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Abstract 

The aroma compound ethyl butyrate (EB) and its methylated derivatives ethyl 2-methylbutyrate (EM), ethyl isovalerate (EI), 

and isopropyl butyrate (IB) are present in many consumer products. To evaluate the environmental and health impacts of these 

volatile organic compounds, a detailed understanding of their gas-phase photochemical reactivity is required. Here, we 

performed pulsed laser photolysis / laser-induced fluorescence (PLP-LIF) experiments to investigate the kinetics of their 15 

reactions with the hydroxyl radical (OH). Room temperature rate coefficients in units of 10-12 molec-1 cm3 s-1 with 2σ statistical 

errors were determined as: (5.5±0.2) for EB + OH, (7.0±0.3) for EM + OH, (11.2±0.4) for EI + OH, and (7.5±0.4) for IB + 

OH. All four reactions exhibited complex kinetics with distinct non-Arrhenius behaviour for temperatures up to about 400 K. 

This behaviour was attributed to pre-reaction complexes and is consistent with site-specific reactivities as predicted by an 

established structure-activity-relationship (SAR). In a second series of experiments, quasi-gas-phase UV-vis. spectroscopy and 20 

time-dependent density functional theory predictions were used to obtain absorption cross-sections. All four esters displayed 

an absorption band at around 213 nm (spin-forbidden π*←n transition), but did not absorb appreciably in the visible or UV-A 

part of the spectrum where light is abundant at ground level. Therefore, the reaction with OH was considered the main loss 

process, with lifetimes for tropospheric removal ranging from 22 to 45 hours. Photochemical ozone creation potentials were 

estimated to be in a moderate range between 28 and 34. 25 
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1 Introduction 

Ethyl butyrate (ethyl butanoate; henceforth EB) and its methylated derivatives ethyl 2-methylbutyrate (ethyl 2-

methylbutanoate; EM), ethyl isovalerate (ethyl 3-methylbutanoate; EI), and isopropyl butyrate (propan-2-yl butanoate; IB) are 30 

a group of volatile compounds with widespread occurrence and versatile applications but largely unknown gas-phase 

behaviour. Their structures are shown in Fig. 1. In industrial contexts, EB and its derivatives have been explored as promising 

second-generation biofuels that could support the transition away from petroleum-based fuels (Badawy et al., 2016; El-Nahas 

et al., 2010; Zhang et al., 2021). Furthermore, fatty acid esters with C4–C5 acid chains are potent solvents (Knothe and Steidley, 

2011) that can be synthesised from bio-derived alcohols and acids and may therefore be sourced sustainably at large scales 35 

(Xu et al., 2020). 

 

 

Figure 1: Molecular structures of EB and its derivatives with numbered H abstraction sites. The areas of the circles are proportional 

to the room temperature partial rate coefficients for the reaction with OH at each site, as predicted by the structure-activity 40 
relationship (SAR) by Jenkin et al. (2018). The absolute and relative values of these rate coefficients are listed in Table S5 (SI). 

 

Importantly, EB and its derivatives are also present in many consumer products. They occur naturally in many plants and food 

products (Bicas et al., 2011; Kim et al., 2013; Sosa-Moguel et al., 2018), and can enhance sweetness perception and are thus 

used as sugar substitutes in food and as active ingredients in e-cigarettes (Barba et al., 2018; Labbe et al., 2007; Rao et al., 45 

2018; Xiao et al., 2023, 2024). Moreover, EB and its derivatives exhibit the distinct fruity odour typical of many esters, and 

they fall into the range of molecules with a particular strong aroma, i.e. ≤C8 aliphatic compounds with a C3-C5 acyl moiety and 

a C1-C5 alkoxy group (Boelens et al., 1983; Kraft et al., 2000). With a smell reminiscent of pineapple, apple, or pear, they are 

a popular additive for a range of household items and consumer products. For instance, this includes their use in room fragrance 

products or scented personal care products (Nematollahi et al., 2018; Uhde and Schulz, 2015), but also in cleaning products 50 

such as washing-up liquids (Fig. S1 with Table S1 for methodological details, SI). They are also described in perfumery 

reference libraries and supplier catalogues, as well as in fragrances databases where they are listed as active ingredients in 

cosmetics and perfume (e.g. The Good Scents Company Information System, 2026). 

 

As aroma compounds need to reach the human olfactory system to induce scent, they are volatile to some degree and can be 55 

classified as volatile organic compounds (VOCs). This is also true for EB and its derivatives, which exhibit vapour pressures 

in the range of approx. 11-19 mbar at room temperature (US Environmental Protection Agency, 2026). Therefore, they exist 
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mainly in the gas phase after emission, where they are exposed to different sources of light and atmospheric oxidants. Critically, 

consumer products are mostly used indoors, meaning that the components of the formulations are emitted into confined spaces. 

The presence of these VOCs in indoor environments can have numerous effects on ambient air quality, including direct toxicity 60 

as well as the formation of harmful secondary pollutants after photooxidation (Weschler and Carslaw, 2018; Wolkoff et al., 

1997). Inadequate ventilation can slow the dilution of emitted VOCs and their photochemical products, leading to accumulation 

of these compounds indoors. Since most people spend the vast majority of their time indoors (Klepeis et al., 2001), the 

cumulative exposure to critical pollutants can represent a substantial health concern. Equally, indoor-outdoor exchange can 

lead to the occurrence of VOCs emitted from consumer products outdoors (Yeoman et al., 2020), where photooxidation 65 

conditions can be different. For both indoor and outdoor air quality, it is therefore important to characterize the photochemical 

reactivity of emitted compounds. 

 

Since EB and its derivatives do not possess C=C double bonds, rapid ozonolysis or reactions that proceed via the addition of 

a radical to the molecular structure can be disregarded. Loss processes that can be relevant, on the other hand, include 70 

photolysis or radical-initiated H abstraction. For photolytic decay to occur, a chromophore must be present, which in case of 

esters is the carbonyl group (Lary and Shallcross, 2000). The typical carbonyl transitions tend to be blue-shifted for esters due 

to the additional alkoxy oxygen, but the exact position and magnitude of the absorption bands depend very much on the specific 

substituents and molecular structure (Caswell et al., 1976; Closson and Haug, 1964). For EB and its derivatives in particular, 

the UV-vis. absorption spectra or photolysis quantum yields have not yet been determined to the best of our knowledge, 75 

meaning that the relevance of photolytic decay is still poorly constrained. 

 

Oxidation via abstraction of an H-atom can be initiated by reactive free radicals such as OH or Cl (Calvert et al., 2011; Mellouki 

et al., 2003). Cl atoms are scarce in the troposphere (Wang et al., 2019), yet their reactions are often significantly faster than 

the equivalent OH radical reactions (Liang et al., 2010; Notario et al., 1998). The room temperature rate coefficients are known 80 

for most of the compounds studied here and have been reported for EB + Cl (Cometto et al., 2009; Ifang et al., 2015; Ramya 

and Rajakumar, 2019), EM + Cl (Ifang et al., 2015), and EI + Cl (Ifang et al., 2015). In contrast, OH radicals are more abundant 

in the troposphere and are considered the dominant oxidant outdoors (Lelieveld et al., 2004) while also playing an important 

role indoors (Weschler and Carslaw, 2018). OH is generally known to react with esters (e.g. Ferrari et al., 1996; Wallington et 

al., 1988; Williams et al., 1993), which makes it a likely reaction partner for EB and its derivatives as shown in reactions (R1–85 

R4).  

