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INTRODUCTION 

Numerous volatile organic compounds (VOCs) that are not part of the natural 

composition of the Earth's atmosphere are released into it (Graedel et al., 1986; 

Hobbs, 2000). These compounds undergo oxidation processes either near the 

emission source or in the upper layers of the atmosphere. The atmosphere acts 

as an oxidizing medium, removing these compounds through reactions with 

tropospheric radicals and under the influence of solar radiation (Burkholder et 

al., 2015). Atmospheric reactions are complex and depend on the chemical 

structure of the compounds, meteorological conditions, the presence of 

aerosols, and radiative capacity (IPCC, 2013). Although there are nighttime 

reactions initiated by NO3 radicals, photochemistry remains a major driving 

force in atmospheric processes (Kiendler-Scharr et al., 2023). Solar radiation, 

depending on the wavelength, generates radicals that initiate oxidation 

reactions and influence atmospheric composition. 

 Most daily human activities result in the release of organic species into 

the atmosphere. Driving cars, household maintenance, cooking, spending time 

with friends at a barbecue, lawn care, growing plant-based animal feed, and 

even simple life-sustaining processes lead to significant emissions of organic 

compounds (VOCs) into the atmosphere (Fraser et al., 1998; Fortmann et al., 

1998; Kirstine et al., 1998; Fall et al., 1999; Andreae & Merlet, 2001; Barker 

et al., 2006). Vegetation also releases large amounts of VOCs, especially 

during growth and decay processes (Finlayson-Pitts & Pitts, 2000). Emissions 

of biogenic volatile organic compounds exceed anthropogenic VOC emissions 

by an order of magnitude (Guenther et al., 2012). 

 Gas-phase studies require appropriate infrastructure. Atmospheric 

simulation chambers are essential for investigating chemical and physical 

processes in the atmosphere. These allow for controlled manipulation of 
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compounds and oxidative parameters, enabling the analysis of pollutant 

formation and evolution (Kiendler-Scharr et al., 2023). They provide a 

framework to study interactions between VOCs, solar radiation, and 

meteorological conditions, contributing to the identification of emission 

sources and the development of predictive scenarios and models. 

 

OBJECTIVES OF THE DOCTORAL THESIS 

The PhD thesis entitled "Study of the Atmospheric Degradation of 

Unsaturated Esters" is based on the following objectives: 

i) investigation of a series of seven cis-3-hexenyl esters: formate, acetate, 

isobutyrate, 3-methyl butanoate, hexanoate, cis-3-hexenoate, and benzoate; 

ii) determination of rate coefficients for the gas-phase reactions of cis-3-

hexenyl esters with OH radicals and ozone; 

iii) assessment of the atmospheric impact of the degradation of cis-3-hexenyl 

esters; 

iv) estimation of the average atmospheric lifetimes of these esters; 

v) evaluation of their potential to contribute to tropospheric ozone formation; 

vi) application and evaluation of SAR (Structure–Activity Relationship) 

methods for estimating reaction rate constants, in comparison with 

experimental data; 

vii) expanding the current knowledge on the atmospheric behavior of these 

compounds. 

 The doctoral thesis has the content distributed in 165 pages and 

includes 57 figures and 28 tables. The results presented have been published 

in two peer-reviewed scientific articles as first author, in journals with an 

impact factor of 2.7, ranked in Q2 (yellow quartile) according to the Web of 

Science database (Mairean et al., 2024; 2025). Some of the findings were also 

disseminated at four national scientific conferences
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PART II: PERSONAL CONTRIBUTIONS 

II.1 EXPERIMENTAL PART 

I.7.1.1. ESC-Q-UAIC reactor 

The atmospheric simulation chamber ESC-Q-UAIC is a cylindrical chamber 

with a volume of 760 ± 2 liters, composed of three quartz tubes connected by 

two internal flanges. It has a diameter of 0.488 meters and a total length of 4.2 

meters (Figure I.17). The reactor is sealed at both ends with two aluminum 

flanges. The main (inlet) flange is equipped with a manometer for pressure 

monitoring and a thermocouple for measuring the temperature inside the 

chamber. White-type multi-reflection mirrors are mounted on the external 

flanges, providing an optical path length of up to 492 ± 0.2 meters in the 

infrared (IR) range. 

      

Figure I.17. The ESC-Q-UAIC reaction chamber and the chamber’s inlet 

flange. 

 Given that the central analytical instrument is an IR spectrometer, the 

water vapor level inside the chamber must be extremely low. The evacuation 

and cleaning of the chamber are carried out through a vacuum pump that 

ensures a minimum pressure of 1 × 10^-3 mbar and a flow rate of 55 m³/h. 

The dry air (dew point ~ -70°C) introduced into the reaction chamber comes 

either from a compressed air cylinder or is generated using a compressor. 

 The energy required for the photolysis reactions is provided by an 

array of 64 lamps evenly distributed around the quartz tubes: 32 Philips TL-
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DK 36W superactinic lamps used for photolysis in the visible range (λmax = 

365 nm), and 32 Philips UV-C TUV 30W/G30 T8 germicidal lamps used for 

photolysis in the UV range (λmax = 253.7 nm). To ensure the homogenization 

of the gaseous reaction mixture, two Teflon-bladed fans are used, positioned 

inside the reaction chamber: one on the main external flange and the other on 

one of the two internal flanges.  

 

I.7.1.2. FT-IR Spectroscopy. IR Spectrometer with Extended Optical Path 

The high-resolution FT-IR spectrophotometer Bruker, model Vertex 80 

(Figure I.20.), is used for studies of simulated atmosphere. It is connected to 

the ESC-UAIC reactor through an optical mirror system, which directs 

infrared radiation into the reactor chamber, enabling real-time monitoring of 

gas-phase analytes. The FT-IR spectrophotometer uses infrared radiation to 

identify and quantify organic reactants present in the gas phase, by applying 

the Lambert-Beer absorption law. This technique allows precise 

discrimination of the analyzed compounds, contributing to a detailed 

understanding of the chemical processes occurring in the atmosphere. 

 

Figure I.20. The high-resolution FT-IR spectrophotometer Bruker, model 

Vertex 80 

 The infrared radiation is generated by a silicon carbide filament, 

coming either from an internal MIR source or an external Globar source. The 

beam splitter is made of a potassium bromide (KBr) window, which is 
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transparent to IR radiation. Next to the spectrophotometer is a coupling box 

with the ESC-Q-UAIC reactor, which contains the external MCT (Mercury-

Cadmium-Tellurium) detector, functioning at liquid nitrogen temperature, as 

well as an optical mirror system that directs the IR beam into the reaction 

chamber. 

 The IR spectra, typically obtained by composing 114 interferograms, 

are recorded with a spectral resolution of 1 cm-1 at an acquisition frequency of 

60 kHz in the 700–4000 cm-1 range. In this configuration, the time required to 

acquire an IR spectrum is 60 seconds. At the beginning of each experiment, a 

reference spectrum (background) composed of 524 interferograms is recorded, 

as well as a control spectrum used to assess the presence of volatile organic 

compounds in the reactor.  

