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ABSTRACT 7 

Volatile methyl siloxanes (VMS) are ubiquitous anthropogenic pollutants that have recently come 8 

under scrutiny for their potential toxicity and environmental persistence. In this work, we 9 

determined the rate constants for oxidation by OH radicals and Cl atoms at 297 ± 3 K and 10 

atmospheric pressure in Boulder, CO (~860 mbar) of hexamethyldisiloxane (L2), 11 

octamethyltrisiloxane (L3), decamethyltetrasiloxane (L4), dodecamethylpentasiloxane (L5), 12 

hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4), and 13 

decamethylcyclopentasiloxane (D5). Measured rate constants with OH radicals were (1.20 ± 0.09) 14 

×10-12, (1.7 ± 0.1) ×10-12, (2.5 ± 0.2) ×10-12, (3.4 ± 0.5) ×10-12, (0.86 ± 0.09) ×10-12, (1.3 ± 0.1) 15 

×10-12, and (2.1 ± 0.1) ×10-12 cm3 molec-1 s-1, for L2, L3, L4, L5, D3, D4, and D5 respectively. 16 

The rate constants for reactions with Cl atoms with the same compounds were (1.44 ± 0.05) ×10-17 
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10, (1.85 ± 0.05) ×10-10, (2.2 ± 0.1) ×10-10, (2.9 ± 0.1) ×10-10, (0.56 ± 0.05) ×10-10, (1.16 ± 0.08) 18 

×10-10, and (1.8 ± 0.1) ×10-10 cm3 molec-1 s-1, respectively. Substituent factors of F(–Si(CH3)2OR) 19 

and F(–SiCH3(OR)2) are proposed for use in AOPWIN, a common model for OH radical rate 20 

constant estimations. Cl atoms can remove percentage levels of VMS globally with potentially 21 

increased importance in urban areas. 22 

1 INTRODUCTION 23 

Each year, an estimated two million of tons of linear and cyclic volatile methyl siloxanes (VMS) 24 

are produced globally for use in consumer and industrial applications including as components of 25 

personal care products, household cleaners, lubricants, and as starting materials for silicone 26 

polymers.1–4 These high production values coupled with the prevalence of VMS in consumer 27 

products has led to substantial industrial, governmental, and academic interest in the 28 

environmental behavior and fate of VMS.1–18 Despite this interest, there remains gaps in our 29 

understanding of the environmental fate of VMS. For instance, a recent study found discrepancies 30 

between modeled and measured VMS concentrations, particularly in remote environments, and 31 

proposed that the model is missing gas phase removal pathways for VMS.13  32 

Environmental release of VMS is thought to be centered in urban areas owing to the prevalence 33 

of VMS in personal care and other consumer products.19–21 Due to the extremely low water 34 

solubility and high vapor pressure of VMS, more than 90% of the D5 in cosmetic products is 35 

released to the atmosphere.15 Consequently, gas phase chemistry plays a critical role in the 36 

environmental processing of VMS. The gas phase chemistry of VMS compounds is thought to be 37 

driven by hydroxyl radicals (OH), which oxidize VMS on the time scale of several days.5–9,16–18 38 

The resulting VMS oxidation products, such as silanols (where a methyl group has been substituted 39 
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with a hydroxyl group), have lower vapor pressures and higher water solubility than the parent 40 

VMS, though the environmental effects have not been as well studied.1,12 Additionally, recent 41 

ambient measurements10 and laboratory studies11,22,23 indicate that oxidized VMS compounds may 42 

be present in new particles and contribute to secondary organic aerosol formation, thus negatively 43 

affecting air quality. Therefore, an understanding of the rates and products of VMS gas phase 44 

transformations is crucial to comprehending the environmental fate of these compounds.  45 

Despite multiple measurements of the oxidation rate of various VMS by OH,5–9,16,18 uncertainty 46 

remains regarding these rates constants. Rate constants of the smaller VMS have been measured 47 

more times and with smaller uncertainties than the larger VMS such as D5, which are more 48 

prevalent in personal care products and more likely to be emitted into the atmosphere. 49 

