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Rate coefficient evaluation for the gas-phase reaction of OMEs with OH radicals and Cl 

atoms under simulated atmospheric conditions 

 

The gas-phase reaction rate coefficients with OH radicals and Cl atoms were determined for a series of three 

OMEs (oxymethylene oligomers n = 3, 4 and 5) under simulated atmospheric conditions using the ESC-Q-

UAIC research platform available at CERNESIM Center, “Alexandru Ioan Cuza” University of Iasi. 

Sustainably synthesized from renewable feedstock, these compounds have potential utility both in biofuel 

blends and as “green” solvent replacements for polar non-protic solvents such as THF and dioxane. In this 

study, relative kinetic technique was employed to evaluate the rate coefficients for the following gas-phase 

reactions (R1-3) initiated by OH radicals and Cl atoms. 

OME3:  + OH/Cl → products (R1) 

OME4:  + OH/Cl → products (R2) 

OME5:  + OH/Cl → products (R3) 

Experimental set-up 

Gas-phase kinetic experiments were performed under simulated atmospheric conditions at a total air pressure 

of (1000 ± 20) mbar and a temperature of (298 ± 2) K in the (760 ± 10) L quartz glass ESC-Q-UAIC cylindrical 

photoreactor. The chamber is surrounded by 32 Philips TL-DK 36W actinic lamps and 32 UV-C TUV 

30W/G30 T8 germicidal lamps with emission maximum at 365 nm and 254 nm respectively, giving an average 

actinic flux of (15.95 ± 1.11) × 1013 photons × cm-2 × nm-1 × s-1 in the 350-400 nm region and of (3.01 ± 0.34) 

× 1015 photons × cm-2 × nm-1 × s-1 in the 253-258 nm spectral region.  

The gas-phase reactants decay during the experiments was monitored by a Bruker Vertex 80 FT-IR coupled to 

the reactor’s custom in-build White type multi-pass mirror system. High sensitivity of the monitoring 

technique is ensured by the mirror system that gives a total optical path length for the IR beam of (492 ± 1) 

m. IR spectra were recorded at a spectral resolution of 1 cm-1 and a time resolution of 1 min. 

A PTR-TOF 6000 X2 (IONICON) (provided supplementary from RECENT-AIR infrastructure) with H3O
+ 

as the primary ion was used to investigate the main gaseous products emerged from the reaction of OME3 

with OH radicals. The technique applies soft H3O
+ ionization, the mass-to-charge ratio (m/z+1) of the resulted 

ions are then separated and detected by high resolution TOF-MS. The instrument was operated at a drift 

pressure of 2.79 mbar, drift voltage of 450 V, E/N 122 Td, drift temperature of 120 °C, inlet temperature of 

120 °C, sample flow rate of 200 cm3 min-1. All measured ion signals were corrected for PTR transmission 

factors previously determined. Mass calibration is achieved using a variety of ions: H3O
+ isotope (m/z = 

21.022 Da), NO+ (m/z = 29.997 Da), protonated acetone (C3H6OH+, m/z = 59.049 Da) for low mass signals 

and iodobenzene ion (C6H4IH
+, m/z = 203.943 Da) and diiodobenzene ion (C6H4I2H

+, m/z = 330.848 Da) from 

an in-build PerMaSCal cartridge for high mass signal calibration. MS data were acquired at a time resolution 

of 1 s/cycle. The ioniTOF 4.2 software were used for instrument control and PTR-MS Viewer 3.4 software 

for data processing and analysis. 