 

I.7.1.3. Particle Analysis: Particle Discriminator and Counter 

The Scanning Mobility Particle Sizer - Condensation Particle Counter (SMPS) 

(Figure I.21.) is a particle counter coupled with a mass classifier that helps 

identify the numerical distribution of formed aerosols, taking into account 

their mass (using a closed ionization source). This instrument is essential for 

monitoring the phases of secondary organic aerosol formation. 

 The Particle Discriminator is equipped with a TSI analyzer, capable of 

separating aerosols with diameters ranging from 1 to 982 nm. Inside this 

system, there is a metal rod through which an electric current flows, and 

variations in the voltage of the conductor facilitate the separation of 

electrostatically charged particles from the gas sample. The separation process 

uses a radioactive source based on 85Kr isotopes, with an initial activity of 

370 MBq. 

 After separation, the TSI particle counter (model 3787) provides 

information on the number of particles in the gas system, using a light source 
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and an optical detector. The counter can operate in two configurations, with a 

sampling flow rate of 0.6 L/min and 1.5 L/min. The detectable diameter range 

depends on the instrument settings and its limitations. 

 

Figure I.21. The Scanning Mobility Particle Sizer - Condensation Particle 

Counter (SMPS) (TSI, SUA) 

 The particle distributions formed in the ESC-Q-UAIC reactor are 

recorded online with a sampling flow rate of 0.6 L/min and a dilution flow rate 

of 2.7 L/min, every 110 seconds, with a 10-second pause between samples. 

This setting allows for the evaluation of aerosols with diameters ranging from 

16.3 nm to 710.5 nm, across a concentration range of 0.2–15.0 × 1013 

molecules cm-3. Based on the particle distributions as a function of diameter 

and the associated numerical concentrations, the total volume and, implicitly, 

the total mass of the aerosols formed under the experimental conditions set for 

the ESC-Q-UAIC reactor can be determined. 

 

II.1. Kinetic studies in the gas-phase in simulated atmosphere using the 

ESC-Q-UAIC reaction chamber 

The procedure for a typical experiment involved the following steps: 

1) Introduction of compounds into the reactor; 

2) Homogenization of the gas mixture; 

3) Determination of wall loss; 
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4) Determination of the photolysis rate constant; 

5) Initiation of the gas-phase reaction. 

 

II.2. Determination of the gas-phase reaction rate constant of n-butyl 

acetate with OH radicals 

The first study conducted under controlled atmospheric conditions aimed to 

experimentally determine the rate constant for the reaction of n-butyl acetate 

(n-BuAc) with OH radicals (Măirean et al., 2020). This study aimed to validate 

the experimental protocol for the degradation of esters under controlled 

atmospheric conditions. The n-butyl acetate was chosen as a model compound 

due to the abundance of existing studies conducted by various research groups, 

which have complementary infrastructures for analyzing the reactivity of 

volatile organic compounds in the gas phase (Hartmann et al., 1986; 

Wallington et al., 1988; Williams et al., 1993; Ferrari et al., 1996; Picquet et 

al., 1998). 

 Methodologically, the relative kinetic method was used to determine 

the rate constant for the reaction between n-BuAc and OH radicals in the gas-

phase. The experiments were carried out in the ESC-Q-UAIC chamber at a 

temperature of (298 ± 2) K and a pressure of (1000 ± 5) mbar, using synthetic 

air. The reference compounds selected for this study were acrolein, p-xylene, 

benzene, and dimethyl ether (DME). The kinetic dependencies of the gas-

phase reaction of OH radicals with n-BuAc relative to the reference 

compounds used in this study obtained experimentally through FT-IR spectral 

analysis, are shown in Figure II.3. A comparative study of the data obtained 

(Table II.1) in the present study with literature data (Table II.2) highlights that 

the values of the rate constants for the reaction of n-butyl acetate with OH 

radicals are in good agreement with the values reported previously. 
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Figure II.3. Kinetic dependencies for the n-BuAc reaction with OH radicals 

determined relative to the references used in the current study: ( ) p-xylene, 

( ) benzene, ( ) acrolein and ( ) DME. 

 

 

Table II.1: The rate constants for the reaction of n-butyl acetate with OH 

radicals determined under the conditions of the ESC-Q-UAIC reaction 

chamber (Mairean et al., 2022a). 

Compound Reference k
1 

× 10
12

 

(cm
3 

molecule
-1

 s
-1

) 

k
1 (mediu) 

× 10
12

 

(cm
3 

molecule
-1

 s
-1

) 

n-BuAc 

dimethil eter 4.51 ± 0.28  

4.03 ± 0.33 
p-xylene 3.92 ± 0.18  

benzene 3.96 ± 0.21  

acrolein 3.84 ± 0.27 

  

II.4. Evaluation of gas-phase reaction rate constants for cis-3-Hexenyl 

esters with OH radicals 

 

The evaluation of reaction rate constants for these compounds with OH 

radicals in the gas phase is crucial for understanding atmospheric degradation 

mechanisms, their persistence in the environment, and their impact on air 

quality and human health. The kinetic study of reactions between OH radicals 

and cis-3-hexenyl esters can provide valuable insights into reactivity, 
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intermediate products formed, and predominant reaction pathways, thus 

contributing to the development of predictive atmospheric models. 

 From an analytical perspective, the reactions between OH radicals and 

cis-3-hexenyl esters in the gas phase were monitored using the FT-IR 

technique and investigated through the relative kinetic method. This method 

involves using a kinetic reference compound, whose reaction constant is well-

established in the literature. 

 The OH radicals were generated in situ by photolysis at 365 nm of 

methyl nitrite (CH3ONO) or isopropyl nitrite ((CH3)2CHONO). Additionally, 

low NOx conditions were achieved by photolysis of hydrogen peroxide (H2O2) 

at 254 nm. Methyl nitrite was the most commonly used precursor because its 

photolysis has been extensively studied (Taylor et al., 1980; Atkinson et al., 

1981). 

 The following reaction sequence outlines the gas-phase reactions that 

occur in the reaction chamber during the reactions between cis-3-hexenyl 

esters and OH radicals (Mairean et al., 2024): 

ester + OH → products, kester 

reference + OH → products, kRef 

ester → products, kester, WL 

reference → products, kRef, WL 

ester + hν (365/254 nm) → products, kester, J 

reference + hν (365/254 nm) → products, kRef, J 

 Equation II.5, derived from the integration of the kinetic equations, 

evaluates the ratio of reaction rate constants for the esters investigated 

compared to the reference compounds: 

𝑙𝑛 (
[𝑒𝑠𝑡𝑒𝑟]𝑡0

[𝑒𝑠𝑡𝑒𝑟]𝑡
) − 𝑘𝑒𝑠𝑡𝑒𝑟,𝑊𝐿/𝐽(𝑡 − 𝑡0)

=
𝑘𝑒𝑠𝑡𝑒𝑟

𝑘𝑅𝑒𝑓
(𝑙𝑛 

[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡0

[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡
− 𝑘𝑅𝑒𝑓,𝑊𝐿/𝐽(𝑡 − 𝑡0)) 

Eq. II.5. 
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 The individual graphical representation of ln([ester]t0/[ester]t) - 

kester,WL/J (t-t0) as a function of ln([reference]t0/[reference]t) for each cis-3-

hexenyl ester and reference compound should yield a straight line with a slope 

equal to kester/kRef. The reaction rate constant, kester, can be calculated using the 

known rate constant for the reference compound, kRef. 