𝐸𝐵 + 𝑂𝐻 → (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)           (R1)  

𝐸𝑀 + 𝑂𝐻 → (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)           (R2) 

𝐸𝐼 + 𝑂𝐻 → (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)           (R3) 

𝐼𝐵 + 𝑂𝐻 → (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)           (R4) 90 
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However, rate coefficients have only been reported for EB + OH (Cometto et al., 2009; Ferrari et al., 1996; Gour et al., 2014; 

Wallington et al., 1988) and remain unknown for the methylated EB derivatives. While structure-activity-relationships (SARs) 

are available to predict VOC+OH rate coefficients (Jenkin et al., 2018; Kwok and Atkinson, 1995), these are often limited in 

their capability to accurately describe oxygenated compounds (e.g. Mapelli et al., 2022, 2023). 

 95 

Given the lack of available kinetic data, this study aims to assess the gas-phase atmospheric fate and potential air quality 

impacts of EB and its derivatives by evaluating their photochemical reactivities and atmospheric lifetimes. To this end, we 

performed experiments to determine UV–vis. absorption spectra as well as temperature-dependent rate coefficients for 

reactions with OH radicals (R1–R4). 

 100 
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2 Experimental 105 

The photochemical properties of EB and its derivatives were explored by experimental and computational approaches for the 

determination of absorption cross-sections (Sect. 2.1), as well as by pulsed laser photolysis (PLP) / laser induced fluorescence 

(LIF) experiments conducted at the University of York and the University of Leeds to investigate radical kinetics (Sect. 2.2). 

In a preliminary study to this work, EB and its derivatives were identified by GC-MS from headspace samples of washing up 

liquid (see Sect. S1 of the SI for details). The organics were purchased as neat compounds from Fisher Scientific (EB, EM, 110 

EI), Scientific Laboratory Supplies (IB), and Sigma Aldrich (ethyl acetate), all with a stated purity of at least ≥99%. 

2.1 UV-vis. absorption spectra 

2.1.1 Quasi-gas-phase spectroscopy 

As direct gas-phase measurements were not feasible with the available instrumentation, the UV-vis. absorption properties of 

EB and its derivatives were probed experimentally by recording solution-phase spectra, dilute in cyclohexane (D’Souza 115 

Metcalf et al., 2025). As demonstrated by Nakashima et al. (1982), the difference in absorption intensity between solution-

phase and gas-phase spectra is smallest when the selected solvent has low molecular polarizability and the dispersion forces 

between the target compound and solvent are minimized. In such cases, solution-phase spectra can be considered “quasi-gas-

phase”. Cyclohexane (C6H12) is a non-polar solvent with low polarizability. As such, it has been used in previous studies to 

record UV-vis. spectra of oxygenated compounds and has been shown to be a suitable choice when a small correction factor 120 

for the absorption intensity is applied (D’Souza Metcalf et al., 2025; Mapelli et al., 2023). Furthermore, cyclohexane absorbs 

mainly below 200 nm and in particular below 180 nm (Doner et al., 2019), and therefore does not interfere with the expected 

absorption maxima of carbonyl-containing VOCs. To validate the method and to determine a suitable correction factor for this 

class of compounds, a quasi-gas-phase spectrum of ethyl acetate (ethyl ethanoate; EA) was recorded along with the spectra of 

EB and its derivatives. EA is structurally and chemically similar to EB and its derivatives, and its UV absorption in the gas 125 

phase is well-established (McMillan, 1966; Śmialek et al., 2016). 

 

Each compound was dissolved in cyclohexane to obtain dilute solutions in the range of 0.004-0.016 M. Working with these 

low concentrations, interactions of the target compound molecules amongst each other were minimized. The solutions were 

prepared using micropipettes and volumetric flasks to an estimated accuracy of ±10%. All spectra were recorded with a 130 

resolution of 0.2 nm in the range between 200-600 nm (EB) or 200-350 nm (EA, EM, EI, IB) using a pair of quartz cuvettes 

(pathlength 1 cm) in a UV-vis. spectrometer (UV-2600, Shimadzu). Solvent-vs-solvent baselines were recorded to account for 

differences in the optical properties of the cuvettes, and were subtracted from all spectra. 

 

To obtain the gas-phase absorption cross-section, we first derived the extinction coefficient according to the Beer Lambert law 135 

shown in Eq. (1): 
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𝐴(λ) = log10(
𝐼0(λ)

𝐼(λ)
) = 𝑐 × 𝑙 × 𝜀(λ)          (1) 

where 𝐴(λ) is the absorbance recorded by the spectrometer (unitless), 𝐼0(λ) is the reference beam intensity (a.u.), 𝐼(λ) is the 

sample beam intensity (a.u.), 𝑐 is the concentration in M, 𝑙 is the pathlength in cm, and 𝜀(λ) is the molar extinction coefficient 

in M-1 cm-1. A linear regression of the absorbance against concentration × pathlength was performed for each wavelength 140 

interval, resulting in a robust estimate of the extinction coefficient (see also Fig. S2, SI). In the next step, the extinction 

coefficient was converted to the gas-phase absorption cross-section using Eq. (2), based on the relationship between Eq. (1) 

and the Beer Lambert law for gas-phase conditions as shown in Eq. (3): 

σ(λ) = ε(λ) ×
1000

𝑁𝐴
× ln(10)          (2) 

𝐴𝑔(λ) = ln(
𝐼0(λ)

𝐼(λ)
) = 𝑛 × 𝑙 × σ(λ)          (3) 145 

where σ(λ) is the gas-phase absorption cross-section in cm2 molec-1, 𝑁𝐴 is Avogadro’s constant 6.022×1023 mol−1, 𝐴𝑔(λ) is 

the gas-phase absorption (unitless), and 𝑛 is the concentration in molec cm-3. 

2.1.2 Computational experiments 

In addition to the spectroscopic experiments, UV-vis. spectra were predicted computationally using Gaussian 16, revision C.02 

(Frisch et al., 2016). In a first step, the molecular geometries were optimised to find the most stable structures, using the 150 

B3LYP functional with a 6-311++G(d,p) basis set and gd3bj dispersion correction. Tight convergence criteria were employed 

for higher accuracy. The fully converged stationary points were verified as true energy minima by vibrational frequency 

analysis. Imaginary frequencies, which would reveal saddle points on the potential energy surface, were absent in all cases. 

Using the optimised structures, vertical excitation energies for the lowest 30 singlet states were obtained by time-dependent 

density functional theory (TD-DFT) calculations at the at the CAM-B3LYP/6-311++G(d,p) level of theory. For evaluating 155 

UV-vis. absorption in solution, both the geometry optimisation and the energy calculation were performed with inclusion of 

cyclohexane as the solvent (CPCM method). For all computational steps, our choice of functionals and basis sets was aligned 

with the configurations used in similar applications (e.g. Anhaia-Machado et al., 2023; Pandey et al., 2021; Tang et al., 2024). 
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2.2 PLP-LIF experiments 160 

2.2.1 Experimental setup at University of York 

Most PLP-LIF experiments were performed at the University of York, using the apparatus described in detail by Mapelli et al. 

(2022). Briefly, the flows of the target VOC, the OH precursor, and the bath gas N2 (>99.9999%, obtained directly as boil-off 

from liquid N2) were each regulated by mass flow controllers (MFCs), and mixed in a glass manifold before entering the 400 

cm3 spherical Pyrex reaction cell. The laser beams entered the cell through quartz Brewster windows, and additional arms were 165 

available for the introduction of the gas mix and the vacuum pump. The temperature inside the reaction cell was regulated with 

electric heating tape, maintained with glass fibre insulation, and monitored with a K-type thermocouple that could be moved 

along a vertical gradient and was placed in the centre of the cell before and after each experiment. Two capacitance manometers 

(MKS, 10 and 1000 Torr) were available to monitor the pressure in the reaction cell. The experiments were performed at 

pressures between 20 and 37 Torr, with a total flow of a few hundred sccm, resulting in approx. 10 sccm/Torr. 170 

 

OH radicals were generated through the photolysis of gaseous H2O2 in reaction (R5), which can be regarded as a clean source 

of OH radicals. 

