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The supplementary information includes: 

Description of: the experimental set up, mass spectrometer and list of experiments (Table S1). Information on the 

development of the MCM kinetic model add-on, evaluation of the HOM collision rate and the derivation of 

reaction rate constants (Table S2, S3, S4). Graphical Presentations of the autoxidation schemes (Scheme S1, S2, 

S3) and radical fragmentation (Scheme 4, 5). Simulated RO2 and HO2 concentrations (Figure S1).   

 

 

Experimental SI. The CLOUD chamber is a 3 m diameter, 26.1 m
3
 volume electro polished stainless-steel 

continuously stirred-tank reactor. In order to ensure highest cleanliness standards before starting the experiments, 

we follow a cleaning protocol, which consists of rinsing the chamber walls with ultra-clean water, and thereafter 

increasing the temperature up to 373 K and exposing the chamber to few ppmv of O3 while continuously flushing 

it with clean air. Synthetic air is produced by evaporation of cryogenic nitrogen and oxygen, and humidification is 

done using ultra-clean water (Millipore Super-Q filters). α-Pinene (Sigma Aldrich 99%) was injected from a 

temperature-controlled evaporator using N2 as a carrier gas. Furthermore, the chamber is always operated with 5 

mbar overpressure. The combination of these measures ensures extremely low levels of contamination with 

organic vapours in the sub-pptv level.
1
 Further information regarding the CLOUD chamber and instrumentation is 

available from our previous publications.
1,2

  

 

Gas phase HOM from AP ozonolysis were detected with a nitrate chemical ionization mass spectrometer (nitrate-

CIMS).
3,4

 The instrument was initially developed to detect gas phase sulphuric acid and turned out to be very 

selective for HOM detection.
5
 Nitric acid vapour is ionized by a corona discharge and nitrate ions are then mixed 

due to an electrostatic field with the sample flow from the CLOUD chamber. Analyte detection occurs via the 

following reactions; 

A + NO3
-
·(HNO3)n → A·NO3

-
 + nHNO3 RS 1 

A + NO3
-
·(HNO3)n → A

-
 + (n+1)HNO3 RS 2 

where n in the nitrate-nitric acid anion clusters can vary from 0 to 2. The analyte (A) can be detected as an adduct 

with the nitrate ion (RS 1) or as a deprotonated anion (RS 2). The formed ions are transferred to a time-of-flight 

mass analyser (ToF) via 2 quadrupoles and an ion lens set. In the atmospheric pressure interface the air pressure is 

gradually reduced using a scroll pump and a 3-stage turbo molecular pump
6
 from the inlet ambient pressure to the 

ToF section (~ 10
-6

 mbar).  

In one experiment (run 1212.02) nitric acid was replaced with isotopically labeled 
15

N nitric acid. For convenience 

all ions are reported here without the isotope label.  

 

 

 

Master Chemical Mechanism HOM add-on, SI. The model was run with the conditions of the CLOUD 

chamber, i.e. a dilution rate of 1·10
-4

 s
-1

 and typical wall loss rates for HOM species of 1.1·10
-3

 s
-1

.
1
 AP and ozone 
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were constrained to the measured values. The condensational sink of HOM to aerosol is thought to become 

important only at very high APreact and extended duration of the experiment, when particles grow to sufficient size 

to provide a substantial sink; its implementation is therefore outside the scope of this work. Therefore, the 

condensation sink of HOM to the particles is not included in the simulation. We tuned the reaction rate constants 

in a heuristic way to achieve good agreement with the experimental data. A more objective fine tuning of the rate 

constants could be achieved with algorithmic methods, but is beyond the work presented here.  

 

 

HOM collision rate SI. The HOM collisional rate was calculated for the radicals C10H15O5-10. The structures of 

the 6 HOM radicals were selected as suggested by Kirkby et al.
1
. They were optimized with Avogadro

7
 by using 

MMF94. Collisional cross sections were obtained by using the software Sigma
8
. Values span between 95.1 and 

106.3 Å
2
, which correspond to a collision rate between 9.0 10

-10
 and 8.5 10

-10
 cm

3
 molecule

-1
 s

-1
. 