 For each unsaturated ester, a minimum of three experiments were 

conducted, using at least two reference compounds to determine the rate 

constant. The wall loss, expressed by the wall loss constant, kWL, was 

calculated and incorporated into the calculations to correct for the total 

consumption of the investigated compounds.  

 For the determination of the rate constants of the reactions between 

OH radicals and cis-3-hexenyl esters, the following reference compounds 

were used: isoprene, E-2-butene, cyclohexene, 1,3,5-trimethylbenzene, and 

propene. 

 Experimental data indicate that the unique exposure of cis-3-hexenyl 

esters and reference compounds in the gas phase to 365 nm light radiation does 

not result in significant additional consumption. Instead, photolysis under 254 

nm radiation led to additional consumption for certain compounds. In this 

case, a decrease of (11.76 ± 1.07) × 10-5 s-1 was observed for 1,3,5-

trimethylbenzene and (21.48 ± 1.95) × 10-5 s-1 for cis-3-hexenyl benzoate. For 

the other reference compounds, the kinetic data obtained did not show 

significant consumption due to photolysis, consistent with existing data in 

UV-Vis spectral databases (Keller-Rudek et al., 2013). 

 The kinetic data obtained from the investigations of OH radical 

reactions with cis-3-hexenyl esters, graphically represented according to 

Equation II.5., are presented in Figures II.7.(1-7). Table II.7. presents the 

experimentally obtained rate constants in this study. A linear regression 

analysis was performed to determine the ratio of the rate constants kester/kRef 
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and the associated uncertainties, expressed as 2σ confidence intervals. The 

absolute values of the rate constants for the ester reactions (kester,i) were 

calculated by multiplying the experimentally determined ratio by the known 

rate constant for the reaction of the reference compound with OH radicals 

(kRef,i). The uncertainties of the rate constant kester,i were calculated using 

Equation II.6. by the error propagation method, considering the 2σ value 

obtained from the linear regression analysis and the uncertainty associated 

with the rate constant of the reference compound (i). 

 The final values of the rate constants kester+OH, corresponding to the 

reactions of unsaturated esters with OH radicals, determined under 

experimental conditions of high NOx or low NOx, were calculated using a 

weighted averaging method, according to Equation II.7., including the 

propagation of uncertainties associated with the kRef values. The value for 

kester,i was evaluated according to Equation II.8., concerning each reference 

compound. The uncertainties for the k(ester+OH) values were estimated using 

Equation II.9. 

 The experimentally determined values for the rate constants of the 

reactions between OH radicals and the cis-3-hexenyl esters investigated in this 

study are comparable to the rate constant of the cis-3-hexene reaction, which 

is (6.27 ± 0.66) × 10−11 cm3 molecule−1 s−1. This similarity suggests that the 

dominant mechanism of the reaction between unsaturated esters and OH 

radicals is the addition to the double bond. 
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Figures II.7. (1-7). Graphical representation of the relative kinetics of cis-3-

hexenyl esters with reference compounds (open symbols correspond to low 

NOx conditions, and filled symbols correspond to high NOx conditions).

(○) E-2-butenă 

(◆) 1,3,5-trimetilbenzen 

(△) ciclohexenă

(⬢) propenă
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Table II.7: Results of the gas-phase kinetic study of the reactions of OH radicals with the investigated cis-3-hexenyl esters, 

using different reference compounds. 

Compound Conditions Reference kester/kref 
kester.i×1011 k(ester+OH)×1011 k(ester+OH)(avg)×1011 

(cm3 molecule-1 s-1) 

cis-3-hexenyl formate 

(Z3HF) 
High NOx  

isoprene 0.42 ± 0.01 4.20 ± 0.65 
4.13 ± 0.45 4.13 ± 0.45 

E-2-butene 0.64 ± 0.03 4.06 ± 0.63 

cis-3-hexenyl acetate 

(Z3HAc) 

High NOx 
isoprene 0.43 ± 0.03 4.32 ± 0.70 

4.30 ± 0.49 

4.19 ± 0,38 
E-2-butene 0.68 ± 0.04 4.28 ± 0.69 

  Low NOx 
isoprene 0.41 ± 0.05 4.11 ± 0.81 

4.04 ± 0.58 
E-2-butene 0.63 ± 0.09 3.96 ± 0.84 

cis-3-hexenyl 

isobutyrate 

(Z3HiB) 

High NOx 
isoprene 0.48 ± 0.04 4.78 ± 0.82 

4.79 ± 0.57 

4.84 ± 0.39 
E-2-butene 0.76 ± 0.05 4.81 ± 0.79 

 Low NOx 
isoprene 0.50 ± 0.45 4.96 ± 0.77 

4.88 ± 0.53 
E-2-butene 0.76 ± 0.03 4.81 ± 0.75 

cis-3-hexenyl 3 

methylbutanoate 

 (Z3H3MeB) 

Low NOx 

isoprene 0.53 ± 0.03 5.31 ± 0.84 

5.39 ± 0.61 5.39 ± 0.61 
E-2-butene 

0.87 ± 0.05 
5.47 ± 0.87 

cis-3-hexenyl hexanoate 

(Z3HH) 

High NOx 
1,3,5-trimethylbenzene 1.17 ± 0.08 6.84 ± 1.12 

6.60 ± 0.76 

7.00 ± 0.56 
E-2-butene 1.02 ± 0.05 6.41 ± 1.02 

Low NOx 
1,3,5-trimethylbenzene 1.29 ± 0.06 7.54 ± 1.19 

7.48 ± 0.84 
E-2-butene 1.17 ± 0.06 7.41 ± 1.17 

cis-3-hexenyl cis-3-

hexenoate 

(Z3HZ3H) 

High NOx 

1,3,5-trimethylbenzene 1.80 ± 0.07 10.54 ± 1.64 

10.58 ± 1.40 10.58 ± 1.40 
ciclohexene 1.58 ± 0.07 10.68 ± 2.72 

cis-3-hexenyl benzoate 

(Z3HBz) 

High NOx 

1,3,5-trimethylbenzene 0.58 ± 0.02 3.43 ± 0.52 

3.33 ± 0.34 

3.41 ± 0.28 

ciclohexene 0.51 ± 0.01 3.43 ± 0.86 

propene 1.31 ± 0.08 3.20 ± 0.52 

Low NOx ciclohexene 0.49 ± 0.03 3.33 ± 0.85 
3.57 ± 0.47 

E-2-butene 0.58 ± 0.02 3.67 ± 0.57 
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 The experimental values obtained allowed the establishment of the 

following reactivity trend, also illustrated in Figure II.10 (Mairean et al., 

2024): cis-3-hexenyl benzoate < cis-3-hexenyl formate ≈ cis-3-hexenyl acetate 

< cis-3-hexenyl isobutyrate < cis-3-hexenyl 3-methylbutanoate < cis-3-

hexenyl hexanoate << cis-3-hexenyl cis-3-hexenoate. 

 

Figure II.10. Graphical representation of the reactivity trend of the (circle 

solid) investigated unsaturated esters with OH radicals in the gas-phase at the 

temperature of (298 ± 2) K and pressure of (1000 ± 10) mbar. Data from 

Atkinson et al., 1995 (△) și Rodríguez et al., 2015 (□) studies. 