H2O2
ℎ𝜈
→ 2OH            (R5) 

As a source of H2O2, a 1:1 mixture of H2O2-urea (97%, Sigma Aldrich) and sand (pure, 40-100 mesh, Fisher Scientific) was 175 

placed in a glass container that was heated to approx. 45°C in a water bath. At this temperature, H2O2-urea decomposes and 

provides water-free H2O2 vapour. The sand was added to prevent agglomeration. This method has been used in numerous 

previous studies (e.g. Chen et al., 2024; Hong et al., 2010; Ludwig et al., 2006). To photolyze H2O2, the fourth harmonic output 

from a Nd:YAG laser (Quantel, Q-Smart) was used to provide a 266 nm laser beam with 10 Hz frequency and a fluence of 

<20 mJ cm-2. 180 

 

OH radicals were detected via off-resonant LIF, with excitation at 282 nm via the A2Σ+(ν=1)←X2Π(ν=0) transition. The 282 

nm laser beam was supplied from a frequency-doubled dye laser (Radiant Dyes, NarrowScan) that was pumped at 532 nm 

from the second harmonic output of a Nd:YAG laser (Continuum, Surelite II) and tuned for a Rhodamine-6G emission at 564 

nm. The 309 nm fluorescence of OH radicals was collected perpendicular to the laser beams by biconvex lenses and directed 185 

through an interference filter onto a photomultiplier tube (PMT, Hamamatsu). 

 

The organics were degassed by repeated freeze-pump-thaw cycles and room temperature degassing. To enable a steady supply 

of the gaseous compounds in the PLP-LIF experiments, they were diluted and stored in 12 dm3 Pyrex bulbs (mixing ratios of 

<1% in N2, with the pressure of the organic in the bulb remaining below the room temperature vapour pressure). Except for 190 

the experiments without added ester, all experiments were carried out under [ester]>>[OH] conditions to enable the analysis 

of the OH decay as a pseudo-first-order reaction. The removal rate of OH radicals in the absence of any organic (see intercept 



8 

 

in Fig. 3) suggested a concentration of <1015 molec cm-3 of H2O2 in the reaction cell. To obtain a decay profile of OH, the 

timing between the PLP laser and the LIF laser was successively increased. The entire trace was recorded several times and 

averaged to reduce noise. A LabVIEW programme was used to control the lasers via a delay generator (BNC, 575) and to 195 

collect and digitalise the LIF data via an oscilloscope (Picoscope, 5000). 

2.2.2 Experimental setup at University of Leeds 

Additional PLP-LIF experiments for EB were carried out at the University of Leeds in order to evaluate rate coefficients at 

higher temperatures, to compare OH and OD radical kinetics for further mechanistic insights, and to probe for OH recycling. 

The experimental set-up is generally similar to the one described above, with comparable pressures and total flows. Significant 200 

differences are noted as follows: the reaction cell was constructed from stainless steel, argon was used as the bath gas, and on-

resonant LIF was employed (see below). For further technical specifications, the reader is referred to previous publications 

(e.g. Blitz et al., 2025; Onel et al., 2012) where the apparatus has been described in detail. 

 

As for the York PLP-LIF experiments, OH radicals were generated from the photolysis of H2O2 at 266 nm, using the same 205 

H2O2-urea precursor to introduce H2O2. The OH probe beam at approx. 308 nm was created by doubling a 616 nm tuneable 

dye laser output (dye: DCM special with pyridine 1). For experiments including OD radicals, D2O was either added to a wet 

peroxide source (50% H2O2 in H2O), or flown over the H2O2-urea precursor in an enriched carrier gas flow, forming D2O2 

almost instantly in both cases. The amount of D2O was adjusted so that a sufficient amount of H2O2 was converted to D2O2. 

The photolysis of the gaseous H2O2/D2O2 mixture yielded both OH and OD radicals. The kinetics of these radicals with EB 210 

were probed in the same reaction cell in immediate succession. To alternate between OH and OD radical lines, the dye laser 

wavelength was adjusted slightly in between runs. 
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3 Results and discussion 

The relevance of photolytic degradation of EB and its derivatives in different settings was evaluated based on the gas-phase 215 

absorption cross-sections in Sect. 3.1. In terms of radical reactions, the rate coefficients of each of the esters with OH are 

detailed as a function of temperature in Sect. 3.2, and these results are put in the context of SAR predictions of site-specific 

reactivities and probable abstraction mechanisms. Complementary material is provided in Sect. S2 and Sect. S3 of the SI, 

respectively. 

3.1 UV absorption cross-sections and rates of photolysis 220 

For method validation and refinement, we compared the experimentally determined solution-phase spectrum (200 – 350 nm) 

for EA from this work to available gas-phase spectra from the literature and to gas-phase and solution-phase TD-DFT 

predictions. For details of this proof-of-concept study, the reader is referred to Sect. S2.1 with Fig. S2 and Table S2 in the SI. 

Importantly, the experimental solution-phase spectrum showed excellent agreement with the literature gas-phase spectra in 

terms of the peak position and peak shape, but the magnitude of the absorption was amplified due to solvent effects. A robust 225 

correction factor of 0.86±0.01 which aligns well with previous studies (Mapelli et al., 2023; Nakashima et al., 1982) was 

derived from the observed differences in peak areas. We conclude that the experimental solution-phase spectra for EB and its 

derivatives can provide an accurate proxy for gas-phase behaviour when this correction factor is applied. 

 

The UV absorption spectra of EB and its derivatives are displayed in Fig. 2a. The absorption maxima and corresponding 230 

wavelengths for the π*←n absorption bands of the individual compounds are listed in Table S3 (SI). The absorption band at 

around 213 nm is attributable to the forbidden π*←n transition. A weak absorption band at around 210 nm is a typical feature 

of many esters and results from the interaction of the lone pair of electrons of the alkoxy oxygen with the carbonyl π orbitals 

and the associated blue-shift of the carbonyl π*←n transition (Closson and Haug, 1964 and references therein). In terms of 

intensity, the molar extinction coefficients of ε = 53.3 – 76.8 (experimental data) are comparable to the values reported for 235 

other esters at around 210 nm, which are generally small and remain mostly in the range below ε = 100 as a result of the low 

likelihood with which the forbidden π*←n transition occurs (Caswell et al., 1976; Closson and Haug, 1964). There was no 

absorption in the visible range (Fig. S3, SI). In the gas-phase spectra predicted by TD-DFT, the peaks appear slightly blue-

shifted but agree within 4 nm with the experimental data. Additionally, the peak profiles are a bit narrower, which was 

previously observed for EA as well (Fig. S2, SI). The predicted maximum absorption intensities are between 1.3 and 2.8 times 240 

lower than the experimental values, suggesting that the computational approach used in this work provides a qualitative rather 

than quantitative description of the studied compounds. 
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Figure 2: UV absorption and potential for photolytic decay for EB and its derivatives. (a) UV-vis. spectra of EB, EM, EI, and IB, 245 
recorded as dilute solution-phase spectra (0.004 M - 0.016 M in cyclohexane, n=4 excl. blanks, 2σ statistical errors as shaded areas) 

and corrected to gas-phase conditions using the scaling factor 0.86. TD-DFT predications are shown as dotted lines (CAM-B3LYP/6-

311++G(d,p) level of theory; 30 singlet states). (b) Solar actinic flux at 51°N latitude in peak summer at altitudes of 0, 5, 7, and 10 

km (sea level towards upper troposphere) according to the NCAR TUV model v5.3. The wavelengths of different UV-C germicidal 

lamps are shown as vertical arrows. (c) Product of the EB absorption cross-section, the photon flux at 10 km altitude, and an assumed 250 
quantum yield of 1, resulting in the upper limit photolysis rate after integration, shown for the experimental data and the TD-DFT 

predictions of the absorption cross-section. The wavelength corresponding to the estimated bond dissociation energy (BDE; 422 kJ 

mol-1 for 283 nm) for the single C-O bond in the ester group is shown as the dashed vertical arrow. 