Weighed amounts of OMEs and other liquid reactants were transferred into the reactor at low pressure (~750 

mbar) using a stream of dry air via a pre-heated steel inlet port to facilitate volatilization. The initial OMEs 

concentration varied from 1.2 × 1013 to 2.9 × 1013 molecules × cm-3. OH radicals were generated from the 254 

nm photolysis of H2O2 and Cl atoms were generated through the 254 nm photolysis of oxalyl chloride 

(C2Cl2O2). More about the experimental set-up can be found elsewhere (Roman et al., 2022). 
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Data evaluation technique  

Propylene (C3H6), toluene (C7H8/ Tol) and cyclohexane (C6H12/ CyHex) were used as reference compounds 

for both OH and Cl kinetic experiments. The kinetic data corresponding to the reference compounds gas-phase 

reaction rate coefficients (k2) with OH radicals and Cl atoms is presented in Table 1. It can be assumed that 

the following gas-phase processes (R4-7) are also occurring in the photoreactor: 

reactant (OME) + OH/Cl → products k1 (R4) 

reference + OH/Cl → products k2 (R5) 

reactant (OME) + hν (254 nm) → products k3 (R6) 

reactant (OME) → reactor walls k4 (R7) 

Beside the second order decay of the reactants triggered by the OH and Cl initiated oxidation, first order decay 

due to wall deposition and photolysis could occur. Prior to the addition of the radical precursor into the 

chamber, the wall loss and photolysis of OMEs were determined. The wall loss rate values obtained for OME3 

was (1.4 ± 0.3) × 10-5 s-1, for OME4 was (13.6 ± 0.7) × 10-5 s-1 and for OME5 was (35 ± 6) × 10-5 s-1. A 

supplementary decay of (20 ± 6) × 10-5 s-1 and (49 ± 12) × 10-5 s-1 was observed for OME4 and OME5 during 

the irradiation period when using the germicidal 254 nm lamps. No additional decay has been observed for 

OMEs when using the 365 nm lamps. To accurately evaluate the reaction rate coefficient ratio (k1/k2) of OMEs 

and a reference compound is important to know any cross process beside the bimolecular reaction that could 

affect the measured decay of investigated compounds, as showed in the relative kinetic equation E1.    

ln (
[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡]0
[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡]𝑡

) − (𝑘3 + 𝑘4)(𝑡 − 𝑡0) =
𝑘1
𝑘2

ln⁡ (
[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]0
[𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡

) (E1) 

where [reactant]0 and [reference]0 are the initial concentrations of OMEs and of a reference compound at t0, 

and [reactant]t and [reference]t are the concentrations of OMEs and of the reference compound during the 

reaction time t, k1 and k2 are the gas-phase rate coefficients for the OH radical/Cl radical reactions with the 

reactants and reference compounds respectively, k3 is the photolysis frequency (J) of the reactants at 254 nm 

and k4 is their wall loss rate coefficient. 

Table 1: Summary of the gas-phase OH and Cl reaction rate coefficients (and their recommenced 

uncertainties) for the reference compounds used in this kinetic study. 

Reaction 
k ± δk 

(cm3×molecule-1×s-1) 
Literature  

propylene + OH (2.44 ± 0.37) × 10-11 (McGillen et al., 2020) 

toluene + OH (5.60 ± 1.46) × 10-12 (McGillen et al., 2020) 

cyclohexane + OH (6.69 ± 0.67) × 10-12 (McGillen et al., 2020) 

propylene + Cl (2.70 ± 0.30) × 10-10 (Mellouki et al., 2021) 

toluene + Cl (6.00 ± 0.60) × 10-11 (McGillen et al., 2020) 

cyclohexane + Cl (3.30 ± 0.49) × 10-10 (Calvert et al., 2008) 

 

Results 

IR spectra: Gaseous OMEs IR spectral features are presented in Figure 1. Two strong absorption bands are 

present at 988 cm-1 and 1128 cm-1 for OME3, at 971 cm-1 and 1125 cm-1 for OME4, and 961 cm-1 and 1122 

cm-1 for OME5, corresponding to a-stretch of the C-O bond due to the rocking of the -CH3 group respectively. 