 

 The variation in OH reactivity for the saturated esters within this series 

is influenced by the increase in the carbon chain length, resulting in multiple 

sites for hydrogen atom abstraction from the molecules. The low reactivity of 

cis-3-hexenyl benzoate in this series can be explained by the electron-

withdrawing electromeric effect exerted by the ester group on the aromatic 

ring. This phenomenon, characteristic of type II aromatic substituents, 

significantly reduces reactivity toward OH radicals, similar to other 

deactivated aromatic compounds (e.g., nitrophenols or nitrocatechols, as 
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reported by Bejan et al., 2007; Roman et al., 2022). In this context, the OH 

reactivity of the benzoate becomes comparable to that of nitrobenzene ((1.40 

± 0.49) × 10-13 cm3 molecule-1 s-1 (Witte et al., 1986; Calvert et al., 2002), 

indicating a negligible contribution to the overall observed reactivity. The 

inductive effect alone cannot adequately explain the differences in reactivity 

toward OH radicals between these compounds, as it decreases exponentially 

in intensity with each additional carbon atom moving away from the 

functional group. 

 Comparing cis-3-hexenyl isobutyrate and 3-methylbutanoate, an 

increase in the reaction rate constant of approximately 0.5 × 10-11 cm3 

molecule-1 s-1 was observed for each added secondary carbon atom (-CH2-). 

Therefore, considering the reactivity of cis-3-hexenyl acetate, (4.2 ± 0.5) × 10-

11 cm3 molecule-1 s-1, it can be estimated that the rate constant for cis-3-hexenyl 

hexanoate should be around 6.2 × 10-11 cm3 molecule-1 s-1, a value close to that 

determined experimentally. 

 The addition of a tertiary carbon atom (>CH–) in the case of 

isobutyrate relative to cis-3-hexenyl acetate contributed to an increase in 

reactivity of approximately 0.6 × 10-11 cm3 molecule-1 s-1. No significant effect 

was observed for the –CH3 group when comparing the reactivity of cis-3-

hexenyl formate to that of cis-3-hexenyl acetate. The analysis of the difference 

between hexanoate and cis-3-hexenyl cis-3- hexenoate allows the estimation 

of the contribution of the second double bond to the total reactivity, evaluated 

at approximately 3.0 × 10-11 cm3 molecule-1 s-1. According to hypotheses 

derived from experimental rate coefficient values, the estimated rate constants 

for the gas-phase reactions with OH radicals for cis-3-hexenyl pentanoate and 

methyl-pentanoate are approximately 5.7 × 10-11 cm3 molecule-1 s-1 and 5.8 × 

10-11 cm3 molecule-1 s-1, respectively. Comparison of the present results with 

literature data (Ren et al., 2019; Sun et al., 2016) highlights similar trends in 
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OH reactivity for methacrylates and cis-3-hexenyl esters. An average 

difference of approximately 0.5 × 10-11 cm3 molecule-1 s-1 was observed in 

comparative studies of esters with successive carbon chains, emphasizing the 

consistency of this trend in similar series. 

 The significant difference between cis-3-hexenol and hexanol (~ 9.5 × 

10-11 cm3 molecule-1 s-1) reflects the major contribution of OH radical addition 

to the double bond, leading to β-hydroxy radical formation, a mechanism also 

confirmed by theoretical studies (Sun et al., 2016). 

II.4.2. Estimation of the reactivity of cis-3-hexenyl esters with OH radicals 

based on Structure–Activity Relationship (SAR) models 

In this study, the rate constants for gas-phase reactions of cis-3-hexenyl esters 

with OH radicals were estimated using four SAR approaches: the model 

proposed by Kwok and Atkinson (1995), the EPI Suite AOPWIN program 

developed by the United States Environmental Protection Agency (based on 

the algorithm and factors proposed by Kwok and Atkinson), the polyalkene 

model proposed by Peeters et al. (2007), and the model proposed by Jenkin et 

al. (2018a), later extended by Jenkin et al. (2018b). 

 Table II.9 presents the rate constants calculated according to the SAR 

methods mentioned above for the series of unsaturated esters considered in 

this study. Tables II.10–II.13 detail the procedure for calculating the kSAR for 

each cis-3-hexenyl ester using the corresponding methodologies. This 

contribution was added to the total estimated value for the aliphatic branch, in 

accordance with the corresponding SAR methodology. The contribution is 

minor, representing less than 2% of the total rate constant at 298 K (Mairean 

et al., 2024). 

 The analysis of the contribution of the hydrogen atom abstraction 

channel by OH radicals, according to the SAR methods used, reveals that it 
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accounts for approximately 21% of the overall reactivity according to the 

methodology of Jenkin et al. (2018a; 2018b) and about 9% according to the 

Kwok and Atkinson (1995) method. In general, the Jenkin et al. method offers 

more accurate estimates for esters with longer carbon chains, as it explicitly 

accounts for the effect of substituents on the overall reactivity of the 

compounds. A comparison of estimates shows that for molecules with longer 

carbon chains, the SAR methodology proposed by Jenkin et al. (2018a; 2018b) 

is more accurate than the one proposed by Kwok and Atkinson (1995). 

 A visual representation of the correlation between the SAR-estimated 

values and those obtained in the current study is provided in Figure II.11. 

 

Figure II.11. Correlation between the SAR estimates and the experimentally 

determined gas-phase OH-initiated reaction rate coefficients of the 

investigated Z3HF, Z3HAc, Z3HiB, Z3H3MeB, Z3HH, and Z3HBz.
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Table II.9: Experimental and SAR-estimated rate coefficients of cis-3-hexenyl ester compounds with the OH radicals. The 

ratios of the estimated values to the experimental data (kSAR/kexp) are given in brackets. 

 

Compound 

k
(ester+OH)

×10
11 

(cm
3
 molecule

-1
 s

-1
) 

Mairean et 

al., 2024 
Literature 

kSAR 

EPI Suite-AOPWIN
a
 

Kwok and 

Atkinson (1995) 
Jenkin et al. (2018a,b)  Peeters et al. (2007)  

Z3HF 4.13 ± 0.45 4.61 ± 0.71
b
 6.05 (1.46) 6.05 (1.46) 6.71 (1.63) 6.00 (1.45) 

Z3HAc 4.19 ± 0.38 7.74 ± 1.50
c
 6.05 (1.44) 6.05 (1.45) 6.85 (1.63) 6.00 (1.43) 

Z3HiB 4.84 ± 0.39   6.14 (1.27) 6.23 (1.29) 6.97 (1.44) 6.00 (1.24) 

Z3H3MeB 5.39 ± 0.61   6.36 (1.18) 6.41 (1.19) 7.32 (1.36) 6.00 (1.11) 

Z3HH 7.00 ± 0.56   6.50 (0.93) 6.55 (0.94) 7.43 (1.06) 6.00 (0.86) 

Z3HZ3H 10.58 ± 1.40   11.83 (1.12) 11.87 (1.12) 13.01 (1.23) 12.00 (1.13) 

Z3HBz 3.41 ± 0.28   6.11 (1.79) 6.11 (1.79) 6.98 (2.05) 6.00 (1.76) 
a 
US EPA; 

b 
Rodriguez et al., (2015);

 c 
Calvert et al., (2015). 
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II.4.3. Evaluation of secondary organic aerosol (SOA) formation from OH 

radical oxidation of unsaturated esters in simulated atmosphere  

The study investigated the formation of secondary organic aerosols (SOAs) 

resulting from the gas-phase photo-oxidation of cis-3-hexenyl esters by OH 

radicals under simulated atmospheric conditions. Experiments were 

conducted under both low-NOx and high-NOx concentration conditions. The 

reactions were performed using initial concentrations of approximately 5 × 

1013 molecules cm-3 for the esters under study. No OH radical scavenger was 

used, and the relative humidity was approximately 2%. The consumption of 

unsaturated esters during the experiments was monitored using FT-IR 

spectroscopy, while the formation and evolution of secondary organic aerosols 

were measured using a tandem system composed of a particle counter coupled 

with a particle size and volume classifier. 