Furthermore, Cl atom-initiated VMS oxidation has been largely ignored with the only prior rate 50 

determination being for L2.17 Even low concentrations of Cl atoms shorten the lifetime of volatile 51 

gases due to much faster rates of reaction as compared to OH radicals. Oxidation by Cl atoms has 52 

traditionally been thought to be important only in the polar and marine boundary layer; however, 53 

recent observations of elevated Cl atom concentrations in urban continental airmasses suggest that 54 

Cl atom chemistry may influence urban photochemistry24–26 and thus may be important for VMS 55 

processing. 56 

In order to improve the understanding of VMS atmospheric lifetimes and degradation, we 57 

measured the rate constants of hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), 58 

decamethyltetrasiloxane (L4), dodecamethylpentasiloxane (L5), hexamethylcyclotrisiloxane 59 

(D3), octamethylcyclotetrasiloxane (D4), and decamethylcyclopentasiloxane (D5) with OH 60 

radicals and Cl atoms at room temperature and local atmospheric pressure (~860 mbar) using the 61 

method of relative rates. Structures of the VMS used in these experiments are shown in Figure S1. 62 
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Although cyclic VMS have been detected in the ambient atmosphere in concentrations between 63 

one and three orders of magnitude higher than linear VMS,2,27,28 linear VMS have been detected 64 

in indoor dust at approximately equal concentrations as cyclic VMS.29 As D4 is one of the most 65 

abundant VMS in the atmosphere and is potentially more toxic than D5,2,12 the products formed 66 

from D4 oxidation were also analyzed. Some oxidation products that were detected had the same 67 

molecular formulas as compounds reported in other studies, such as the silanol and formate ester 68 

products, but with temporal evolutions that indicate a different formation mechanism than 69 

previously suggested.8,17 With these measurements, we derive updated structure-activity 70 

relationship factors for VMS oxidation by the OH radical and estimate the relative importance of 71 

Cl atom and OH radical oxidation to VMS lifetime. 72 

 73 

2 MATERIALS AND METHODS 74 

Experiments were performed in a ~1m3 Teflon® 200A FEP film chamber at room temperature 75 

(297 ± 3 K) and local ambient pressure (~860 mbar). The chamber was flushed with zero air 76 

(AADCO Instruments, 737 series) for at least fifteen hours between sets of experiments. This was 77 

sufficient to ensure VMS concentrations were below the limit of detection (e.g. 5 pptv for D4, 1 s 78 

measurements). VMS and reference compounds were introduced to the chamber by flowing zero 79 

air for ~5-15 seconds over the headspace of pure compounds to achieve mixing ratios between ~2-80 

5 ppbv. For OH radical experiments, ozone was formed by passing zero air over a mercury arc 81 

lamp (Jelight, 78-2046-7) and into the chamber until it reached a mixing ratio of ~300 ppbv as 82 

measured by a O3 monitor (2B Technologies, 202). For Cl atom experiments, ~40 ppbv of Cl2 was 83 

introduced into the chamber using a permeation device (Vici Metronics). The chamber was kept 84 

at less than 2% RH in the Cl atom experiments and between 20%-25% relative humidity for OH 85 



 

 

radical experiments by passing zero air through a bubbler with Milli-Q water (Millipore-Sigma). 86 

As there is no fan installed in the chamber, all reactants were allowed to mix in the chamber for 87 

10 minutes before oxidation was initiated. Control experiments confirmed that VMS and reference 88 

compounds exhibited negligible decay when exposed to either the lights or the oxidant precursors 89 

independently. Wall loss was also determined to be negligible for the parent VMS compounds. A 90 

scanning electrical mobility spectrometer (SEMS; Brechtel Manufacturing Inc., Hayward, CA 91 

model SEMS 2100) was used on selected experiments; nucleation events were not observed during 92 

these experiments. 93 

For OH radical experiments, four 254 nm lights (General Electric, G36T8) positioned below the 94 

chamber were used to photolyze ozone into O(1D); subsequent reaction with H2O formed OH 95 

radicals. For Cl atom experiments, ten 370 nm lights (General Electric, F40BL) were used to 96 

photolyze Cl2 generating Cl atoms. The average concentrations of OH radicals and Cl atoms 97 

generated are estimated to be 5 ×108 molecules cm-3 and 1 ×106 molec cm-3, respectively, from the 98 

measured decrease in the reference compounds’ signals. 99 

VMS and reference compounds were measured using a High-Resolution Chemical Ionization 100 