 

 

RO2 reactions. The reaction rate constant for reaction R4a from the graphs in Figure.5 were derived as following: 

The three pathways to C10H14Ox are either via unimolecular decomposition of the peroxy radical (R2) or via 

reaction of the C10H15Ox radicals with any other RO2 either by reaction (R4a) or the alkoxy channel (R5). The rate 

determining step of the alkoxy channel is the alkoxy formation (R4b) which is followed by reaction R5 to the 

carbonyl compound as well as isomerization or decomposition (R6). For large and highly oxygenated compounds 

the latter two channels dominate and only a minor fraction α will take reaction path R5. 

𝑑[𝐶10𝐻14𝑂𝑜𝑑𝑑]

𝑑𝑡
= 𝑘4𝑎[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛][𝑅𝑂2] + 𝛼𝑘4𝑏[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛] + 𝑘2[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛] − 𝑘𝑤[𝐶10𝐻14𝑂𝑜𝑑𝑑] (E1) 

 

 

At steady state the concentration of C10H15Oeven becomes: 

[𝐶10𝐻14𝑂𝑜𝑑𝑑] =
(𝑘4+∝𝑘4𝑏)[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛][𝑅𝑂2]+𝑘2[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛]

𝑘𝑤
 (E2) 

Dividing the equation by C10H15Oeven yields: 

[𝐶10𝐻14𝑂𝑜𝑑𝑑]

[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛]
= (𝑘4𝑎+∝𝑘4𝑏)

𝑘𝑤
[𝑅𝑂2]+

𝑘2
𝑘𝑤

 (E3) 

For small values of α we can approximate: 

[𝐶10𝐻14𝑂𝑜𝑑𝑑]

[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛]
= (𝑘4𝑎)

𝑘𝑤
[𝑅𝑂2]+

𝑘2
𝑘𝑤

 (E4) 

Equation E4 is assumed for Figure 5a and a similar derivation can be applied for Figure 5b. 

C10H16Oodd is formed by the reaction of C10H15Oeven with RO2 (R4a) or of C10H15Oodd with HO2 (R3a). The 

reaction rate constant of HO2 with RO2 is about 2.5.10
-11

 cm
3
 s

-1
 and thus up to two orders of magnitude faster 

than RO2 - RO2 reactions. On the other hand C10H15Oeven concentrations are about a factor of 10 higher and the 

RO2:HO2 ratio is in the range of 100 – 1000. Thus, overall reaction R3a should yield a minor contribution to 

C10H16Oodd. Therefore, its formation rate can be written as: 

𝑑[𝐶10𝐻16𝑂𝑜𝑑𝑑]

𝑑𝑡
= 𝑘4𝑎[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛][𝑅𝑂2] − 𝑘𝑤[[𝐶10𝐻16𝑂𝑜𝑑𝑑] (E5) 

At steady state we obtain: 

[𝐶10𝐻16𝑂𝑜𝑑𝑑]

[𝐶10𝐻15𝑂𝑒𝑣𝑒𝑛]
= 𝑘4𝑎[𝑅𝑂2]

𝑘𝑤
 (E6) 
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Table S1. CLOUD 8 experiments used in the present work. Experiment label, ion condition N (neutral) or GCR (galactic cosmic 

ray) and AP concentration are reported. 

Run Number Condition [AP] (ppt) 

1208.03 N 22 

1208.04 GCR 17 

1208.07 N 51 

1208.08 GCR 45 

1208.10 N 108 

1209.01 N 237 

1209.02 GCR 226 

1210.02 N 265 

1210.04 GCR 526 

1212.02 N 1692 
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Table S2. C20H30Ox dimers formed from RO2-RO2’ recombination. The numbers give the number of oxygen atoms (x) in the 

dimers. In blue dimers with an even oxygen number, in green dimers with an odd oxygen number. 