 For the low-NOx experiment, the OH radicals were generated via the 

photolysis of H2O2 at 254 nm in the atmospheric simulation chamber. In 

experiments carried out under high-NOx conditions, OH radicals were 

generated by photolysis of isopropyl nitrite at 365 nm. 

 

II.4.3.1.  cis-3-hexenyl acetate + OH (Low-NOx) 

Secondary Organic Aerosols were generated through the gas-phase photo-

oxidation of cis-3-hexenyl acetate using the 32 germicidal lamps (λmax = 254 

nm) of the ESC-Q-UAIC chamber. H2O2 was introduced into the reactor in a 

measured volume. Preliminary tests indicated that cis-3-hexenyl acetate does 

not undergo photolysis under the conditions of the ESC-Q-UAIC chamber, 

and the observed loss during exposure to 254 nm radiation was attributed 

exclusively to wall deposition within the reactor. This physical loss was 

experimentally quantified and included in the corrections applied during 

subsequent kinetic determinations. 
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 After introducing and monitoring the compounds for several minutes, 

the germicidal lamps (λmax = 254 nm) were switched on, generating OH 

radicals via photolysis of the previously introduced precursor (H2O2). The 

concentration of the unsaturated ester and the formation of secondary organic 

aerosols were continuously monitored using FT-IR spectroscopy (Bruker 

Vertex 80) and a tandem analytical system composed of a differential mobility 

analyzer and a particle counter (TSI SMPS-CPC). 

 Figure II.13 shows the particle mass concentration distribution as a 

function of diameter during the photo-oxidation reaction of cis-3-hexenyl 

acetate by OH radicals under low-NOx conditions. The mass concentration 

distribution indicates the formation of aerosols with small diameters during 

photolysis at 254 nm, but the mass concentration of these particles is 

insignificant. 

 Figure II.14 illustrates the oxidation process of cis-3-hexenyl acetate 

resulting from its reaction with OH radicals under low-NOx conditions. 

Once the lamps are turned on and OH radicals are generated, cis-3-hexenyl 

acetate is rapidly consumed (the graph highlights the duration of the reaction), 

followed by the formation of new particles and instantaneous nucleation. The 

particle mass concentration and number increase accordingly. This behavior 

is typical of atmospheric oxidation processes, where primary pollutants are 

transformed into secondary particles that contribute to air pollution and can 

impact health and climate. The number concentration of SOAs peaked within 

about 10 minutes and then decreased significantly, most likely due to the 

partitioning of these small particles into and/or with the gas-phase products. 
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Figure II.13. Mass distribution of SOAs formed from the reaction of cis-3-

hexenyl acetate with OH radicals under the conditions of the ESC-Q-UAIC 

chamber, at 298 K, 1000 mbar air, and low NOx conditions. 

 
Figure II.14. Formation of SOAs from the photo-oxidation of cis-3-hexenyl 

acetate by OH radicals under the conditions of the ESC-Q-UAIC chamber, at 

298 K and 1000 mbar air, under low NOx conditions. 
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The size and number distribution of aerosols indicate a correlation 

between chemical processes (oxidation and nucleation) and physical processes 

(growth and coagulation) in the formation of SOAs. Low-NOx conditions 

favor SOA formation through radical-driven mechanisms involving the direct 

oxidation of the ester, significantly affecting both particle size and number. 

 

II.4.3.2.  cis-3-hexenyl acetate+ OH (High NOx) 

The signal distribution recorded following the reaction of cis-3-

hexenyl acetate with OH radicals under high NOx conditions in the reaction 

chamber is presented in Figure II.19. No SOA formation was observed or 

measured as a result of this reaction. 

 

Figure II.19. The signal distribution recorded following the reaction of cis-3-

hexenyl acetate with OH radicals under the conditions of the ESC-Q-UAIC 

chamber, at 298 K, 1000 mbar air pressure, and high NOx conditions. 

 

 Under high NOx conditions, no secondary organic aerosols are formed 

following the reaction between cis-3-hexenyl acetate and OH radicals. Most 

likely, the aerosol formation process is hindered by the experimental high NOx 
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conditions, which suppress the formation of intermediate radicals responsible 

for generating aerosol precursors. 

 

II.5. Kinetic studies for evaluating the gas-phase ozonolysis 

rate constants of cis-3-hexenyl esters 

Although reactions with OH radicals are considered the main mode of 

removal for cis-3-hexenyl esters from the atmosphere, reactions with ozone 

may become increasingly important, especially in urban areas with high NOx 

levels. In these areas, high NOx levels can suppress OH radical formation 

through reaction with them, forming nitric acid (HNO3). This reduction in OH 

radical concentration increases the relative importance of the ozone reaction 

pathway for volatile organic compounds (Mollner et al., 2010). 

 

II.5.1. Determination of kinetic rate constants for gas-phase reactions of 

cis-3-hexenyl esters with ozone  

This study presents experimental results regarding the gas-phase ozonolysis 

of a series of seven cis-3-hexenyl unsaturated esters and provides new kinetic 

data that expand the existing databases and SAR methodologies applied to 

ozonolysis reactions. Currently, no kinetic measurements have been reported 

for the reactions of ozone with cis-3-hexenyl isobutyrate, cis-3-hexenyl 3-

methylbutanoate, cis-3-hexenyl hexanoate, cis-3-hexenyl cis-3-hexenoate, or 

cis-3-hexenyl benzoate. 

 To assess the reaction rate coefficients for the gas-phase ozonolysis of 

a series of cis-3-hexenyl esters, a series of investigations were conducted at a 

temperature of 298 K and an air pressure of 1 atm. The experiments were 

carried out using the atmospheric simulation chamber at the "Alexandru Ioan 

Cuza" University of Iași (ESC-Q-UAIC), Romania. The relative kinetic 

method was used to experimentally determine the rate coefficients for the gas-
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phase ozonolysis of selected cis-3-hexenyl esters. Rate constants for the 

reactions of ozone with cis-3-hexenyl esters were determined by comparing 

the consumption rates with those for the following reference compounds: 

cyclohexene, E-2-butene, and propene. 

 Experimental conditions for ozonolysis reactions 

Ozone was generated by passing a constant flow of oxygen over a mercury 

lamp emitting at a wavelength of 184.9 nm, which was subsequently directed 

into the reactor to initiate the oxidation. Weighed quantities of 1,3,5-

trimethylbenzene (TMB) were added to the reactor in each experiment as a 

tracer species, allowing the evaluation of the OH radicals produced. 