Time-of-Flight Mass Spectrometer (CIMS; Aerodyne Research, Inc. and Tofwerk AG) interfaced 101 

to the chamber. Gases were sampled directly from the chamber at 400 sccm and mixed with a 1.3 102 

slpm dilution flow before being sampled by the CIMS. Details regarding CIMS operation are 103 

provided in section 2 of the supporting information. Briefly, the CIMS utilized protonated toluene 104 

(99.5%, Fisher Scientific) as the reagent ion. Although toluene is frequently used as a dopant in 105 

atmospheric pressure chemical ionization studies (APCI),30 to our knowledge, this is the first use 106 

of toluene reagent ions under conditions where reagent ion and analyte ion generation are 107 



 

 

physically separated, allowing a quantitative measurement. All compounds of interest were 108 

detected as MH+ ions. 109 

Rate constants for the oxidation of L2 (98%, Alfa Aesar), L3 (97%, TCI), L4 (97%, Sigma-110 

Aldrich), L5 (97%, Sigma-Aldrich), D3 (98%, Acros Organics), D4 (98%, Acros Organics), D5 111 

(97%, Sigma-Aldrich) by OH radicals and Cl atoms were measured in triplicate using the relative 112 

rate method.31 The advantage of the relative rate method is that it depends only on the relative 113 

concentration changes; an absolute calibration is unnecessary. In this method, the loss rate of a 114 

reference compound with a well-established OH radical (or Cl atom) rate constant is monitored 115 

and compared to the loss rate of VMS. Assuming the loss of both the VMS and the reference 116 

compound is due solely to reaction with OH radicals (or Cl atoms), the rate constants for VMS 117 

oxidation and reference compound oxidation are related by the following equation: 118 

ln (
[𝑆𝑖𝑙𝑜𝑥𝑎𝑛𝑒]0

[𝑆𝑖𝑙𝑜𝑥𝑎𝑛𝑒]𝑡
) =

𝑘𝑆𝑖𝑙𝑜𝑥𝑎𝑛𝑒

𝑘𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
∗ ln (

[𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]0

[𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]𝑡
)             (1) 119 

where [VMS]0, [Reference]0, [VMS]t, and [Reference]t are the VMS and reference compound 120 

signals before oxidation and at time t, and kVMS and kReference are the OH radical (or Cl atom) rate 121 

constants for the VMS and reference compound, respectively. Propionic acid (99.5%, Fisher 122 

Scientific) and methyl ethyl ketone (MEK, 99%, Fisher Scientific) served as reference compounds 123 

for OH radical oxidation experiments, while MEK and diethyl ether (ether, 99%, VWR) were used 124 

for Cl atom experiments. All chemicals were used as received without further purification.  125 

 126 

3 RESULTS AND DISCUSSION 127 

3.1 Rate Constant Measurements 128 

The rate constants for VMS oxidation are determined via a relative rate analysis using equation 129 

1 (Figure 1). Linear fits are performed with a weighted least orthogonal distance regression as 130 



 

 

implemented in IGOR Pro (Wavemetrics, v8.0.4.2) with the intercept forced through the origin. 131 

The experimentally derived rate constants for the seven VMS with OH radicals and Cl atoms are 132 

given in Tables 1 and 2. Uncertainty reported for the rates is two standard deviations of the three 133 

repeats of the experiments. Uncertainty in the reference compound rate constants is omitted from 134 

the error analysis. Slopes from individual experiments are listed in Tables S1 and S2. 135 

 136 

Figure 1 Plot of equation 1 for the oxidation of L5 by Cl atoms. Results using ether (black points) 137 

and MEK (grey points) as the reference compound are shown. Error bars are one standard deviation 138 

and are determined by propagating uncertainty from averaging 15 seconds of the signal for each 139 

measurement.  140 

Table 1 Rate constants of VMS with the OH radical.  141 

VMS Slopea 

(MEK) 

Rateb 

(MEKc) 

Slope 

(Propionic 

Acid) 

Rate 

(Propionic 

Acidd) 

Slopee 

(VMS) 

Rate 

(VMSf) 