 

Peak positions for the methyl-substituted derivatives appear slightly red-shifted, by approx. 1 to 2 nm when compared to EB. 255 

There is a trend of λmax(IB) < λmax(EI) < λmax(EM) for both the experimental data and the TD-DFT predictions, even though 

λmax(IB) is slightly smaller than λmax(EB) in the TD-DFT predictions. The observed red-shift of the methylated derivatives is 

in accordance with the work by Closson and Haug (1964) who have observed that the absorption maximum tends to be shifted 

to longer wavelengths when a methyl group is attached to either the carbon adjacent to the carbonyl functional group or to the 

carbon adjacent to the alkoxy oxygen. Here, this is valid for EM and IB, respectively. The red-shift resulting from methyl 260 
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substitution in the acyl group is likely to result from the electron-donating effect of the methyl group and the resulting increase 

in energy of the lone pair electrons of the oxygen, thus reducing the energy difference in the π*←n transition (Closson and 

Haug, 1964). The red-shift caused by methyl substitution in the alkoxy group, in turn, is believed to be related to steric effects 

and the interaction between the methyl group and the carbonyl oxygen, either directly increasing the energy of the lone pair 

electrons, or lowering π* by reducing coplanarity or increasing the C-O-C bond angle (Closson and Haug, 1964).  265 

 

For the methylated esters, the absorption intensity tends to increase along with the red-shift, suggesting that similar 

mechanisms may contribute to both effects. Indeed, Caswell et al. (1976) found that the values of ε in their study were 

dependent on the availability of electron-donating alkyl group. In both the experimental data and the TD-DFT predictions, EM 

has a distinctly higher cross-section than the other three compounds which in turn are relatively similar in their absorption 270 

intensities. The factor by which σmax(EM) exceeds σ̅max(EB,EI,IB) is 1.4 in the experimental data and 2.5 in the TD-DFT 

predictions. This suggests that the electron-donating effect of the methyl group is strongest in EM, which can be rationalised 

by its immediate proximity to the carbonyl carbon. 

 

Photolysis only becomes a competitive atmospheric loss process if the incoming radiation aligns with the absorption bands of 275 

EB and its derivatives and if it contains sufficient energy to break intra-molecular bonds. The scission of the ester functional 

group (RC(O)OR’ → RCO + OR’) has been shown to be the most relevant photolysis pathway for esters exposed to unfiltered 

light, accounting for at least half of the observed photolysis products of esters such as methyl propionate or methyl butyrate 

close to room temperature (Ausloos, 1958). The bond dissociation energy (BDE) for the scission of the bond between the 

carbonyl carbon and the alkoxy oxygen has been calculated to be 420 kJ mol-1 for ethyl propanoate and 424 kJ mol-1 for methyl 280 

butanoate (El-Nahas et al., 2007). Assuming an average 422 kJ mol-1 for EB and its derivatives, the wavelength corresponding 

to this estimated BDE is 283 nm (Fig. 2c). This essentially means that radiation with longer wavelengths will be ineffective in 

photolyzing the molecules even if they did absorb in the near-UV or visible range, whereas wavelengths shorter than that 

would be able to break the bond. Within their π*←n absorption band, photolysis is hence principally possible. At λmax of EB 

and its derivatives of around 213 nm, the photon energy is roughly 561 kJ mol-1 and far above the estimated BDE. 285 

 

However, under standard ground-level conditions outdoors or in conventional indoor environments, there is effectively no 

radiation in the UV-C range where EB and its derivatives absorb. Light sources used to irradiate living spaces are designed to 

emit in the visible range, and sunlight reaching the Earth’s surfaces contains mainly radiation with wavelengths above 300 nm 

since most of the UV-B and UV-C radiation is absorbed by optically active gases within the atmosphere. At around 200-220 290 

nm, however, there is less attenuation and UV-C light can penetrate further through the atmosphere. As a result, there is a 

height-dependent photon flux and a higher availability of UV-C radiation – and hence a higher likelihood for photolysis – in 

the upper troposphere and stratosphere than at ground level (Fig. 2b). 
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For relevant spectral ranges, photolysis rates can be calculated as the product of the photon flux, the absorption cross-section 295 

of the molecule, and the photolysis quantum yield, integrated over the relevant wavelength range as shown in Eq. (4): 

𝐽 = ∫ ϕ(λ) × σ(λ) × 𝐹(λ)
λ𝑚𝑎𝑥
λ𝑚𝑖𝑛

          (4) 

where 𝐽 is the first-order photolysis rate in s-1, ϕ(λ) is the wavelength-dependent quantum yield, σ(λ) is the wavelength- 

dependent absorption cross-section in cm2 molec-1, and 𝐹(λ) is the wavelength-dependent photon flux in quanta cm-2 nm-1 s-1. 

As ϕ(λ) is not known for EB (or any of its derivatives), in common with many other VOCs, a value needs to be assumed for 300 

the calculation of photolysis rates. Since λmax of the EB π*←n absorption band and the spectral range of the atmospheric 

window in the UV-C range are far below the threshold wavelength corresponding to the estimated BDE and since the incoming 

energy is hence significantly higher than the energy needed to break the bond (Fig. 2c), a quantum yield of 1 is principally 

possible. Using an assumed quantum yield of 1 in Eq. (4) results in the photon absorption rate, which is an upper limit to the 

photolysis rate. Here, we calculated these rates for EB using the recorded UV-vis. absorption spectrum and the actinic fluxes 305 

as predicted by the Tropospheric Ultraviolet and Visible (TUV) model v5.3 (NCAR, 2025) for altitudes of 0, 5, 7, and 10 km 

at 51°N latitude in peak summer. The upper limit photolysis rate of EB increases by numerous orders of magnitude from 

7.6×10-25 s-1 to 7.9×10-13 s-1 between sea level (0 km altitude) and the upper troposphere (10 km altitude), but the corresponding 

(minimum) photolytic lifetime is in the range of millennia for all altitudes (Table 1). Notably, the experimental UV spectra 

from this work are only available down to 200 nm, but absorption still occurs below that wavelength. However, evaluating the 310 

photon absorption rate based on the TD-DFT prediction (which has a smaller absorption cross-section by about a factor of 2, 

explaining the absolute difference in the photon absorption rate) reveals that the product of the absorption cross-section and 

the photon flux quickly declines below 200 nm even for a height of 10 km (Fig. 2c). This is mainly due to the sharp decrease 

of the photon flux (note the logarithmic scale in Fig. 2b). 

 315 

Table 1: Upper limit photolysis rate of EB throughout the troposphere, calculated using the flux predicted by the NCAR TUV model 

v5.3 for peak summer and 51°N latitude. The lifetime is given by the reciprocal of the photolysis rate. 