Continuous monitoring of TMB in the reactor allowed for corrections to be 

made for the degradation of cis-3-hexenyl esters and reference compounds, 

caused by the interference of secondary reactions initiated by OH radicals 

generated during the ozonolysis of unsaturated volatile compounds. For each 

compound, loss through adsorption on the reactor walls (expressed by the wall 

loss constant, kWL) was evaluated, and where necessary, appropriate 

corrections were applied to the final kinetic equation. 

 The following reaction sequence presents the processes occurring 

during the gas-phase interactions of cis-3-hexenyl esters with O3 at (298 ± 2) 

K and a total air pressure of (1000 ± 10) mbar: 

ester + O3 → products (+ HO)⸱  kester 

reference + O3 → products (+ HO⸱) kref 

ester → Wall reactor  kester, WL 

Equation II.11, derived from the integration of the kinetic equations, 

allows for the evaluation of the ratio of the reaction rate constants for the 

investigated esters relative to the reference compounds: 
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𝑙𝑛 (
[𝑒𝑠𝑡𝑒𝑟]𝑡0

[𝑒𝑠𝑡𝑒𝑟]𝑡

) − 𝑘𝑒𝑠𝑡𝑒𝑟,𝑊𝐿 ×  (𝑡 − 𝑡0)  =
𝑘𝑒𝑠𝑡𝑒𝑟

𝑘𝑟𝑒𝑓

(𝑙𝑛 (
[reference]𝑡0

[reference]𝑡

)) Eq. II.11. 

where: [ester]t0 and [reference]t0 represent the initial concentrations of the cis-

3-hexenyl esters and the reference compounds at the initial time. t₀; [ester]ₜ 

and [reference]ₜ are the concentrations of the cis-3-hexenyl esters and the 

reference compounds at a given time, t, during the reaction. 

Graphical representation of the relationship. ln([ester]t0/[ester]t) - 

kₑₛₜₑᵣ,WL (t-t0) as a function of ln([reference]t0/[reference]t) for each cis-3-

hexenyl ester and reference compound, the plot should yield a straight line 

with a slope equal to kester / kref. The reaction rate constant, kester, can be 

determined using the known reaction rate constant of the reference compound, 

kref. 

The use of a tracer compound instead of an OH radical scavenger 

allows for the correction of additional analyte conversion caused by OH-

initiated reactions during ozonolysis. In this study, 1,3,5-trimethylbenzene 

was used as a tracer compound because it does not react with ozone molecules, 

reacts exclusively with OH radicals (Paulson et al., 1999; Rickard et al., 1999), 

and exhibits distinct IR spectral features, facilitating spectral analysis.  

In addition to the initial reactions in the gas mixture, the following 

reactions also occur when a tracer compound is used: 

ester + OH → products  k'ester 

reference + OH → products k'ref 

tracer+ OH → products k'tracer 

tracer → Wall reactor k'tracer,WL 

Following the consumption mechanism of the tracer compound, the 

concentration of OH radicals can be determined using Equation II.12. This 

allows for the quantification of the impact of OH radicals on the reaction 

kinetics within the gas mixture and the correction of additional losses of cis-



32 
 

3-hexenyl esters and reference compounds. As a result, it ensures a rigorous 

analysis of atmospheric ozonolysis processes. 

[OH]  =  (ln (
[T]t0

[T]t
) − k′tracer,WL  × (t − t0) 

×  
1

k′tracer × (t − t0
 

Eq. II.12. 

where:  

 [T]to and [T]t represents the concentrations of the tracer compound at 

the initial time t0 and reaction time t;  

 k'tracer,WL is the wall loss rate constant of the tracer compound in the 

reactor;  

 k'tracer is the gas-phase rate constant of the reaction between OH 

radicals and the tracer compound, determined under the experimental 

temperature and pressure conditions. 

Equation Eq. II.13 takes into account the secondary chemical reactions 

initiated by OH radicals in the gas mixture and is derived from Equation Eq. 

II.11. It allows for the correction of additional losses of cis-3-hexenyl esters 

and reference compounds, providing a more accurate assessment of the 

ozonolysis kinetics under simulated atmospheric conditions: 

𝑙𝑛 (
[𝑒𝑠𝑡𝑒𝑟]𝑡0

[𝑒𝑠𝑡𝑒𝑟]𝑡
) − (𝑘𝑒𝑠𝑡𝑒𝑟,𝑊𝐿 + 𝑘′

𝑒𝑠𝑡𝑒𝑟  × [𝑂𝐻]) × (𝑡 − 𝑡0)  

=
𝑘𝑒𝑠𝑡𝑒𝑟

𝑘𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
(𝑙𝑛 (

[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡0

[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡
) −  𝑘′

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

× [𝑂𝐻] × (𝑡 − 𝑡0)) 

Eq. II.13. 

 This approach allows for the determination of reaction rate coefficients 

for the ozonolysis of cis-3-hexenyl esters, correcting for losses caused by 

secondary reactions initiated by OH radicals. The slope value in the graphical 
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representation mentioned above provides the ratio of the reaction rate 

coefficients for the ozonolysis of the studied compounds compared to the 

reference compounds. 

Table II.15: Results of the gas-phase kinetic study of the reactions of O3 

molecules with the investigated cis-3-hexenyl esters. 

Compound Reference kester/kref kester,i×1017 

k(ester+O3)(avg)×101

7 

(cm3 molecule-1 s-1) 

cis-3-hexenyl formate 
propene 4.09 ± 0.19 4.21 ± 0.19 

4.53 ± 0.50 
ciclohexene 0.60 ± 0.02 4.94 ± 0.13 

cis-3-hexenyl acetate 

 

propene 4.77 ± 0.16 4.91 ± 0.16 
5.51 ± 0.60 

ciclohexene 0.80 ± 0.01 6.54 ± 0.11 

cis-3-hexenyl isobutyrate 

 

propene 7.26 ± 0.23 7.48 ± 0.24 
7.89 ± 0.85 

ciclohexene 1.04 ± 0.03 8.40 ± 0.25 

cis-3-hexenyl 3- 

methylbutanoate 

 

E-2-Butene 0.57 ± 0.02 11.50 ± 0.40 
11.94 ± 1.30 

ciclohexene 1.54 ± 0.05 12.50 ± 0.40 

cis-3-hexenyl hexanoate 

 

E-2-Butene 0.76 ± 0.04 15.20 ± 0.83 
15.34 ± 1.74 

ciclohexene 1.91 ± 0.11 15.50 ± 0.90 

cis-3-hexenyl cis-3-hexenoate 
E-2-Butene 1.02 ± 0.04 20.40 ± 0.88 

22.45 ± 2.53 
ciclohexene 3.21 ± 0.18 26.00 ± 1.48 

cis-3-hexenyl benzoate 
E-2-Butene 1.40 ± 0.03 28.00 ± 0.68 

29.11 ± 3.20 
ciclohexene 3.73 ± 0.20 30.40 ± 1.64 
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Figure II.20.1-7. Relative kinetic plots of the ozone reaction with cis-3-

hexenyl esters versus reference compounds (Mairean et al., 2025) 
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 To evaluate the contribution of each reaction mechanism (with ozone, 

OH radicals, and wall losses) to the conversion of cis-3-hexenyl esters and 

reference compounds, Figure II.22 presents the relative fractions consumed by 

these processes during the kinetic experiments. All conversion values of the 

analytes (expressed as percentages relative to the signal obtained before the 

initiation of ozonolysis), including those for reference and tracking 

compounds, influenced by wall losses as well as reactions initiated by ozone 

and OH, are presented in Figure II.22 and Table II.16 (Mairean et al., 2025).