L2 1.09±0.09 1.2±0.1 0.9±0.1 1.1±0.1 * * 

L3 1.6±0.1 1.7±0.1 1.28±0.03 1.53±0.04 1.4±0.2 1.7±0.2 

L4 2.2±0.2 2.5±0.2 1.6±0.1 1.9±0.1 1.9±0.4 2.5±0.5 

L5 3.1±0.6 3.4±0.7 2.3±0.1 2.8±0.2 2.6±0.6 3.4±0.7 



 

 

D3 0.78±0.08 0.9±0.1 0.56±0.01 0.67±0.02 * * 

D4 1.2±0.1 1.3±0.2 0.9 ±0.1 1.1±0.1 1.6±0.1 1.28±0.1 

D5 2.0±0.2 2.2±0.2 1.5±0.2 1.8±0.2 2.6±0.2 2.1±0.2 

aThe slope corresponds to kVMS/kreference with the reference compound listed in parentheses in the 142 

column header. bRate constant units are ×10-12 cm3 molec-1 s-1. cThe reference rate for the MEK + 143 

OH reaction is (1.1±0.3) ×10-12 cm3 molec-1 s-1.32 dThe reference rate for the propionic acid + OH 144 

reaction is (1.2±0.2) ×10-12 cm3 molec-1 s-1.32 eRates are not calculated for L2 and D3 using VMS 145 

as a reference compound, as L2 and D3 were the reference compounds themselves. fThe absolute 146 

rates for the L2 + OH and D3 + OH reaction are (1.28±0.08) ×10-12 cm3 molec-1 s-1 and (0.82±0.05) 147 

×10-12 cm3 molec-1 s-1, respectively.18 148 

Table 2 Rate constants of VMS with Cl atoms. 149 

VMS 

 

Slopea 

(MEK) 

Rateb 

(MEKc) 

Slope  

(Ether) 

Rate 

(Etherd) 

L2 4±1 1.5±0.5 0.56±0.02 1.39±0.05 

L3 5±1 1.9±0.5 0.71±0.02 1.77±0.06 

L4 6±1 2.3±0.5 0.83±0.05 2.1±0.1 

L5 7±1 2.9±0.6 1.1±0.2 2.8±0.4 

D3 1.4±0.1 0.57±0.05 0.20±0.05 0.5±0.1 

D4 2.9±0.3 1.14±0.08 0.47±0.04 1.2±0.1 

D5 4.5±0.6 1.8±0.2 0.72±0.07 1.8±0.2 

aThe slope corresponds to kVMS/kreference with the reference compound listed in parentheses in the 150 

column header. bRate constant units are ×10-10 cm3 molec-1 s-1. cThe rate for the MEK + Cl reaction 151 

used is (0.4±0.1) ×10-10 cm3 molec-1 s-1.32 dThe rate for the diethyl ether + Cl reaction used is 152 

(2.5±0.2) ×10-10 cm3 molec-1 s-1.33 153 

For the OH radical oxidation experiments, a systematic difference exists between the rate 154 

constants determined from the two reference compounds, with rate constants determined relative 155 

to MEK ~20% faster than those based on propionic acid, suggesting an inconsistency between the 156 

reference compounds’ rate constants. Since absolute rate constants for L2, L3, D3, and D4 have 157 

been measured by Bernard et al. (2018),18 intrasiloxane relative rate determinations allow for the 158 



 

 

determination of a self-consistent set of rate constants. Using the Bernard et al. (2018)18 absolute 159 

rate constant for L2 (D3), we calculate rate constants for L3, L4, and L5 (D4 and D5) (Table 1). 160 

Using these intrasiloxane relative rate determinations, we find agreement to within 5% of Bernard 161 

et al.’s (2018) absolute measurements for L3 and 15% for D4.18 These rate constants also agree 162 

within 5% of the rate constants determined using MEK as a reference compound suggesting a bias 163 

in the propionic acid rate constant. A possible explanation for this bias is that propionic acid can 164 

dimerize at high concentrations in the gas phase which potentially has created a bias in the reported 165 

literature rate constants.34 Due to the potential bias when using propionic acid, we exclude those 166 

measurements from the rate constant determination. Taking a weighted average of the results using 167 

MEK and L2 (or D3 for the cyclic VMS), the rate constants with OH radicals are (1.20 ± 0.09) 168 