Altitude / km J / s-1 τ / yr 

0 7.6×10-25 4.2×1016 

5 1.3×10-17 2.4×109 

7 2.1×10-15 1.5×107 

10 7.9×10-13 4.0×104 

 

 

 320 

In spite of the insignificance of photolysis in most settings, the absorption of EB and its derivatives in the UV-C range can still 

be relevant in specific experimental and environmental contexts. In terms of kinetic work, the absorption of the esters below 

260 nm can be associated with additional scatter or bias in PLP-LIF experiments if VUV light sources or – to a lesser extent – 
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248 nm excimer lasers are used, whereas no interference is expected from 266 nm lasers such as were employed in this work. 

Beyond such technical considerations, the absorption of EB and its derivatives could be relevant in the context of germicidal 325 

UV-C technology. UV-C lamps which emit at 254 nm or 222 nm have sterilising properties (Naito et al., 2022), and have seen 

a surge in interest and usage since the onset of the COVID-19 pandemic. For 222 nm lamps in particular, the emitted light 

overlaps substantially with the absorption band of EB and its derivatives (Fig. 2b). As such, they may induce photolytic 

degradation of EB and its derivatives in indoor environments where they may be employed next to VOC sources. While the 

potential impact of UV-C lamps on indoor air quality has been recognised increasingly in recent years, most studies were 330 

limited to observations of ozone formation (e.g. Link et al., 2023; Peng et al., 2023) rather than investigations of direct VOC 

photolysis. Given the high spectral significance not only for EB and its derivatives but for many oxygenated or conjugated 

VOCs absorbing in the UV-C range, direct photolysis may be an underestimated phenomenon in indoor air chemistry that 

should be investigated in more detail.  
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3.2 Kinetics of OH with EB and its derivatives   335 

For each PLP-LIF experiment, the pseudo first order OH decay rate coefficient k’ was determined for a range of different VOC 

concentrations. All experiments were conducted with the VOC in excess, so that the OH decay could be evaluated according 

to Eq. (5): 

[𝑂𝐻]𝑡 = [𝑂𝐻]0 × exp(−𝑘
′ × 𝑡)          (5) 

where [𝑂𝐻]𝑡 and [𝑂𝐻]0 are the OH signals at time t and time 0 respectively (a.u.), 𝑘′ is the pseudo first order rate coefficient 340 

in s-1, and 𝑡 is the time in s. The rate coefficient k in units of molec-1 cm3 s-1 could then be derived as the slope of the linear 

regression of k’ against the VOC concentration [𝑉𝑂𝐶] in molec cm-3, as shown exemplarily in Fig. 3 and as described by Eq. 

(6). The intercept of the linear regression represents 𝑘𝑙𝑜𝑠𝑠 which is the loss term for other losses of OH in s-1, and which was 

dominated here by the reaction (R6) between OH radicals and H2O2. Uncertainties of k quoted throughout this work are 2σ 

statistical errors only, unless specifically stated otherwise. Systematic errors due to unwanted radical chemistry or VOC 345 

photolysis were considered negligible, as the experiments were performed at low H2O2 (and hence OH) concentrations and the 

studied esters do not absorb at 266 nm. 

𝑘′ = 𝑘 × [𝑉𝑂𝐶] + 𝑘𝑙𝑜𝑠𝑠           (6) 

𝑂𝐻 + 𝐻2𝑂2 → 𝐻2𝑂 + 𝐻𝑂2          (R6)  

 350 

 

Figure 3: Exemplary PLP-LIF dataset, showing the determination of k1 at 340 K. The individual data points are experiments 

performed at different EB concentrations, for each of which the pseudo first order decay rate of OH radicals has been obtained by 

exponentially fitting the OH signal (as shown in the inset for the data point [EB] = 0.17×1015 molec cm-3). A linear regression of the 

data results in the value of k1 (here: slope = (5.1±0.3)×10-12 molec-1 cm3 s-1 with 2σ error, intercept = (5.2±0.6)×102 s-1). The 355 
experiments conducted without any added EB were not used in the fit. 

 

The conditions and resulting rate coefficients for all PLP-LIF experiments conducted in this work are listed in Table S4 (SI). 

The room temperature rate coefficients of the studied esters are listed along with SAR predictions and literature values (for 

EB only) in Table 2. Generally, there is very good agreement between the values of k1 determined in York and Leeds, 360 
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respectively, averaging to (5.5±0.2)×10-12 molec-1 cm3 s-1 (weighted mean with statistical error). There is also good agreement 

between these experimental values and the body of literature. Notably, the two studies based on absolute rate determinations 

(Cometto et al., 2009; Wallington et al., 1988) show the greatest consistency with the experimental data from this work. 

Although a VUV light source (Wallington et al., 1988) and a 248 laser (Cometto et al., 2009) which can potentially trigger the 

photolysis of the ester (see Sect. 3.1) were used, all absolute values reported in this work or in previous literature agree within 365 

their uncertainties. In contrast, the DFT study (Gour et al., 2014) and the study employing a relative rate approach (Ferrari et 

al., 1996) report lower rate coefficients. The work by Ferrari et al. (1996) was done relative to OH + n-octane, using the 

absolute rate coefficient of 8.42×10-12 molec-1 cm3 s-1 reported by Greiner (1970). Both lower (e.g. Anderson et al., 2003) and 

higher (e.g. Shaw et al., 2020) rate coefficients have been reported for this reaction based on relative rate techniques since, so 

that a meaningful re-assessment of k1 based on an updated n-octane reactivity is currently not possible.  370 

 

The room-temperature values of k1 reported in this work were obtained at 26 and 29 Torr (N2 bath gas) using the York set-up 

and at 37 and 38 Torr (Ar bath gas) using the Leeds set-up. Their agreement with the PLP-LIF results by Cometto et al. (2009) 

at 100 Torr (He bath gas) and with the flash photolysis resonance fluorescence (FP-RF) results by Wallington et al. (1988) at 

25-50 Torr (Ar bath gas) suggests that all of these measurements were obtained in the high-pressure limit. This is in accordance 375 

with other reactions of oxygenated VOCs with OH, such as acetone where strong curvature was observed but no pressure 

dependence was found between 20 and 100 Torr (Wollenhaupt et al., 2000). 

 

Table 2: Room temperature rate coefficients for the reactions of the esters with OH radicals, as obtained with the PLP-LIF setup in 

this work, according to two structure-activity-relationships (SARs), and as reported in the literature. Different methods of obtaining 380 
rate coefficients are labelled as absolute rate methods (a), relative rate methods (b), density functional theory calculations (c), or 

SAR predictions (d). For values based on experimental methods, different bath gases are denoted as nitrogen (§), argon (†), helium 

(‡), or air (¶). All temperatures are within ±4 K of 298 K. The room temperature coefficients obtained in this work are reported as 

weighted means from two determinations with statistical errors (see all single results and associated uncertainties in Table S4, SI).  

Reaction 

k(~298 K) / 10-12 molec-1 cm3 s-1 

This work SAR (Jenkin et 

al., 2018) 

SAR (Kwok and 

Atkinson, 1995) 

Literature 

EB + OH (R1) 5.6±0.3 (York)a§ 

5.4±0.2 (Leeds)a† 

4.53d 3.83d 4.94±0.38 (Wallington et al., 1988)a† 

5.1±0.5 (Cometto et al., 2009)a‡ 

4.37±0.42 (Ferrari et al., 1996)b¶ 

4.87 (Gour et al., 2014)c 

EM + OH (R2) 7.0±0.3 (York)a§ 5.27d 4.92d N/A 

EI + OH (R3) 11.2±0.4 (York)a§ 6.65d 5.24d N/A 

IB + OH (R4) 7.5±0.4 (York)a§ 6.29d 5.61d N/A 

 385 
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Both SARs (Jenkin et al., 2018; Kwok and Atkinson, 1995) underestimate the absolute rate coefficients as obtained by the 

PLP-LIF experiments for all four compounds, but correctly predict the methylated derivatives to be more reactive than EB. 

