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Hydroxyl radical-induced formation of highly
oxidized organic compounds
Torsten Berndt1, Stefanie Richters1, Tuija Jokinen2, Noora Hyttinen3, Theo Kurte´n3, Rasmus V. Otkjær4,

Henrik G. Kjaergaard4, Frank Stratmann1, Hartmut Herrmann1, Mikko Sipila¨2, Markku Kulmala2 & Mikael Ehn2

Explaining the formation of secondary organic aerosol is an intriguing question in atmospheric

sciences because of its importance for Earth•s radiation budget and the associated effects on

health and ecosystems. A breakthrough was recently achieved in the understanding of

secondary organic aerosol formation from ozone reactions of biogenic emissions by the rapid

formation of highly oxidized multifunctional organic compounds via autoxidation. However,

the important daytime hydroxyl radical reactions have been considered to be less important

in this process. Here we report measurements on the reaction of hydroxyl radicals witha- and

b-pinene applying improved mass spectrometric methods. Our laboratory results prove that

the formation of highly oxidized products from hydroxyl radical reactions proceeds with

considerably higher yields than previously reported. Field measurements support these

“ndings. Our results allow for a better description of the diurnal behaviour of the highly

oxidized product formation and subsequent secondary organic aerosol formation in the

atmosphere.
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Atmospheric aerosol particles play important roles in the
climate1,2, human health3 and ecosystems. It is known
that a dominant source of atmospheric aerosol particles is

formation via oxidation of inorganic (for example, SO2) and
organic (for example,a- and b-pinene) precursor gases resulting
in low vapour pressure reaction products4. However, both
fundamental and quantitative knowledge, especially concerning
the chemical pathways leading to the formation of aerosol
particles from organic precursor gases, are still missing.

Ehn et al.5 conclusively demonstrated the formation of highly
oxidized multifunctional organic compounds (HOMs) from the
ozonolysis ofa-pinene and their importance to secondary organic
aerosol (SOA) formation. HOMs can be partly classi“ed as
extremely low-volatility organic compounds6 due to the expected
low vapour pressures. The remaining fraction can be attributed to
low- or semi-volatile organic compounds. An exact determination
of the vapour pressure of HOMs is currently impossible
preventing a more accurate classi“cation. The HOM detection
became feasible by the latest developments of online mass
spectrometric techniques7,8. Other terpene ozonolysis studies9…11,
using the same detection technique, have con“rmed the “ndings
by Ehn et al.5 and discovered that HOM formation with up to
12 O atoms in the molecules proceeds on a time scale of seconds
at atmospheric reactant concentrations. More recently, “rst
indications for the presence of HOMs froma-pinene ozonolysis
were found in the particle phase12.

The above observations suggest that especially the ozone
reaction with terpenes is responsible for rapidly formed low-
volatility SOA precursors. Up to now, laboratory studies5,9,10,
all using the nitrate ionization technique, indicate a minor
importance of OH radical-driven HOM generation compared
with ozonolysis. Estimated molar HOM yields ofo 1% (ref. 5)
and 0:44þ 0:44

� 0:22%(ref.10) from OHþ a-pinene are reported using
total signal measurements, that is, all appearing signals in a
selected mass-to-charge range were taken into account without a
speci“cation of the respective reaction product. Atmospheric
measurements, however, point to dominant particle formation
and growth during daytime, indicating that there must be a large
source of low-volatility organic species that is connected to the
photochemistry4. The most important daytime oxidant in the
atmosphere is the OH radical, whereas nighttime oxidation is
dominated by ozone and the NO3 radical13.

The present work represents a speci“c study on HOM
formation from the OH radical initiated oxidation of the
most abundant monoterpenes emitted by vegetation,a- and
b-pinene14. We measure the •early• HOMs, that is, the highly
oxidized RO2 radicals, which represent the intermediates “nally
forming closed-shell HOMs in the atmosphere via different
reaction pathways. These reaction pathways are, for example,
bimolecular reactions with NO, NO2, HO2 and other RO2 radicals
or unimolecular reaction steps13. We “nd that these RO2 radicals
can be detected with good sensitivity9,15, enhancing our ability to
understand the HOM formation process in more detail.
In our experiments designed to probe the highly oxidized
RO2 radical generation, consecutive bimolecular RO2 radical
reactions are unimportant because of low concentrations
(o 107 molecules cm� 3) and short reaction times in the range
of 3.0…7.9 s. The HOM detection is carried out by means of
chemical ionization…atmospheric pressure interface…time-of-
”ight (CI-APi-TOF) mass spectrometry (Airmodus, Tofwerk)
with a detection limit ofB 104 molecules cm� 3. A recent study
indicated that nitrate ionization, the technique used in almost all
HOM studies so far, may not be sensitive to all key HOM
compounds15. Therefore, the experimental approach applied
here comprises a set of four different reagent ions for
product identi“cation, that is, nitrate (NO3� ), lactate