For OME3 a C-O s-stretch absorption band is clearly observed 946 cm-1, as for OME4 and OME5 the C-O s-

stretch shows up like a shoulder to the strong absorbing C-O a-stretch. A comparison in between the IR 

absorption spectra of OMEs and of dimethyl ether and dimethoxymethane (methylal) can be easily made. 
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Evident from Figure 1 is the existence of a shift towards lower energy levels and an increase of the energy 

gap in between the strong absorption band of the C-O bond a-stretch and -CH3 group rock as the methoxy 

chain increases. This observation could be an indication for the increasing of the C-O and C-H bond length 

due to a possible molecular internal organization. Electronic repulsion forces could occur in between the free 

electron pairs of the oxygen atoms when the molecular chain is packed. 

 

Figure 1: Gas-phase IR spectra for the three OMEs investigated within the present study along with the IR 

spectrum of dimethyl ether (DME) previously acquired in the lab and dimethoxy methane (a.k.a. methylal or 

OME1) from NIST Chemistry WebBook IR database. 

Mass spectra: Mass spectrum of OME3 acquired in the gas-phase is presented in Figure 2. No signal for the 

molecular ion, M+1 = 137.081 Da, is present in the MS spectrum. Distinct signals at m/z = 107.071 Da, 77.071 

Da, 75.044 Da and 61.028 Da corresponding to C2-C4 fragments are highlighted in Figure 2. Additional 

signals for OME3 are presented in Table 2. Smaller fragments at 15.020 Da, 31.018 Da and 45.034 Da for 

methyl (CH3
+) cation, methoxy cation (CH3O

+) and methoxy methyl (C2H5O
+) cation were observed. During 

the 254 nm photolysis, no other signals except for hydroxymethyl (CH2OH+) at m/z = 31.018 Da and 

protonated formic acid (CH2O2H
+) m/z = 47.013 Da were observed in the MS spectra. 
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Figure 2: The gaseous PTR-MS spectrum of (▬) OME3, (▬) the MS spectrum acquired during the 254 nm 

photolysis period from which OME3 signals were subtracted and (▬) the OH-products MS spectrum after 

OME3 signals were subtracted. The main signals and their possible chemical structure were highlighted in 

this figure. 

Table 2: Identified ions related to the main m/z signals in the mass spectra of OME3, 254 nm photolytic 

degradation products of OME3 and OME3 + OH reaction products in the gas-phase. 

 m/z Identified ion Correctness (%) 

OME3 – MS spectrum 15.020 CH3
+ 94.57 

 31.018 CH3O+ - 

 45.034 C2H5O+ 92.80 

 61.028 C2H5O2
+ 92.65 

 75.044 C3H7O2
+ 93.18 

 77.060 C3H8O2H+ 96.60 

 107.071 C4H11O3
+ 92.75 

OME3 – 254 nm photolysis  31.018 CH2OH+ - 

 47.013 CH2O2H+ 92.83 

OME3 – OH products 31.018 CH2OH+ - 

 47.013 CH2O2H+ 92.83 

 61.028 C2H4O2H+ 92.65 

 77.023 C2H4O3H+ 92.75 

 91.039 C3H6O3H+ 92.06 

 

Gas-phase OH reaction rate coefficients: Figures 3-5 show the relative kinetic plots of OMEs toward OH 

radicals, according to equation E1. Corrections for the first-order decays were made for all OMEs. The 

reference compounds do not required corrections for photolysis processes, however, a correction of 1 × 10-4 

s-1 was made for toluene photolysis at 254 nm. From the linear regression approach a k1/k2 ratio was 
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determined. All reactive species have presented a good chemical conversion due to the gas-phase OH reaction. 

OMEs conversion due to OH reaction, range from 35% to 70% for OME3 and OME4, and from 25% to 36% 

for OME5. Table 3 presents the kinetic results for the investigated OH-initiated gas-phase reactions of OMEs. 