×10-12, (1.7 ± 0.1) ×10-12, (2.5 ± 0.2) ×10-12, (3.4 ± 0.6) ×10-12, (0.77 ± 0.05) ×10-12, (1.3 ± 0.1) 169 

×10-12, and (2.1 ± 0.2) ×10-12 cm3 molec-1 s-1 for L2, L3, L4, L5, D3, D4, and D5 respectively. 170 

For Cl atom and VMS reactions, rate constants determined relative to the two reference 171 

compounds (Table 2) agree to within 20%. Rate constant uncertainty increases for the larger, faster 172 

reacting VMS as the reference compound reacts more slowly with Cl atoms, leading to larger 173 

propagated uncertainties. The weighted average rate constants for reactions with Cl atoms using 174 

ether and MEK as reference compounds with the L2, L3, L4, L5, D3, D4, and D5 are (1.44 ± 0.05) 175 

×10-10, (1.85 ± 0.05) ×10-10, (2.2 ± 0.1) ×10-10, (2.9 ± 0.1) ×10-10, (0.56 ± 0.05) ×10-10, (1.16 ± 176 

0.06) ×10-10, and (1.8 ± 0.1) ×10-10 cm3 molec-1 s-1, respectively. 177 

 178 

3.2 Comparison to Literature Values 179 

Figure 2 compares the OH + VMS rate constants determined here to previous measurements. 180 

All literature rates were measured with the relative rate method except for Bernard et al. (2018),18 181 



 

 

who made both absolute and relative measurements. Rate constants from Atkinson (1991),16 182 

Markgraf and Wells (1997),6 and Sommerlade et al. (1993)8 were corrected using currently 183 

recommended rates for the reference compounds (cyclohexane, n-hexane, and n-hexane 184 

respectively).35  185 

 186 

Figure 2 A comparison of rate constants of VMS with OH radicals measured in this work with 187 

MEK, propionic acid, and other VMS as reference compounds to literature reported rate 188 

constants5–9,16,18 Error bars are two standard deviations and do not include the uncertainty of the 189 

reference compound’s rate constant. The lifetime axis was calculated assuming a 24-hour average 190 

OH concentration of 1.2 ×106 molec cm-3.36 191 

In general, rate constants in this work agree with Sommerlade et al. (1993),8 Bernard et al. 192 

(2018),18 Atkinson et al. (1991),16 and Markgraf and Wells (1996)6 for the linear VMS, whereas 193 

the rate constants reported by Kim and Xu (2017)5 are larger. The reason for this disagreement is 194 



 

 

unclear, particularly since the Kim and Xu (2017)5 measurements tend to the lower end of previous 195 

measurements for the cyclic species. For the cyclic species D3 and D4, this work’s measurements 196 

agree to within 15% of Bernard et al. (2018),18 25% of Kim and Xu (2017),5 3% of Sommerlade 197 

et al. (1993),8 and 35% of Atkinson et al (1995),17 while being lower than Xiao et al. (2015)9 and 198 

Safron et al. (2015)7 (D4 only). However, this work’s measurement of the D5 + OH rate constant 199 

is between the four measurements from Xiao et al. (2015),9 Safron et al. (2015),7 Atkinson 200 

(1991),16 and Kim and Xu (2017).5 Disagreements in rate constants could be due to errors in 201 

reference compound rate constants or using a silicon based coating on the reaction vessel 202 

experiments were performed in,5 but the exact reasons are unknown. With the additional set of rate 203 

constants determined in this work, the smaller VMS (L2, L3, D3, and D4) have multiple rate 204 

constants that agree within 20% of each other. The measured rate constants for D5 with OH 205 

radicals have more variability between studies, though the rate constant appears to be faster than 206 

previously expected. 207 

To the best of our knowledge, these are the first measurements of rate constants for Cl atom 208 

oxidation of L3-L5 and D3-D5; the only other study performed on Cl atom-initiated oxidation of 209 

VMS was on L2 and its fully deuterated analog.17 This work’s measurement of the L2 rate constant 210 

agrees to within 10% of Atkinson et al. (1995)17 measurement, as shown in Figure S2. 211 