(CH3CH(OH)COO� ), pyruvate (CH3C(O)COO� ) and acetate
(CH3COO� ), to probe the ion-speci“c detection ef“ciency. The
investigations are conducted in a free-jet ”ow system at 295± 2 K
and at atmospheric pressure15. Additional experiments with
elevated HO2 and RO2 radical concentrations or NO additions
are conducted, to probe qualitatively the closed-shell HOM
formation starting from the highly oxidized RO2 radicals.
In conclusion, our results show the importance of the OH
radical-induced formation of HOMs from monoterpenes. This
“nding allows a better description of the diurnal cycle of SOA
formation by available HOMs formed either from the ozonolysis
or via OH radical reactions.

Results
Reagent ion-dependent detection ef“ciency. In the experiments,
a strong enhancement of the signals attributed to the OH radical-
derived highly oxidized RO2 radicals occurred after switching the
reagent ion from nitrate to lactate, pyruvate or acetate. All
detected RO2 radicals were exclusively formed in the ”ow system
as shown by experiments for characterizing the measurement
system, (Supplementary Figs 1…3 and Supplementary Note 1).
The spectra in Fig. 1a,b show the comparison of results from
the ozonolysis of a-pinene (simultaneous O3 and OH
radical reaction) and from the pure OHþ a-pinene reaction,
respectively, using either nitrate or acetate for ionization. The
occurrence of the strong signal at nominal 308 Th using acetate
ionization (at nominal 311 Th for nitrate ionization) in both sets
of experiments demonstrates that this product is formed from the
OH radical attack ona-pinene without a contribution of
any ozone reactions. In contrast to the OH radical-derived
RO2 radicals, the signal strength of RO2 radicals from
the simultaneous O3þ a-pinene reaction remained almost
unchanged switching from nitrate to acetate (Fig. 1a). A strong
signal at nominal 308 Th appeared also in the case of the
OH þ b-pinene reaction using acetate ionization, in line with the
“ndings from thea-pinene system (Supplementary Fig. 4).

The predominant signal of the OH radical-derived RO2
radicals, observed by means of all four reagent ions, is consistent
with the elemental formula HO-C10H16O6. Experiments in the
presence of heavy water allow the determination of acidic H
atoms in the molecules (equal to the number of OH and OOH
groups) by H/D exchange measuring the resulting signal shift
in the mass spectrum16, (Supplementary Fig. 5). The analysis
revealed two acidic H atoms in HO-C10H16O6, indicating a
chemical composition ofHO-C10H15(OO)(OOH)O2. Another
composition of this species, including other functional groups
such as ether or carboxylic groups, is implausible and would be
contrary to the current knowledge of possible elementary steps in
these reaction systems5,9,11,15,16. It should be noted that there is
one acidic H atom less than expected, if all inserted O2 into the
molecule (beside the peroxy O2 of the RO2 radical) were present
as OOH groups9,15,16. It can be speculated that the additional
•(OO)• group stands for an endo-peroxide generated via
ring closure of an unsaturated RO2 radical. Such a process
was predicted by theoretical calculations17 and qualitatively
con“rmed by a product study from a chamber experiment18.
The initial, unsaturated RO2 radicals, species4 and7, are formed
from the OH radical reaction ofa- andb-pinene with high yields
(Fig. 2)19,20. Possible reaction pathways for the generation of the
highly oxidized RO2 radicals from the OHþ a-pinene reaction
have been proposed (Supplementary Figs 6…9). The pathways
include an initial intramolecular H-shift5,9,15,16,21, followed by O2
addition leading to RO2 radicals with “ve O atoms. Then a very
rapid H-shift involving the OOH group22 takes place followed by
an endo-cyclization and a next O2 addition to get the RO2
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radicals19, 20 and 29 containing seven O atoms each. Based on
quantum chemical calculations (Supplementary Tables 1…3 and
Supplementary Note 2), the RO2 radicals19, 20 and 29, all with
the chemical composition HO-C10H15(OO)(OOH)O2, can be
formed on a seconds time scale starting from the RO2 radical4 as
illustrated in a simpli“ed way in Fig. 2b. The calculations
furthermore indicate that19, 20 and29 are relatively stable with
respect to further isomerization steps (H-shifts). Forb-pinene,
similar reaction steps are assumed. An additional minor
signal appeared in theb-pinene spectra that was attributed to
HO-C10H16O8 (Supplementary Fig. 4). A composition
HO-C10H14(OO)(OOH)2O2 can be assumed based on the H/D
exchange results, which indicated three acidic H atoms in the
molecule. It should be noted that the reaction sequence of RO2
radical isomerization (H-shift or cyclization) followed by O2
addition (Fig. 2) represents a reaction principle well known in
low-temperature combustion chemistry23.

