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Context :  
Biogenic Volatile Organic Compounds (BVOCs) are very reactive with atmospheric oxidants, in particular with the 
nitrate radical, playing a key role in atmospheric chemistry. Night-time chemistry initiated by NO3 radicals leads to 
the formation of organic nitrates (ONs) which behave as reservoirs for reactive nitrogen. In addition, some 
(multifunctional) organic nitrates have low-volatility, are highly soluble and are thus capable of partitioning into 
the condensed phases (droplets, aerosols). The (BVOCs+NO3) chemistry can thus significantly contribute to the 
formation of Secondary Organic Aerosol (SOA) at the global scale and affect the aerosol physical and chemical 
properties. A good understanding of this chemistry is therefore necessary. Even though progress has been made 
in the last decades, the reactivity of NO3 radical with BVOCs other than isoprene and α- and β-pinene, remains 
poorly understood. 
 

Objectives / scientific questions : 
The aim of this project was to evaluate the reactivity of NO3 with three monoterpenes: γ-terpinene, α-terpinene 
and terpinolene. These compounds are among the most emitted BVOCs but are poorly documented in the 
literature. They have very similar chemical structures and the objective of the present study was to investigate 
the influence of the structure on reactivity and SOA formation. Two complementary approaches were used: i) 
kinetics, mechanism and ON and SOA yields have been investigated by experiments in simulation chambers 
(CESAM Platform, LISA, Créteil) and ii) branching ratio (alkyl radical stability and alkoxy radical chemistry) have 
been investigated by quantum chemistry calculations (ISM, Bordeaux) in order to predict the favored reaction 
mechanisms and help interpreting the experimental findings.  
 
Main results :  
Kinetic absolute and relative determinations have been performed. Absolute determinations of such fast kinetics 
were possible thanks to the development of an IBBCEAS (Incoherent Broad-Band Cavity Enhanced Absorption 
Spectroscopy) technique which was coupled to the simulation chamber for in situ measurement of NO3 radicals at 
the ppt level (Fouqueau et al., 2020). Rate constants were found to be (in cm3 molecule-1 s-1, at 298 K): kα-

terpinene+NO3 = (1.2 ± 0.3) × 10-10 ; kγ-terpinene+NO3 = (2.9 ± 0.9) x 10-11 and kterpinolene+NO3 = 5.5 ± 1.9 x 10-11. These results 
are in good agreement with previous studies. For α-terpinene, our work provides the first absolute 
determination. α- terpinene was shown to be much more reactive with NO3 radicals than γ- terpinene and 
terpinolene due to the conjugation of its double bonds.  
The mechanistic study allowed measuring SOA and ON yields and the detection of oxidation products at 
molecular scale which allowed to establish reaction mechanisms (example in Figure 1). We showed that these 

reactions lead to the formation of large amounts of ONs ( 50 %), but that major differences exist in SOA 
formation: γ-terpinene and terpinolene produce large quantities of SOA (10 % for a mass of 10 µg m-3 for γ-
terpinene and can reach 30-40 % for more SOA loaded atmosphere). Note that α-terpinene is not an efficient 
precursor of SOA with around 1 % yield at 10 µg m-3 as shown in Figure 2. This difference has been explained by a 
detailed analysis of the products at molecular scale. Indeed, two points appear to be critical to explain the 
differences of SOA production: peroxy radicals and alkoxy radicals chemistry. Our study showed that when the 
radical is not tertiary, (RO2+RO2) reaction forms hydroxynitrates having very low vapor pressures and large 
contribution to the SOA. For example, for γ-terpinene a typical primary hydroxynitrate is formed (see Figure 1), 
while no such hydroxynitrate was observed for α-terpinene. Both quantum chemical calculations (at Density 
Functional Theory level) and experimental study have shown that the decomposition of alkoxy radical can also 
play an important role in the reaction and SOA formation. Indeed, the various decomposition pathways can lead 
to the formation of products having very different volatilities (trifunctional compounds or dicarbonyl 
compounds).  
As far as we know, it is the first mechanistic study for α- terpinene and terpinolene oxidation by NO3 radicals. 
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Figure 1: Proposed mechanism for γ-terpinene. First 

generation products are squared in blue and second 

generation ones in red. Alkoxy fragmentation products are 

squared according to the location of the fragmentation. 