The SAR by Jenkin et al. (2018) furthermore correctly reflects the increase in reactivity in the specific order EB < EM < IB < 

EI. It should be noted that EB was used in the training set of the Jenkin et al. (2018) SAR with a training value of 4.50×10-12 390 

molec-1 cm3 s-1 (taken from Calvert et al. (2011), in turn based on Wallington et al. (1988) and Ferrari et al. (1996)) which is 

very closely matched by the SAR output of 4.53×10-12 molec-1 cm3 s-1. Although the methylated EB derivatives were not 

included in the SAR training set, the optimisation of EB towards a value which is lower than all absolute rate coefficients 

reported in the literature may partly explain why the predicted reactivities fall below the experimental values for all compounds 

studied here. The Kwok and Atkinson (1995) SAR, on the other hand, does not specifically aim to describe esters, and is stated 395 

to have limited applicability to compounds outside the training set. 

 

The most reactive sites in EB as predicted by the Jenkin et al. (2018) SAR are the ones β to the carbonyl group (Fig. 1). At 

these positions, 7-membered hydrogen-bonded pre-reaction complexes involving the OH radical and the carbonyl oxygen can 

be formed. Such complexes lead to faster reactions by stabilizing the transition state and increasing the probability of quantum 400 

mechanical tunnelling (Galano and Raúl Alvarez-Idaboy, 2008; Shannon et al., 2014). The high reactivity of the H atoms 

attached to these β carbons has previously been referred to in the context of the activating effect of the ester group (Mellouki 

et al., 2003) or the anomalously high reactivity of butyrates compared to propionates (Wallington et al., 1988). Reflecting these 

site-specific differences, the relative reactivities observed for the other esters may be explained by the existence and position 

of their respective methyl substituents. If a methyl group is attached to one of the carbons in β position to the carbonyl group, 405 

such as is the case for EI and IB, the overall reactivity of the molecule increases further, not only because of the higher total 

number of oxidisable bonds in the molecule but also because the remaining H atom attached to the β carbon becomes still more 

reactive (Table S5, SI). As the methyl group of IB is located on the alkoxy side of the molecule (Fig. 1), and the value of 

kOH(298 K) is substantially higher for EI compared to IB in both the experimental dataset and the Jenkin et al. (2018) SAR 

prediction (Table 2), one might infer that the involvement of the alkoxy oxygen decreases the stability of the pre-reaction 410 

complexes. In case of EM, the methyl group is attached to the α carbon and the remaining H atom is oriented away from the 

carbonyl oxygen. While a pre-reaction complex with the alkoxy oxygen via a 6-membered ring might be possible, the alkoxy 

oxygen has a smaller partial negative charge than the carbonyl oxygen and is therefore less likely to participate in hydrogen 

bonding. This description is consistent with the lower value of kOH(298 K) in both the experimental and the SAR data, but in 

contrast to the DFT study by Gour et al. (2014) where the α carbon is predicted to be the most reactive site. 415 

 

For evaluating the effect of temperature changes on the reactivity of EB (Fig. 4), we combined and compared the dataset from 

this work with the available literature data and SAR predictions. The only previous study that evaluated the values of k1 for 

different temperatures (Cometto et al., 2009) covered the temperature range of T = 253 K to 372 K, whereas the data from this 

work describe the range of T = 296 to 741 K and therefore include higher temperatures that have not been investigated before. 420 



17 

 

In their overlapping range, the two datasets agree well. Together, the cold-temperature and high-temperature data form a 

consistent pattern that resembles a U-shape with a minimum at 387 K. Using all available absolute data for k1 (this work; 

Cometto et al., 2009; Wallington et al., 1988), this temperature dependency can be described by the following four-parameter 

expression (unit molec-1 cm3 s-1): k1(253 – 741 K) = 5.95×10-13×exp(642/T) + 7.89×10-11×exp(-1605/T). The fact that there is 

a negative temperature dependence for T < 387 K at all supports the idea of the prevalence of mechanisms other than direct H 425 

abstraction. Similar near-zero or negative temperature dependencies have been found for a range of esters in other studies and 

have been ascribed to the formation of hydrogen-bonded pre-reaction complexes (Cometto et al., 2009; Liang et al., 2010 and 

references therein; Mellouki et al., 2003 and references therein; Wallington et al., 1988). Especially at low temperatures, these 

complexes can dominate the overall reactivity. The seemingly negative activation energy has been related to either well-

trapping of the complex or a two-step reaction sequence including the reversible formation of the pre-reaction complex 430 

followed by the irreversible decomposition of the complex to the products (Galano and Raúl Alvarez-Idaboy, 2008). For EB 

specifically, the importance of hydrogen-bonded pre-reaction complexes has been demonstrated theoretically using DFT 

approaches (Gour et al., 2014). 

 

 435 
Figure 4: Temperature-dependence of the reaction of EB with OH. Comparison of two SAR predictions, experimental data from 

this work (uncertainties are 2σ statistical errors), and experimental and theoretical values from the literature. The four-parameter 

fit is based on all kinetic data obtained with absolute methods (this work; Cometto et al., 2009; Wallington et al., 1988). 

 

The observed temperature dependence of EB resembles a superposition of the two SAR predictions. The SAR proposed by 440 

Kwok and Atkinson (1995) was originally tested and validated for oxygenated compounds over a very extensive temperature 

range, and is applied here for temperatures between 250 and 700 K. It follows the observed Arrhenius behaviour at higher 

temperatures albeit with a large shift of around -150 K compared to the experimental data. However, it fails to describe the 

strong curvature and the non-Arrhenius behaviour at lower temperatures. This is likely due to the fact that the SAR was not 
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designed or trained for esters, and the activating effect of the ester functional group is only considered for the α carbon which 445 

is much less likely to be involved in pre-reaction complexes than the β carbons. In contrast, the SAR by Jenkin et al. (2018), 

which does contain an explicit description of the neighbouring ester group for the β carbons, provides a very good match with 

the observed temperature dependence in the range between 250 and around 360 K, except for an offset that may relate to the 

above-mentioned optimisation of k(298 K) towards 4.50×10-12 molec-1 cm3 s-1. The good qualitative fit of the negative 

temperature dependence suggests that the more holistic consideration of the ester functional group is appropriate and that the 450 

branching ratios and relative site reactivities are reliable. The Jenkin et al. (2018) SAR is targeted towards atmospherically 

relevant temperatures rather than combustion-regime temperatures, hence the ability of the SAR to describe the shift towards 

an Arrhenius behaviour at higher temperatures is not evaluated here. Specifically, we restricted our calculations to the range 

between 250 and 375 K, based on the temperature range covered by the training data set for saturated esters of the SAR. There 

is a slight disagreement at the higher end of this range, where the SAR appears to underestimate the curvature observed in the 455 

experimental data. This behaviour is not unexpected, as SAR predictions tend to become less accurate towards the limits of 

their designated temperature ranges. 