 

Figure II.22. The conversions of cis-3-hexenyl esters, the reference and the 

tracer compounds during the kinetic measurements due to wall losses, OH, 

and ozone gas-phase reactions. 

 

 

II.5.2. Variation in gas-phase reactivity of cis-3-hexenyl ester reactions 

with ozone  

The experimental results presented suggest that reactivity towards ozone is 

influenced both by the size of the acyl group and the degree of unsaturation of 
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the compound. The variation in the reaction rate coefficients for unsaturated 

esters follows a clear trend, as indicated by the series: 

Z3HF < Z3HAc < Z3HiB < Z3H3MeB < Z3HH < Z3HZ3H < Z3HBz. 

 The hierarchical arrangement suggests that as the acyl group becomes 

larger or more unsaturated, reactivity towards ozone increases, likely due to 

the enhanced electron density and structural factors associated with these 

changes. This trend can also be attributed to the increased conjugation of the 

electronic systems within the unsaturated esters, which enhances their 

susceptibility to ozone addition, as observed in derivatives with higher degrees 

of unsaturation and larger acyl groups, such as Z3HBz. 

 Figure II.23 provides a visual representation of this trend and allows a 

comparative analysis with existing literature, including compounds such as 

Z3HF, Z3HAc, cis-3-hexene, cis-3-hexen-1-ol, and cis-3-hexenal. The insert 

presents the linear distribution of the log-transformed weighted values of the 

reaction rate coefficients for the ozonolysis of cis-3-hexenyl esters with 

saturated acyl fragments, based on the number of carbon atoms, highlighting 

the importance of the inductive electronic effect of the R group on the overall 

inductive effect of the ester functional group concerning the double bond. The 

comparisons made contribute to the contextualization of the reactivity patterns 

observed concerning the existing data in the literature, thus providing a 

broader understanding of how molecular structure influences the reactivity of 

unsaturated esters towards ozone. 

 The experimental data indicate that the gas-phase reaction rate 

coefficients of cis-3-hexenyl esters (formate, acetate, and isobutyrate) with 

ozone molecules are lower compared to that of cis-3-hexene, which has a 

reaction coefficient of (1.44 ± 0.43) × 10−16 cm3 molecule−1 s−1 (Calvert et al., 

2015). In contrast, the reaction rate coefficients for cis-3-hexenoate and cis-3-

hexenyl benzoate are higher, while those for 3-methylbuthanoate and 
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hexanoate of cis-3-hexenyl are similar to the reference value (Mairean et al., 

2025). 

 

Figure II.23. Graphical representation of the gas-phase reactivity trend for the 

ozonolysis of cis-3-hexenyl esters at a temperature of (298 ± 2) K and 

atmospheric air pressure. Data from (●) Mairean et al., 2025, (■) Zhang et al. 

(2018), (▲) Atkinson et al. (1995), (◆) Grosjean și Grosjean (1998) and (▼) 

Harvey et al. (2015). The inset figure shows the linear distribution of the 

logarithm of the weighted ozonolysis rate coefficients, compiled from all 

available literature studies, including the present work, for cis-3-hexenyl 

esters containing saturated acyl moieties, plotted against the number of C 

atoms.  

 

 The ozonolysis rate coefficients of cis-3-hexenyl esters are at least 

equal to or greater than those of cis-3-hexenol ((4.13 ± 0.34) × 10-17 cm3 

molecule-1 s-1; Grira et al., 2022) and cis-3-hexenal ((3.50 ± 0.20) × 10-17 cm3 

molecule-1 s-1; Xing et al., 2012). This observation is explained by the reduced 

electron-withdrawing inductive effect exerted by the ester group, due to the 

electron-donating inductive effect of the acyl groups, supporting the 

hypothesis put forward by Zhang et al. (2018). Kinetic studies on 
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methacrylates have demonstrated the influence of the acyl and alkoxyl group 

structures on ozone reactivity (Ren et al., 2019). 

 The analysis of the data presented in Table II.17 shows a positive 

correlation between the reaction rate coefficient (k) and the length of the 

alkoxyl group, as previously reported for a series of vinyl ethers (Al Mulla et 

al., 2010; Zhou et al., 2012; Colmenar et al., 2015). In the case of cis-3-hexenyl 

benzoate, the aromatic ring acts as an electron donor through conjugative 

effects, compensating for the electron-withdrawing inductive effect of the 

ester group, as illustrated in Figure II.24. 

 Regarding reactivity towards OH radicals, the presence of the aromatic 

ring does not significantly affect reactivity, as the aromatic sites are negligible 

(Mairean et al., 2024). The existence of cis/trans conformation, suggested by 

Zhang et al. (2018), indicates that the trans form is energetically more stable, 

and the aromatic planar geometry may reduce steric effects compared to 

similar aliphatic esters. 

 
Figure II.24. Electromeric effect occurring within the cis-3-hexenyl benzoate 

molecule, leading to a significant increase in the reactivity toward ozone by 

opposing the electron-withdrawing effect of the ester functional group. 

 

II.5.3. Estimation of cis-3-hexenyl ester reactivity with ozone according to 

SAR models 

In the absence of direct experimental measurements, SAR methods serve as a 

valuable tool for estimating reaction rate constants for these reactions and for 

characterizing the mechanisms involved (Mairean et al., 2025). 

In the present study, four SAR methods (Atkinson and Carter, 1984; 

McGillen et al., 2008, 2011; Calvert et al., 2002; Jenkin et al., 2020) were used 
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to estimate the values of gas-phase reaction rate constants for a series of cis-

3-hexenyl esters with O3. These methods were developed based on extensive 

experimental data sets and can provide a reasonable estimate of the reactivity 

of unsaturated compounds towards ozone. 

The experimentally obtained rate constants for the ozonolysis of cis-3-

hexenyl esters were compared with the rate constants calculated using 

different SAR approaches. The comparative analysis between experimental 

data and SAR estimates highlights the limitations of current methodologies in 

accurately estimating the reaction rate coefficients for the reaction between 

ozone and cis-3-hexenyl esters. 
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Table : Experimental and SAR-estimated reaction rate constants for cis-3-hexenyl esters with ozone. The ratios between 

the estimated values and experimental data (kSAR/kexp) are given in brackets. 