The uncertainties for k1/k2 ratios represent two times the standard deviation (2 × δ(k1/k2)) from the linear 

regression analysis. For the k1 values, the uncertainties were calculated according to equation E2, by 

propagating the uncertainties (δ(k2)) corresponding to the recommended rate coefficients of the reference 

compounds (see Table 1). The k1(avg) value represent the weighted average from each individual k1 value, 

where the weight was obtained from equation E3 and the global uncertainty (δ(k1(avg))) from equation E4. 

The OH-reaction rate coefficient of OME3 and OME4 were found to have similar values around 10 × 10-12 

cm3×molecule-1×s-1, accounting for the uncertainties range, 1.35 times higher in comparison with OME5 that 

registered an OH-reaction rate coefficient of (7.5 ± 0.7) × 10-12 cm3×molecule-1×s-1. Average atmospheric 

lifetimes due to OH reactions of (25 ± 2) h, (23 ± 2) h and (33 ± 3) h were determined for OME3, OME4 and 

OME5, respectively. 

  

Figure 3: Relative kinetic plots for the OH-initiated 

gas-phase reaction of OME3 versus (●) propylene, 

(■) toluene and (▲) cyclohexane. All values were 

corrected accordingly for supplementary losses due 

to R6 and R7 reactions.  

Figure 4: Relative kinetic plots for the OH-initiated 

gas-phase reaction of OME4 versus (●) propylene, 

(■) toluene and (▲) cyclohexane. All values were 

corrected accordingly for supplementary losses due 

to R6 and R7 reactions. 

 

 

Figure 5: Relative kinetic plots for the OH-initiated 

gas-phase reaction of OME5 versus (●) propylene, 

(■) toluene and (▲) cyclohexane. All values were 

corrected accordingly for supplementary losses due 

to R6 and R7 reactions. 
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𝛿(𝑘1) = 𝑘1 ×√(2 × δ(𝑘1 𝑘2⁄ )/(𝑘1/𝑘2))2 + (δ(𝑘2)/𝑘2)2 (E2) 

𝜔1,𝑖 = 1 δ(𝑘1,𝑖)
2

⁄  (E3) 

δ(𝑘1(avg)) = ⁡1 √∑𝜔1,𝑖

𝑖

⁄ ⁡ (E4) 

Table 3: Rate coefficient values for the gas-phase reaction of OMEs with OH radicals obtained in the present 

study at a temperature of (298 ± 3) K and a total air pressure of (1000 ± 20) mbar. 

Reaction 

(H2O2) 
Reference k1_OH/k2_OH 

k1_OH k1_OH(avg) τOH* 

(hours) (10-12 cm3×molecule-1×s-1) 

OME3 + OH 

 

Propylene 0.403 ± 0.008 9.84 ± 1.49 

10.00 ± 0.83 

 

24.6 ± 2.0 

 

Toluene 1.938 ± 0.102 10.85 ± 2.88 

Cyclohexane 1.491 ± 0.055 9.97 ± 1.06 

OME4 + OH 

 

Propylene 0.425 ± 0.022 10.38 ± 1.65 
10.53 ± 0.90 

 

23.3 ± 2.0 

 
Toluene 1.985 ± 0.053 11.12 ± 2.91 

Cyclohexane 1.572 ± 0.068 10.52 ± 1.15 

OME5 + OH 

Propylene 0.300 ± 0.010 7.32 ± 1.12 

7.48 ± 0.71 32.9 ± 3.1  Toluene 1.333 ± 0.054 7.47 ± 1.96 

Cyclohexane 1.141 ± 0.107 7.63 ± 1.05 
*Calculated using τ=1/(k1(avg)×[OH]), where [OH] = 1.13 × 106 ×cm-3 (Lelieveld et al., 2016). 