Molecular weight, vapor pressures and the gas/particle 

partition are shown next to the molecules. 
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Figure 2: SOA yield as a function of the organic aerosol mass 

concentration, measured for γ-terpinene (left graph) and for α-

terpinene (right graph). Data were fitted with a two-product 

model (black curve) and compared with the study of Slade et 

al., 2017 (dashed curve). 

 

The major SOA production for γ-terpinene observed in figure  

2 (left) can be explained by the formation of (i) a typical 

primary hydroxynitrate coming from (RO2+RO2) pathway and 

(ii) a primary trifunctional nitrate formed by the 

decomposition of alkoxy radical and (iii) detection of 

secondary products all presenting very low vapor pressure 

presented in Figure 1. To explain the low SOA formation for α-

terpinene in Figure 2: (i) no hydroxynitrate and (ii) no 

secondary products with low vapor pressure were detected in 

the oxidation products. The absence of hydroxynitrate can be 

explained by the fact that the most stable radicals are tertiary 

and cannot lead to the formation of a hydroxynitrate.  

Future of the project:  

Our study showed that in order to understand and properly evaluate the NO3 chemistry, studies at molecular scale are 

absolutely necessary. The study will be extended to other (BVOC +NO3) reactions by both laboratory experiments and 

theoretical calculations. Furthermore, the importance of NO3 chemistry will be investigated in “mixed” 

biogenic/anthropogenic atmospheres during the ACROSS project which is designed to improve our knowledge on the 

chemical evolution of mid-latitude urban plumes when they mix with surrounding biogenic emissions. 

Publications related to the project: 2 

1) Axel Fouqueau et al.: Implementation of an IBBCEAS technique in an atmospheric simulation chamber for in situ NO3 
monitoring : characterization and validation for kinetic studies, to be submitted in AMT; 
2) Axel Fouqueau, et al.: A comparative and experimental study of the reactivity with nitrate radical of two terpenes: α-
terpinene and γ-terpinene, to be submitted in AMT 
PhD thesis : Réactivité des terpènes avec le radical nitrate : études cinétiques et mécanistiques en chambres de simulation 
atmosphérique, Axel Fouqueau, defended the 3rd of April 2019. 
Oral presentations (4) : 1) Bénédicte Picquet-Varrault et al. : Etude de la réactivité des COV biogéniques avec le radical NO3, 
Colloque sur la chimie atmosphérique, June 2019, Lyon Villeurbanne 2) Bénédicte Picquet-Varrault : Reactivity of Biogenic 
Volatile Organic Compounds with NO3 Radical, ICCK2019, June 2019, Orleans 3) A. Fouqueau et al. : Reactivity of γ-terpinene 
and α-terpinene with NO3 radical: an experimental kinetic and mechanistic study. 25th International Symposium on Gas 
Kinetics, July 2018, Lille. 4) A. Fouqueau et al. : Réactivité des Composés Organiques Volatils Biogéniques avec le radical NO3. 
37ème Colloque annuel du Groupe Français de Cinétique et de Photochimie, June 2017, Douai. 
Posters (3): 1) M.-T. Rayez et al.: Reactivity of NO3 radical with some monoterpenes: Theoretical approach for kinetic and 
mechanistic studies, ICCK2019, June 2019, Orleans 2) M.-T. Rayez, M. Cirtog, et al. : Reactivity of NO3 radical with unsaturated 
aldehydes and terpenes : Theoretical approach for kinetic and mechanistic studies, 25th International Symposium on Gas 
Kinetics, July 2018, Lille 3) M. Cirtog, et al. : Reactivity of NO3 radicals with BVOC in the atmosphere : experimental and 
theoretical approach for kinetic and mechanistic study, LEFE-INSU, March 2018, Clermont- Ferrand.  