Estimated molar HOM yields. The estimated RO2 radical
concentrations for both terpenes as a function of reacteda- and
b-pinene gave a linear response for terpene conversions smaller
than 4� 108 molecules cm� 3 (Fig. 3). This behaviour con“rmed
the absence of signi“cant bimolecular RO2 radical reactions for
these experimental conditions. Different measurement series
(I…III) revealed consistent and reproducible results. The stated
radical concentrations, and consequently the yields, represent
estimated lower end values for the different ionization schemes.
Resulting molar yields of highly oxidized RO2 radicals from
OH þ a-pinene are 2.4± 0.1% (acetate ionization) and
0.052± 0.006% (nitrate ionization). The corresponding values for
OH þ b-pinene are 0.90± 0.03% and 0.022± 0.001%, respec-
tively. Given error limits comprise statistical errors only.

The estimated RO2 radical yields deduced from nitrate
ionization are about a factor of 40 smaller than those from
acetate ionization pointing to more stable (OH-RO2) � acetate
adducts compared with the corresponding nitrate adducts. (Note:
the factor of 40 is substance speci“c and not generally valid.)
Theoretical calculations on the cluster stability of model RO2
radicals with nitrate or acetate have been performed, which
support the experimental “ndings of this study (Supplementary
Figs 10 and 11, Supplementary Table 4 and Supplementary

Note 3). When comparing the experiments using ionization
by lactate and pyruvate with those applying acetate, the results
differ by a factor smaller than two, indicating similar cluster
stabilities for the organic reagent ions. In the case of the
ozonolysis-derived RO2 radicals, the four reagent ions yielded
almost the same sensitivities within a factor of 1.6
(Supplementary Fig. 12).

Additional runs with NO and increased RO2 concentrations.
Furthermore, we tested the reactivity of the detected RO2 radicals
from the OHþ a-pinene reaction towards NO and measured the
resulting product formation for atmospherically relevant NO
concentrations of (5.6…280)� 108 molecules cm� 3 (Supplementary
Fig. 13). An increasing signal, HO-C10H15(OO)(OOH)ONO2,
appeared with rising NO concentrations according to the organic
nitrate formation via RO2þ NO- RONO2 starting from
HO-C10H15(OO)(OOH)O2 (refs 9,15,24). Other signals were
tentatively attributed to reaction products of the corresponding
alkoxy radical, HO-C10H15(OO)(OOH)O, formed in a parallel
way via RO2þ NO- ROþ NO2. The total amount of products
indicates that the HO-C10H15(OO)(OOH)O2 radical formation
was not disturbed by the NO additions (Supplementary Fig. 13
and Supplementary Note 4). Thus, the RO2 isomerization steps
leading to HO-C10H15(OO)(OOH)O2 must be faster than the
corresponding RO2 reactions with NO, which proceed with
pseudo “rst-order rate coef“cients of up to 0.28 s� 1. This esti-
mate assumes a rate coef“cientk(NO þ RO2) of 1� 10� 11cm3

per molecule per second24. Consequently, the rate coef“cients of
the RO2 isomerization steps forming the RO2 radicals19, 20 and
29 must be larger than 0.28 s� 1 in line with the results of
theoretical calculations.

H2O2 photolysis experiments with increased reactant con-
centrations were conducted in the TROPOS ”ow tube25. For
OH þ a-pinene, the product formation from the reaction of the
highly oxidized RO2 radicals with HO2 and other RO2 radicals
were studied (Supplementary Fig. 14a,b). The analysis of the
mass spectra recorded for different RO2/HO2 ratios allowed
a qualitative description of the respective reaction products.
The reaction of HO-C10H15(OO)(OOH)O2 with HO2 yielded the
corresponding hydroperoxide according to RO2þ HO2-
ROOHþ O2. The main product from the reaction with other

300 320 340 360

RO2 adducts from ozonolysis

HO-C10H15(OO)(OOH)O2

Io
n 

co
un

ts
 (

s–1
)

Mass / charge (Th)