Statistical analysis of the data obtained during the kinetic measurements for the reference compounds 

suggested that the reaction rate coefficients ratio k(cyclohexane+OH) / k(propylene+OH) was 0.259 ± 0.015, the ratio 

k(toluene+OH) / k(propylene+OH) was 0.217 ± 0.009 and the ratio k(toluene+OH) / k(cyclohexane+OH) was 0.810 ± 0.018. These 

reaction rate coefficient ratios are in good agreement with the recommended values for the OH-initiated gas-

phase reaction presented in Table 1 of 0.274 ± 0.069, 0.230 ± 0.094 and 0.837 ± 0.301 respectively. 

Gas-phase Cl reaction rate coefficients: The relative kinetic plots obtained for the gas-phase Cl-initiated 

oxidation of OMEs are presented in Figures 6-8. Experimental kinetic data show a good linear distribution 

for all reactant versus reference decay. For Cl-initiated gas-phase reaction for kinetic determinations show 

good conversions for both the OMEs and the reference compounds. The calculated chemical conversion for 

the gas-phase reaction of Cl atoms with OME3 was ranging from 25% to 55%, for OME4 of 45% and for 

OME5 of 17%. Table 4 presents the kinetic results obtained for the relative kinetic investigations performed 

upon the gas-phase reaction of OMEs initiated by Cl atoms. Data analysis was performed in a similar manner 

as for the OH radical kinetic experiments, in accordance with equation E2-4. The experimentally determined 

reaction rate coefficients obtained for OME3 and OME4 (16.78 ± 1.22 × 10-11 cm3×molecule-1×s-1 and 18.53 

± 1.75 × 10-11 cm3×molecule-1×s-1) show relatively similar reactivity toward Cl atoms. A significant lower 

reaction rate coefficient with a value of (7.42 ± 0.77) × 10-11 cm3×molecule-1×s-1 was obtained for OME5. 

Accounting for the average 5-hour diurnal concentration of Cl atoms of (3.3 ± 1.1) × 104 ×cm-3, an average 

lifetime of (50 ± 20) h for OME3, (45 ± 20) h for OME4 and (113 ± 50) h for OME5 due to the gas-phase Cl-

initiated reactions can be estimated. 

The experimental rate coefficient ratio obtained for k(cyclohexane+Cl) / k(propylene+Cl) was 1.292 ± 0.026, for 

k(toluene+Cl) / k(propylene+Cl) was 0.215 ± 0.009 and for k(toluene+OH) / k(cyclohexane+OH) was 0.183 ± 0.008. These reaction 

rate coefficient ratios are in good agreement with the recommended values for the Cl-initiated gas-phase 

reaction rate coefficients ratios presented in Table 1 of 1.222 ± 0.319, 0.222 ± 0.047 and 0.182 ± 0.045 

respectively. 
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Figure 5: Relative kinetic plots for the Cl-initiated 

gas-phase reaction of OME3 versus (●) propylene, 

(■) toluene and (▲) cyclohexane. All values were 

corrected accordingly for supplementary losses due 

to R6 and R7 reactions. 

Figure 6: Relative kinetic plots for the Cl-initiated 

gas-phase reaction of OME4 versus (●) propylene 

and (▲) cyclohexane. All values were corrected 

accordingly for supplementary losses due to R6 and 

R7 reactions. 

  

Figure 7: Relative kinetic plots for the Cl-initiated 

gas-phase reaction of OME5 versus (●) propylene 

and (▲) cyclohexane. All values were corrected 

accordingly for supplementary losses due to R6 and 

R7 reactions. 

 

 

Table 4: Rate coefficient values for the gas-phase reaction of OMEs with Cl atoms obtained in the present 

study at a temperature of (298 ± 3) K and a total air pressure of (1000 ± 20) mbar.  

