diurnal behavior
of O; and OH radicals (Figure 4c,d), depending on the
availability of the monoterpenes as the other reactant.

Thus, the results from the field measurements confirm the
laboratory findings and prove the importance of the old
reaction principle of autoxidation for the oxidation of hydro-
carbons in the atmosphere. The formed, highly oxidized RO,
radicals and, subsequent closed-shell products are expected to
have extremely low volatilities. For this reason, they are
crucial for the growth of atmospheric aerosols and thereby
influence aerosol-cloud—climate interactions. The highly
oxidized organic nitrates, detected in high yields from
RO, + NO, are probably important in the formation of new
particles as well.'>) Much more experimental work as well as
modeling studies are needed for a better understanding of this
autoxidation mechanism and its importance for atmospheric
processes.
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