 

For all three methylated EB derivatives, the investigated temperature range was dominated by a negative temperature 

dependence (Fig. 5). The non-Arrhenius behaviour generally seems more pronounced for the methylated esters than for EB, 460 

especially so for EI and IB. In the predictions of the SAR by Jenkin et al. (2018) as well, the negative temperature dependence 

is clearly strongest for EI and IB, followed by EM (Fig. S4, SI). This is consistent with the observation that the room 

temperature reactivity, which in turn is driven by the feasibility of pre-reaction-complexes that are especially important at 

lower temperature, is highest for EI and IB. The site-specific reactivities predicted by the Jenkin et al. (2018) SAR support the 

idea that it is the H atoms attached to the β carbons which are largely responsible for the negative temperature dependence 465 

(Fig. S5, SI). It can be concluded that the order of EB < EM < IB < EI applies to all of (i) the ability of the compound to form 

pre-reaction complexes, (ii) the magnitude of the non-Arrhenius behaviour, and (iii) the room temperature rate coefficient for 

the reaction with OH. 

 

Similar to EB, EM and IB show a U-shaped temperature dependence, with minima at 371 K and 397 K respectively, and were 470 

therefore fitted with four-parameter expressions (units molec-1 cm3 s-1), resulting in k2(298 – 402 K) = 1.61×10-12×exp(433/T) 

+ 3.64×10-4×exp(-7774/T) and k4(298 – 417 K) = 5.92×10-13×exp(757/T) + 4.00×10-7×exp(-5346/T). For EI, there is no clear 

minimum, and fitting a four-parameter expression resulted in two terms that each described a negative temperature dependence. 

Hence, we used a two-parameter expression for EI instead (unit molec-1 cm3 s-1): k3(298 – 408 K) = 7.69×10-13×exp(793/T). 

Considering that EI is the compound with the highest tendency to form pre-reaction complexes, it seems plausible that these 475 

complexes could be relevant over an extended temperature range, shifting the transition between the non-Arrhenius and 

Arrhenius regimes towards a higher temperature. Given the limited scope of the datasets for the methylated esters, we would 

like to emphasize that the reported temperature dependencies are only valid within their specified ranges and that any 
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extrapolations may be subject to large uncertainty. This is particularly true at the high-temperature end, where more data would 

be needed to accurately describe the curvature. 480 

 

 

Figure 5: Temperature-dependence of the reaction of (a) EM, (b) EI, and (c) IB with OH. Comparison of two SAR predictions and 

experimental data from this work, fitted with a four-parameter expression in case of EM and IB and a two-parameter expression in 

case of EI. Uncertainties are 2σ statistical errors. 485 

 

Secondary isotope effects were investigated in a further series of PLP-LIF experiments including the reaction (R7) between 

EB and deuterated hydroxyl radicals OD.  

𝐸𝐵 + 𝑂𝐷 → (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)           (R7) 

In particular, we evaluated the ratio of the rate coefficients for the reactions of EB with OD radicals and OH radicals 490 

respectively. This ratio, k7:k1, does not show a distinct temperature dependence over the range between 298 K and 673 K, 

averaging to 1.09 (Fig. S6, SI). For the structurally related compound methyl formate, marginally faster reactions with OD 

radicals compared to OH radicals have been explained by the slightly lower activation barrier height, which in turn results 

from differences in the vibrational frequency modes (Robertson et al., 2024). While all k7:k1 datapoints in this work agree 

within their uncertainties, the data still hint at a possible increase of k7:k1 at decreasing temperature. This observation is 495 

consistent with previous studies on methyl formate (Robertson et al., 2024), methylglyoxal (Baeza-Romero et al., 2007), and 

limonene (Braure et al., 2014), and points at a kinetic isotope effect and a greater influence of the H or D atom of the radical 
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than would occur in direct H abstraction. In turn, this would support the idea that H-bonded pre-reaction complexes involving 

the OH or OD radical (and/or addition reactions in case of unsaturated compounds) become increasingly relevant at lower 

temperatures. For T > 387 K, i.e. over most of the temperature range for which we determined k7:k1, the kinetics of EB show 500 

Arrhenius behaviour and are hence dominated by direct H abstraction (Fig. 4). It can be hypothesized that at temperatures 

below room temperature where the contribution of pre-reaction complexes to the overall abstraction mechanism is higher, the 

ratio would increase further and reveal a stronger secondary kinetic isotope effect. 

 

Finally, we investigated whether OH recycling occurs in the oxidation of EB. OH recycling following the initial photooxidation 505 

reaction is not only relevant for assessing the overall gas-phase chemistry mechanism and impact of a given compound 

(Lelieveld et al., 2008), but can also falsify PLP-LIF experiments that rely on observing the decay rate of OH. Substantial OH 

recycling causes the OH signal to become biexponential, which may however be difficult to resolve and instead appear as a 

slower monoexponential decay, such that fitting the signal without accounting for recycling would lead to an underestimation 

of the VOC+OH rate coefficients (Baeza-Romero et al., 2007; Potter et al., 2018, 2019). Generally, OH recycling proceeds 510 

via intermediate peroxy radicals and therefore requires the presence of oxygen (O2). To probe for OH recycling, we therefore 

evaluated the OH signal as a function of added O2 while the EB concentration remained constant. Since OH recycling is 

generally more likely to occur at high temperatures (Potter et al., 2018), we performed these experiments at 477 K and at 741 

K (Fig. S7, SI). In both cases, the OH decay rate was not affected by the added O2 and proceeded monoexponentially with the 

same decay rate as in the absence of O2. Hence, OH recycling did not affect the experiments performed in this work and is 515 

negligible under all standard tropospheric or indoor conditions.  
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4 Atmospheric implications and conclusions 

In this work we investigated the principal gas-phase removal processes for EB and its derivatives, including radical reactions 

and photolysis. In the visible and near-UV range, there was essentially no photon absorption and insufficient energy to break 

the ester functional group. Photolysis can therefore be disregarded at standard ground-level conditions or in typical indoor 520 

environments. Notably, EB and its derivatives show an absorption band from the forbidden π*←n transition which peaks at 

around 213 nm. Even at higher altitudes and under conditions of increased photon fluxes in the UV-C range, however, the 

calculated upper limit photolysis rates remain too low to be of significance. As such, while the photolysis quantum yields of 

EB and its derivatives are not known, they are of minor real-world relevance. 

 525 

Reactions with OH, on the other hand, were rapid in the range of 10-12 to 10-11 molec-1 cm3 s-1 at room temperature. Under 

standard oxidative conditions of the troposphere, they are therefore likely the main sink. The room temperature rate coefficients 

decreased in the order EI > IB > EM > EB. This hierarchy of reactivity was attributed to the enhancement of the reactivity of 

specific sites following methylation, notably when the sites are in β position to the carbonyl group and can hence facilitate the 

formation of pre-reaction complexes between the molecule and the radical. These pre-reaction complexes stabilize the 530 

transition state and therefore speed up the reaction. As they are especially prevalent at cold temperatures, they may explain the 

complex non-Arrhenius temperature dependencies observed for EB and its derivatives. Together with more conventional 

Arrhenius like behaviour at high temperatures, the result was a U-shaped temperature dependence, which was especially 

evident over the extended temperature range studied for EB. 

 535 

The tropospheric lifetimes of EB and its derivatives were calculated solely against the reaction with OH radicals as their main 

loss process, using Eq. (7).  