Compound 

k(ester+O3) × 1017 (cm3 molecule-1 s-1) 

Mairean et al., 

2025 

Zhang et 

al., 2018 

SAR (kSAR/kexp) 

Atkinson and 

Carter, 1984 

Calvert et al., 

2000 

McGillen et 

al., 2011 

Jenkin et 

al., 2020 

cis-3-hexenyl formate 4.53 ± 0.50 4.06 ± 0.66 13 (2.89) 12 (2.67) 3.6 (0.79) 12 (2.67) 

cis-3-hexenyl acetate 5.51 ± 0.60 5.77 ± 0.70 13 (2.36) 12 (2.18) 3.6 (0.64) 12 (2.18) 

cis-3-hexenyl isobutyrate 7.89 ± 0.85  - 13 (1.65) 12 (1.52) 3.6 (0.30) 12 (1.52) 

cis-3-hexenyl 3-methylbutanoate 11.94 ± 1.30  - 13 (1.09) 12 (1.01) 3.6 (0.30) 12 (1.01) 

cis-3-hexenyl hexanoate 15.34 ± 1.74  - 26 (1.16) 12 (0.78) 3.6 (0.23) 12 (0.78) 

cis-3-hexenyl cis-3-hexenoate 22.45 ± 2.53  - 26 (1.16) 24 (1.07) 21.2 (0.94) 24 (1.07) 

cis-3-hexenyl benzoate 29.11 ± 3.20  - 13 (0.45) 12 (0.41) 3.6 (0.12) 12 (0.41) 
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Atmospheric implications of gas-phase reactions of ozone with cis-3-

hexenyl esters  

The concentration of atmospheric oxidants, such as hydroxyl radicals (OH), 

ozone (O3), and nitrate radicals (NO3), plays a crucial role in determining the 

atmospheric lifetime of volatile organic compounds emitted by vegetation. 

Biogenic emissions of cis-3-hexenyl esters significantly contribute to the 

global budget of photochemical oxidants and secondary organic aerosols 

(SOA). The atmospheric degradation of cis-3-hexenyl esters can lead to the 

formation of carbonyl compounds and acids, such as propanal and propanoic 

acid, as well as functionalized saturated esters. Understanding the reaction rate 

constants for the ozonolysis of cis-3-hexenyl esters is essential for 

comprehending the atmospheric mechanism and its associated implications 

(Mairean et al., 2025). 

The atmospheric lifetime (τ) was calculated for each cis-3-hexenyl 

ester investigated in these studies, based on the kinetic data obtained and the 

average concentrations of OH radicals and O3 during the day. Equations Eq. 

II.10 and Eq. II.14 were used to calculate the atmospheric lifetime of cis-3-

hexenyl esters due to reactions with OH radicals and ozone, respectively, while 

the overall average atmospheric lifetime (τtotal) was estimated using Eq. II.15: 

τOH = 1/k(ester +OH) × [OH] Eq. II.10 

τO3 = 1/k(ester + O3) × [O3] Eq. II.14 

τtotal = 1/Σ(k(ester + ox) × [ox]) Eq. II.15 

where k(ester+ox) represents the reaction rate constant of the respective ester with 

the oxidant species, [ox] (e.g., OH, NO3, Cl, or O3), the average concentration 

of the oxidant species over the course of the day (according to studies), while 

[ox] is the average atmospheric concentration of the oxidant. 
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 The atmospheric lifetimes of OH-initiated gas-phase reactions for the 

studied cis-3-hexenyl esters are estimated to range from 2.3 to 7.2 hours, 

according to the data presented in Table II.14. 

The tropospheric lifetime calculated for gas-phase reactions initiated by O3 

with cis-3-hexenyl esters varies between 1.4 and 8.8 hours, as shown in Table 

II.18.
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Table II.18: Tropospheric lifetimes, τ (in hours), for the studied cis-3-hexenyl esters with O3, OH, NO3, and Cl oxidant 

species⁽a⁾. 

 

Compound 

reaction rate coefficient (cm3 molecule-1 s-1) Tropospheric lifetimes, τ (in hours) 

kO3 × 1017  

Mairean et 

al., 2025 

kOH × 1011  

Mairean et 

al., 2024 

kNO3 × 1013 kCl × 1010 τO3 τOH τNO3 τCl τtotal 

cis-3-hexenyl 

formate 
4.53 ± 0.50 4.13 ± 0.45 - 2.45 ± 0.30 (c) 8.8 ± 1.0 6.0 ± 0.7 - 113.4 ± 13.9 < 3.4 ± 0.7 

cis-3-hexenyl 

acetate 
5.51 ± 0.60 4.19 ± 0.38 2.46 ± 0.73 (b) - 7.2 ± 0.8 5.9 ± 0.5 2.3 ± 0.7 - < 1.3 ± 0.2 

cis-3-hexenyl 

isobutyrate 
7.89 ± 0.85 4.84 ± 0.39 - - 5.0 ± 0.5 5.1 ± 0.4 - - < 2.5 ± 0.3 

cis-3-hexenyl 3-

methylbutanoate 
11.94 ± 1.30 5.39 ± 0.61 - - 3.3 ± 0.4 4.6 ± 0.5 - - < 1.9 ± 0.3 

cis-3-hexenyl 

hexanoate 
15.34 ± 1.74 7.00 ± 0.56 - - 2.6 ± 0.3 3.5 ± 0.3 - - < 1.5 ± 0.2 

cis-3-hexenyl cis-

3-hexenoate 
22.45 ± 2.53 10.58 ± 1.40 - - 1.8 ± 0.2 2.3 ± 0.3 - - < 1.0 ± 0.2 

cis-3-hexenyl 

benzoate 
29.11 ± 3.20 3.41 ± 0.28 - - 1.4 ± 0.2 7.2 ± 0.6 - - < 1.2 ± 0.2 

 (a) Average tropospheric concentrations used for calculating the lifetimes of cis-3-hexenyl esters: [OH] = 1,13×106 radicals cm-3 

(Lelieveld et al., 2016); [O3] = 7×1011 molecule cm-3 (Logan, 1985); [NO3] = 5×108 radicals cm-3 (Shu și Atkinson, 1995); 

[Cl] = 104 atoms cm-3 (Wingenter et al., 1999); (b) Atkinson et al., 1995; (c) Rodríguez et al., 2015; (-) no available data. 
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III. GENERAL CONCLUSIONS 

In this thesis, the rate constants for the gas-phase reactions of seven cis-3-

hexenyl esters with OH radicals and ozone were experimentally determined 

using the relative kinetics method. The experiments were conducted at a 

standard temperature of (298 ± 2) K and an atmospheric pressure of (1000 ± 

10) mbar. The main objectives included determining the photolysis degree, 

assessing reactivity towards OH radicals and ozone, estimating the mean 

lifetimes, and evaluating the atmospheric impact of these unsaturated esters. 

 The studies presented in this thesis for the first time experimentally 

determined the rate constants for the reactions of five cis-3-hexenyl esters with 

OH radicals and ozone, and expanded the international kinetic database 

significantly. These results can form the basis for improving predictive models 

used in atmospheric chemistry. 

 The applied relative kinetics method was shown to be effective and 

robust, yielding reproducible and precise results, consistent with values found 

in the literature for similar compounds, validating the experimental 

methodologies used. The experimental conditions were rigorously controlled 

and verified through a preliminary kinetic study of the reaction between n-

butyl acetate and OH radicals, which confirmed the validity of the 

experimental setup. 

 The implementation of the "tracer" method to estimate OH radical 

concentrations in situ proved to be as efficient as traditional approaches using 

"scavenger" compounds. 

 The estimated tropospheric mean lifetime for these esters, based on 

reactions with OH radicals and ozone, is under 8 hours, indicating rapid 

degradation near biogenic emission sources and a reduced likelihood of long-

range transport. Thus, these compounds primarily influence local and regional 
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photochemical processes, with a direct impact on the budget of photo-oxidants 

and secondary organic aerosol (SOA) formation. 
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