Reaction 

(C2Cl2O2) 
Reference k1_Cl/k2_Cl 

k1_Cl k1_Cl(avg) τCl* 

(hours) (10-11 cm3molecule-1s-1) 

OME3 + Cl 

 

Propylene 0.634 ± 0.042 17.12 ± 2.22 

16.78 ± 1.22 

 

50 ± 20 

 

Toluene 2.810 ± 0.086 16.86 ± 1.76 

Cyclohexane 

 

0.489 ± 0.014 16.14 ± 2.59 

OME4 + Cl 

 

Propylene 0.699 ± 0.029 18.86 ± 2.24 
18.53 ± 1.75 

 

45 ± 19 

 
Cyclohexane 

 

0.546± 0.025 18.01 ± 2.82 

OME5 + Cl 
Propylene 0.286 ± 0.022 7.73 ± 1.05 

7.42 ± 0.77 114 ± 50 
Cyclohexane 0.213 ± 0.014 7.03 ± 1.15 

*Calculated using τ=1/(k1(avg)×[Cl]), where day-light 5-hour average of Cl atoms are (3.3 ± 1.1) × 104 ×cm-3  (Wingenter et al., 

1996). 
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Gas-phase OH products: During the gas-phase oxidation of OME3, a series of new signals showed up in the 

MS spectra. Signals at m/z = 77.023 Da and m/z = 91.039 Da correspond to monomethyl carbonate molecular 

ion (C2H4O3H
+) and methoxymethyl formate or dimethyl carbonate molecular ion (C3H6O3H

+) respectively. 

Figure 8 presents the main signals distribution during the investigations performed into the gas-phase 

oxidation of OME3 with OH radicals. The increase in intensity for the formic acid (CH2O2H
+, m/z = 47.013 

Da) and formaldehyde (CH2OH+, m/z = 31.018 Da) during the reaction period in a more rapid way compared 

with the OME3 decay (m/z = 75.044) can be explained by the formation of C4 oxidation products that could 

also fragment into smaller ions. Also, a strong signal was observed for the formation of methyl formate ion 

(C2H4O2H
+, m/z = 61.028) isobaric with methoxymethylene ion. There is no evidence for the formation of 

C5H10O5H
+ molecular ion at m/z = 151.060 Da of OME3 primary carbonyl product (or dimethoxymethyl 

carbonate). Also, a signal for methoxymethoxymethyl formate molecular ion (C4H6O4H
+) at m/z = 121.050 

Da was visible in the MS spectra. All these suggests that the reaction pathway occurs mainly at -CH2- group 

inside the OME chain. 

 

Figure 8: PTR-MS signal-time distribution corresponding to the gas-phase reaction of OME3 with OH radicals: (▬) 

m/z = 75.044 Da for OME3 fragment, (▬) m/z = 31.018 Da, (▬) m/z = 61.028 Da, (▬) m/z = 47.013 Da, (▬) m/z = 

77.023 Da and (▬) m/z = 91.039 Da. The solid vertical black line (at cycle no. 2680) represents the moment of H2O2 

addition into the reactor and the start of the gas-phase OH-initiated oxidation.     

Conclusions  

These studies have experimentally determined the gas-phase OH and Cl reaction rate coefficients at a 

temperature of (298 ± 3) K and a total air pressure of (1000 ± 20) mbar for a series of three OMEs. To the best 

of our knowledge, these data represent the first such determinations for these compounds. 

All the rate coefficient values were corrected for OME decay due to wall deposition and photolysis taking 

place in the reactor.  

IR spectra of OMEs revealed specific absorption bands corresponding to C-O a-stretch and CH3 rock, signals 

that are moving to lower vibrational-energy levels as the chain length increases, suggesting a possible twisting 

of the bigger molecules. 

A slight increase in both OH and Cl reactivity is observed for OME4 in comparison with OME3. OME5 

reactivity was significantly lower than other smaller chain OME3 and OME4 homologues.  

Further experiments using other OH/Cl radical sources involving organic nitrites photolysis at 365 nm for OH 

precursors and photolysis at 365 nm for Cl2 as Cl atoms precursor could help avoiding the corrections applied 

for OME’S during the irradiation with 254 nm lamps. 
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Several more experiments are scheduled in order to properly evaluate the gas-phase reaction rate coefficients 

of OH and Cl with OME5. 
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