𝜏𝑡𝑜𝑡𝑎𝑙 ≈ 𝜏𝑂𝐻 =
1

𝑘𝑂𝐻×[𝑂𝐻]
           (7) 

where 𝜏𝑡𝑜𝑡𝑎𝑙 is the total lifetime in s, 𝜏𝑂𝐻  is the lifetime with regard to OH radical reactions, 𝑘𝑂𝐻  is the rate coefficient of the 

reaction of the ester with OH in units of molec-1 cm3 s-1, and [𝑂𝐻] is the OH radical concentration in molec cm-3. We adopted 540 

an average tropospheric OH concentration of [OH] = 1.13×106 molec cm-3 (Lelieveld et al., 2016), resulting in lifetimes in the 

range of 22 to 45 hours (Table 3). These lifetimes are a rough estimate and may differ substantially depending on the conditions 

and depending on where and when the emission occurs. As OH radicals in the troposphere are mainly created photolytically 

and hence much more abundant during daytime, the actual lifetime can be much longer and dispersion much further if EB and 

its derivatives are released at nighttime. Furthermore, the lifetimes listed here are valid at room temperatures, but higher rate 545 

coefficients were found for all esters when the temperature decreases. Hence, the lifetimes could be shorter in cold 

environments, although this effect could be compensated by lower OH concentrations. 
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Table 3: Lifetimes against the reaction with OH radicals (τOH) and corresponding estimated photochemical ozone creation potentials 

(POCPE) of EB and its derivatives. POCPE calculations were based on the method by Jenkin et al. (2017). Lifetimes were calculated 550 
assuming [OH] = 1.13×106 molec cm-3. 

Compound τOH / hr POCPE 

EB 45 28 

EM 35 28 

EI 22 34 

IB 33 29 

 

Importantly, the calculated lifetimes are an upper limit as they neglect other losses besides the reaction with OH. Further 

removal pathways of EB and its derivatives are possible, however, and chlorine atom reactions may be the next most relevant 

sink. At room temperature, these reactions have been found to be (10±1)×10-11 molec-1 cm3 s-1 (Cometto et al., 2009),  555 

(10.34±1.58)×10-11 molec-1 cm3 s-1 (Ramya and Rajakumar, 2019), (10.45±0.84)×10-11 molec-1 cm3 s-1 (Ifang et al., 2015) for 

EB; (14.10±1.19)×10-11 molec-1 cm3 s-1 for EM (Ifang et al., 2015); and (12.50±1.41)×10-11 molec-1 cm3 s-1  for EI (Ifang et al., 

2015). These rate coefficients are by factors of approx. 10 to 20 higher than the corresponding rate coefficients for the OH 

radical reactions determined in this work, which is in accordance with the general trend of VOCs being on average by about 

one order of magnitude more reactive towards Cl atoms than towards OH radicals (Young et al., 2014). Generally, chlorine 560 

atom concentrations in different environments are poorly characterized and highly uncertain. However, on average they tend 

to be several orders of magnitude lower than tropospheric OH radical concentrations in the troposphere, so that Cl atoms 

reactions typically have little influence on the overall lifetime under most conditions, even if the rate coefficients are by about 

one order of magnitude higher (Liang et al., 2010; Notario et al., 1998). 

 565 

With respect to other potential atmospheric sinks, such as wet removal or reactions with NO₃ radicals, it can be assumed that 

EB and its derivatives behave similarly to other aliphatic esters. The rate coefficients for the reactions of NO3 radicals with a 

range of different esters have been determined to be in the range of 10-18 to 10-17 molec-1 cm3 s-1 (upper limits) at room 

temperature, which is not fast enough to make a relevant contribution to the overall degradation rate of the esters but could 

influence night-time chemistry to some extent (Langer et al., 1993). In terms of wet removal, the high volatility and low water 570 

solubility of esters have prompted the conclusion that this mechanism is a negligible sink (Liang et al., 2010). Hence, 

approximating the overall lifetime by considering only OH radical reactions is reasonable in most settings, although chlorine 

atom reactions may be of relevance if there is a strong source. 

 

It should be noted that the emission of the aroma compounds EB and its derivatives occurs mainly indoors, where their lifetime 575 

and fate depends strongly on the specific activities and settings. For instance, concentrations of OH tend to be about an order 

of magnitude lower than outdoors, but are also more variable and may peak following household activities such as cleaning or 
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in proximity to windows (Weschler and Carslaw, 2018). Generally, however, the lifetime against the reaction with OH is likely 

to be significantly longer indoors compared to outdoor conditions. On the other hand, chlorine atom reactions may be highly 

relevant in cases when the usage of chlorinated products such as bleach releases a substantial amount of chlorinated species 580 

(Wong et al., 2017) which may react to form atomic Cl (Faxon and Allen, 2013; Ravishankara, 2009). In that case, Cl atom 

reactions could influence the overall lifetime, particularly if [Cl] is by less than two orders of magnitude smaller (or even 

higher) than [OH]. This becomes even more important because combinations of cleaning products co-emit chlorinated species 

and aroma compounds such as EB and its derivatives, which could result in a highly reactive mixture and fast formation of 

secondary products. In most other situations, however, air exchange rates are likely to outcompete reactive losses, so that 585 

ventilation to the outdoor surroundings would be the dominant fate. 

 

In order to better characterize some of the outdoor air quality impacts that may follow from the reactions of EB and its 

derivatives, we calculated their estimated photochemical ozone creation potentials (POCPE) according to the methodology 

proposed by Jenkin et al. (2017). The resulting values of 28 to 34 (Table 3) are compared to structurally related compounds 590 

and other commonly used aroma compounds in Fig. 6. EA has a lower POCPE than EB and its derivatives, due to the smaller 

molecular size and lower number of oxidisable bonds. Meanwhile, all other compounds shown here for comparison have 

higher POCPEs than EB and its derivatives, mostly due to the possibility to react with ozone (ethene, dihydromyrcenol, 

limonene), substantially higher rate coefficients for the reaction with OH radicals (dihydromyrcenol, limonene), a higher 

number of oxidisable bonds (heptane, 4-heptanone, dihydromyrcenol, limonene), or the possibility for photolysis (4-595 

heptanone). In terms of ozone formation, EB and its derivatives are hence of less concern than some other aroma compounds. 

 

Figure 6: Comparison of the POCPE of EB and its derivatives with ethene (POCP reference compound), structurally related 

compounds, and other commonly used aroma compounds. 
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However, the production of ground-level ozone represents only one dimension of air pollution. For a range of alkyl esters, 

Ifang et al. (2015) have pointed out that the formation of acidic products is likely to contribute substantially to the emergence 

of particulate matter, suggesting that aerosol formation may pose a greater environmental and health concern than ozone 

production. While detailed product studies – either experimental or computational – were beyond the scope of this work, we 

evaluated the first steps following the initial reaction of EB with OH at its most reactive sites using the Generator for Explicit 605 

Chemistry and Kinetics of Organics in the Atmosphere, GECKO-A in short (Aumont et al., 2005). As illustrated in Fig. S8 

(SI), the products that are predicted to be formed after abstraction of one of the H atoms attached to either of the β carbons are 

multifunctional. As such, they are likely to have a low volatility and a high potential to form secondary organic aerosol (SOA), 

which ultimately impacts both indoor and outdoor air quality as well as radiative forcing (Chaturvedi et al., 2023; Hoyle et al., 

2009; Mutzel et al., 2015). Additionally, some of the gaseous organic reaction products can induce direct adverse health effects, 610 

which has led to a call for a more explicit consideration of these products when assessing air quality impacts. Metrics such as 

the secondary product creation potential (SPCP) introduced by Carslaw and Shaw (2019) can help to better characterize the 

potential harm induced by a given VOC, but require knowledge of the formation rates of hazardous products, as well as 

knowledge of which VOCs are harmful to human health (data exist for relatively few VOCs at present). Hence, future studies 

focusing on reaction mechanisms and product yields, as well as on the toxicity and particle formation potential of the 615 

photooxidation products, would help to refine our understanding of the fate and impact of EB and its derivatives. 
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