HO-C10H15(OO)(OOH)O2

Nitrate

Acetate

300 320 340 360

0

1

2

3

4

5

0

1

2

3

4

5

Mass / charge (Th)

a b
Simultaneous O3 and OH radical reaction Pure OH radical reaction

Figure 1 | Recorded mass spectra using acetate or nitrate for ionization.The detected RO2 radicals from the oxidation ofa-pinene appear as adducts
with the reagent ions. Signals of nitrate adducts (black) are shifted by three mass units compared to the corresponding acetate adduct signals (red).
The spectra obtained with acetate ionization are offset by 1.5 s� 1for more clarity. The reaction time in all experiments was 7.9 s. (a) Spectra obtained from
a-pinene ozonolysis for identical conditions [O3] ¼6.1� 1011and [a-pinene]¼1.0� 1012molecules cm� 3. Simultaneous O3 and OH radical reaction takes
place due to OH radical production from ozonolysis. (b) Spectra from the pure OHþ a-pinene reaction using H2O2 photolysis for OH radical formation,
[H2O2]B 1� 1014 and [a-pinene]¼5.0 � 1012 molecules cm� 3. The signal at nominal 309 Th (“rst isotope signal of the RO2 radical) can be partly
in”uenced by the corresponding hydroperoxide.
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RO2 radicals was a species with� 15 nominal mass units
compared with the precursor RO2 radical, probably
HO-C10H15(OO)(OOH)OH. In the mass spectra also signals of
C20 accretion products5,9,11,15,16appeared, which are consistent
with the chemical formulas C20H34O8, C20H34O10 and C20H34O12
(Supplementary Fig. 14b). Their formation can be mechanistically
explained via RO2þ R0O2- ROOR0þ O2. RO2 and R0O2
represent the peroxy radicals from the OHþ a-pinene reaction,
which contain either three (species3, 4 or 5), “ve (species12, 13
or 14) or seven O atoms (species19, 20 or 29).

We calculated the vapour pressure of three closed-shell C10
HOMs formed from the reaction of HO-C10H15(OO)(OOH)O2

radicals with HO2, NO or other RO2 radicals using the increment
method SIMPOL.1 (ref. 26) and the COSMO-RS approach27. All
the estimated vapour pressures of the C10 products were below
10� 9atm at 295 K. Vapour pressures below 10� 15atm were
determined for the C20 accretion products applying solely the
SIMPOL.1 method26 (Supplementary Table 5 and Supplementary
Note 5). Thus, these highly oxidized products have a low volatility
(and are water soluble) and can effectively condense on surfaces.
Recently, SOA yields of 17…26% from low-NOa-pinene
photooxidation experiments in the Caltech chamber were
reported being independent of OH exposure28. This “nding was
not in line with SOA modelling results for this reaction system,
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Figure 2 | Proposed reaction scheme for the formation of highly oxidized RO2 radicals. (a) Formation of “rst RO2 radicals from atmospheric OH radical
reaction ofa- andb-pinene. (b) Possible structures of highly oxidized RO2 radicals19, 20 and29, HO-C10H15(OO)(OOH)O2, formed from RO2 radical4 via
a reaction sequence of isomerization steps (H-shift and cyclization) followed by O2 addition. Branching ratios stated ina were taken from refs 19,20.
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Figure 3 | Estimated RO2 radical concentrations as a function of reacteda- and b-pinene.The given concentrations for the different reagent ions were
obtained using a calibration factor from absolute sulphuric acid calibration that is in line with the calculated, lower end calibration factor of an ion-molecule
reaction. Reagent ions (colour coding): nitrate (black), lactate (green), pyruvate (blue) and acetate (red). The reaction time in all experiments was 7.9 s.
(a) a-Pinene reaction: series I and II from acetate ionization and the results from the other reagent ions were obtained froma-pinene ozonolysis with OH
radical formation via O3 þ a-pinene. [O3] ¼6.1� 1011and [a-pinene]¼(1.2…81)� 1010 molecules cm� 3. Series III (acetate ionization) shows “ndings from
combined TME/a-pinene ozonolysis. O3 þ TME generates additional OH radicals. [O3] ¼9.1� 1011, [TME] ¼(1.8…110)� 109, [a-pinene]¼1.0� 1011

molecules cm� 3. (b) b-Pinene reaction: combined TME/b-pinene ozonolysis with preferred OH radical formation via the O3 þ TME reaction,
[O3] ¼9.1� 1011, [TME] ¼(1.8…95)� 109, [b-pinene]¼1.05� 1011molecules cm� 3.
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