 

 RO2’      

RO2 Oxygen 

number 

8 9 10 11 12 

 5    14 15 

 6   14 15 16 

 7  14 15 16 17 

 8 14 15 16 17 18 

 9  16 17 18  

 10   18   
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Table S3: Reaction rate constants k for dimer formation. Rate constants were calculated with a nonnegative linear least squares 

analysis (Isqnonneg from MATLAB, Ref.9). Column 2 gives the RO2-RO2’ recombination from Table S2. Column 3 gives the fitted 

values using all variables in Eq. (2) and (3). Column 3 uses only the main contributing RO2-RO2’ recombination. 

 

Dimer combination k (all reactions) k (reduced reactions) 

C20H30O14 O5_O11 1.04E-07 removed 

 

O6_O10 0 0 

 

O7_O9 1.47E-09 removed 

 

O8_O8 2.61E-10 3.16E-10 

C20H30O15 O12_O5 1.06E-08 removed 

 

O11_O6 0 removed 

 

O10_O7 9.26E-10 8.69E-10 

 

O9_O8 5.84E-10 6.61E-10 

C20H30O16 O12_O6 9.82E-09 removed 

 

O11_O7 3.46E-08 removed 

 

O10_O8 1.80E-10 2.26E-10 

 

O9_O9 0 removed 

C20H30O17 O12_O7 0 removed 

 

O11_O8 5.37E-10 4.44E-10 

 

O10_O9 2.15E-10 1.78E-10 

C20H30O18 O12_O8 3.49E-10 1.60E-10 

 

O11_O9 2.28E-08 removed 

 

O10_O10 6.93E-11 8.18E-11 

 

 

Table S4: Reaction rate constants k for H-shift reactions in the MCM add-on.  

 

C10H15O4  C10H15O6 k (s
-1

) 

C107O2  C107O2O2 0.75 10
-3

 

C109O2  C107O2O2 1.50 10
-3

 

C10BO2  C107O2O2 1.50 10
-3

 

C10H15O6  C10H15O8  

C107O2O2  C107O4O2 2.40 10
-1

 

C10H15O8  C10H15O10  

C107O4O2  C107O6O2 2.20 10
-1

 

C10H15O10  SINK  

C107O6O2  SINK 1.30 10
-1
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Scheme S1. α-Pinene ozonolysis autoxidation radical propagation and first-generation products (n ≥ 1, number of oxygen 

molecules taken up after the vinoxy radical). Radical species are presented in red font, closed shell compounds are presented in 

black font. Dashed frames indicate species that were not detected during the experiments. 
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Scheme S2. α-Pinene ozonolysis autoxidation radical propagation after the formation of  alkoxy radicals (alkoxy channel in 

Scheme 1) and second-generation products (n > 1). Radical species are presented in red font, closed shell compounds are 

presented in black font. Dashed frames indicate species that were not detected during the experiments.  
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Scheme S3. α-Pinene OH radical autoxidation radical propagation and first-generation products (n ≥ 2). Radical species are 

presented in red font, closed shell compounds are presented in black font. Dashed frames indicate species that were not detected 

during the experiments. 
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Scheme S4. Alkoxy radical formation and bond recombination starting from the structures suggested by Kurtén et al. 

(2015)10. Coloured arrows help in separating different fragmentation ways. When the carbon backbone is not retained the 

fragmentation leads to a closed-shell molecule and a radical. Depending on the mechanism the un-paired electron resides on the large 

fraction of the parent radical or on a small (C1-2) carbon fragment. 
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Scheme S5. Peroxy radical species (C10H17Ox and C10H15Ox) from α-pinene OH radical and ozonolysis autoxidation, 

and corresponding peroxy radical species resulting from a further fragmentation step (C9H17Ox, C9H15Ox, C8H15Ox and 

C9H15Ox, C9H13Ox, C8H13Ox). 
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Figure S1. RO2 and HO2 concentrations modeled with MCM. a) RO2 (blue) and HO2 (orange) concentrations as a function of the 

reacted AP. RO2 concentrations are fitted with a 3rd order polynomial equation (yellow line), HO2 concentrations are fitted with a 2nd 

order polynomial equation (purple line). b) RO2:HO2 ratio as a function of the AP reacted. A 3rd order polynomial fit (orange) is 

added to guide the eye.  