3.3 Structure Activity Relationship for VMS Rate Constants with OH 212 

Structure activity relationship (SAR) models are frequently used for predicting rate constants 213 

based on the structure of the reactants. The SAR model, developed by Atkinson and co-workers37,38 214 

and based on a group-additivity relationships, is one of the most frequently used SAR models for 215 

estimating gas phase rate constants with OH radicals and it is the basis for the parameterization 216 

used in the Atmospheric Oxidation Program for Microsoft Windows (AOPWIN) module of the 217 



 

 

U.S. Environmental Protection Agency’s (EPA) Estimation Program Interface (EPI) Suite. Rate 218 

constants are calculated by summing the individual functional groups’ contributions to the total 219 

molecule’s reactivity with OH. Functional groups’ individual reactivity is determined by the 220 

number and identity of substitutions adjacent to the reactive site. Since VMS oxidation is initiated 221 

through hydrogen abstraction on primary hydrogens, the rate constant of a VMS can be calculated 222 

by equation: 223 

𝑘𝑂𝐻 𝑇𝑜𝑡𝑎𝑙 = ∑[𝑘𝑝𝑟𝑖𝑚 ∗ 𝐹(𝑥)]            (2)   224 

where kprim is the contribution of a primary methyl group to OH reactivity and F(x) is the 225 

substituent factor for the group adjacent to the methyl group. In AOPWIN (v1.92), VMS + OH 226 

rate constants are estimated using a rate of H-abstraction kprim of 0.136 ×10-12 cm3 molec-1 s-1, with 227 

substituent factor of 1.1 corresponding to F(Si). This parameterization predicts OH radical rate 228 

constants for cyclic VMS larger than D4 that are significantly smaller than the measured rate 229 

constants, with larger systematic discrepancies for linear VMS (Figure 3). Since it has repeatedly 230 

been shown both in this work and in previous studies that linear VMS react faster than cyclic VMS 231 

with the same number of methyl groups5,6,18 (Figure S3), we propose that multiple substituent 232 

factors are required. We investigated two modifications to the SAR model. The first modification 233 

treats cyclic and linear compounds separately, assigning substituent factors F(SiCyclic) and 234 

F(SiLinear). The other modification extends the substituent factor from F(Si) to F(–Si(CH3)2OR) for 235 

α-Si atom in the terminal position of a linear VMS and F(–SiCH3(OR)2) for α-Si atom in the center 236 

of a linear VMS or at any position in a cyclic VMS. A comparison between the two 237 

parameterizations is provided in section 5 of the supporting information. The second 238 

parameterization more accurately predicts the rate constants and we propose a F(–Si(CH3)2OR) of 239 

1.9 and F(–SiCH3(OR)2) of 1.5. Rate constants calculated using these substituent factors and rate 240 



 

 

constants calculated by AOPWIN are shown in Figure 3. Figure S4 shows the results using 241 

F(SiCyclic) and F(SiLinear).  242 

 243 

Figure 3 Plot of AOPWIN rate constants versus measured rate constants in addition to this work’s 244 

SAR versus measured rate constants. Measured rate constant for D6 is from Safron et al.7 The 245 

dashed black line represents a 1:1 relationship and the two dashed grey lines are 2:1 and 0.5:1.  246 

Although there is improvement in the predictive capability of the SAR model when using F(–247 

SiCH3(OR)2) and F(–Si(CH3)2OR), the rates calculated with the revised substituent factors are still 248 

slightly low for the larger VMS and slightly high for the small VMS. Since previous quantum 249 

calculations have shown that no significant energy difference between abstraction of the hydrogens 250 

on an terminating or central methyl group exists,18 it is unsurprising that this empirical SAR 251 

formulation has difficulty in reproducing measured rate constants. Bernard et al. (2018)18 suggests 252 

that the possible reason linear VMS react faster than cyclic VMS with equivalent number of methyl 253 

groups is formation of an H-bonded prereactive complex with the hydroxyl radical and the O in 254 

the Si-O-Si bridge for linear VMS. This is similar to the transition state stabilization by hydrogen 255 

bonding that occurs in ether oxidation,39 another class of compounds that empirical SAR 256 



 

 

formulations have struggled to represent. Further experimental and theoretical investigation is 257 

needed to understand the differences between the linear and cyclic VMS reactivity. 258 

3.4 Reaction Products  259 

Both OH radicals and Cl atoms initiate oxidation through hydrogen abstraction from a methyl 260 

group, forming a substituted-alkyl radical which quickly reacts with ambient oxygen to form a 261 

peroxy radical. Subsequent reactions of the peroxy radical are uncertain. Although formation of a 262 

silanol (Si(OR)2(CH3)(OH); replacement of a methyl group by a hydroxyl group) is generally 263 

regarded as the first stable oxidation product,6,17,22 it has been suggested that the first generation 264 

product is a formate ester with the formula Si(OR)2(CH3)(OC(O)H) which then hydrolyzes to form 265 

the silanol.17 Other groups have not directly identified the ester product, potentially because many 266 

previous measurements have required collection onto a substrate before analysis and it is likely 267 

that the ester reacts or decomposes on the substrate. There has been an alternate suggestion that an 268 

early generation product is a silyl methanol with a formula of Si(OR)2(CH3)(CH2OH).8,22 269 

Dimerization of VMS have also been seen in the particle and gas phases, with the bridge between 270 

the two VMS either an oxygen atom, CH2, or CH2CH2.
8,22 Structures for the ester, silanol, and silyl 271 

methanol formulas are shown in Figure S5.  272 

To investigate the oxidation products of VMS, D4 oxidation experiments were performed with 273 

no other VMS or relative rate tracer present in the chamber. We expect similar oxidation products 274 

for all cyclic VMS. In general, oxidation by OH radicals and Cl atoms yielded the same oxidation 275 

products with the two main first generation products detected having formulas of C8H22O6Si4H
+ 276 

and C7H22O5Si4H
+. These formulas are consistent with the protonated ester and silanol products, 277 

respectively. As the instrumentation used in these experiments can only determine molecular 278 

formulas based on the mass-to-charge of a detected species, isomeric interpretation of assigned 279 



 

 

molecular formulas is based on previous studies.6,17 Previous measurements6,17 have reported a 280 

delay in the rise of the silanol product, leading to the suggestion that the silanol was formed from 281 

the hydrolysis of the ester. However, our work showed a near simultaneous increase in both 282 

products (Figure 4). Possible explanations for these results include differences in peroxy radical 283 

fates between studies or chemistry occurring on the walls of the chamber producing the silanol 284 

faster than through gas phase hydrolysis. Wall partitioning could be an important process occurring 285 

preferentially with the oxidation products over the parent VMS, changing the observed gas phase 286 

oxidation products. The vapor pressure of D5 is 0.204 mbar (a mass saturation concentration, C*, 287 

of 3 ×106 ug m-3),40 while adding an ester functional group is estimated to lower the vapor pressure 288 

by approximately one order of magnitude to 0.013 mbar (C* of 2.1 ×105 ug m-3).41 Using these 289 

vapor pressures and assuming the chamber walls contribute a Cw of 10 mg m-3,42 less than 0.5% 290 

of the D5 is expected to partition onto the walls while 5% of the ester product could partition to 291 

the walls. If the hydrolysis of the ester is a surface mediated reaction, then different surface area 292 

to volume ratios of experimental setups will change the temporal evolution of the products. 293 

Additionally, we find no evidence for the silyl methanol (Si(OR)2(CH3)(CH2OH)) product or 294 

dimer formation from oxidized VMS. To better understand the oxidation mechanism of VMS, 295 

future investigations should include varying the fate and lifetime of the initially formed peroxy 296 

radical and careful consideration of the wall processes.  297 

Other oxidation products observed include compounds indicative of multigenerational chemistry 298 

such as disilanols or compounds with one ester group and one silanol group on a VMS (Figure 4). 299 

As multigenerational products have the same functional groups as the first-generation products, 300 

further oxidation must be initiated by hydrogen abstraction from the remaining methyl groups.  301 



 

 

Although the same product ions are present in both the Cl atom and OH radical oxidation 302 

experiments, the relative intensity of the ions depends on the oxidant identity. In experiments with 303 

OH radicals as the oxidant, the intensity of the ester is suppressed and the intensity of the silanol 304 

product is enhanced compared to the Cl atom experiments. Given that hydrolysis reactions have 305 

been hypothesized to be important, a possible explanation is differences in water content between 306 

the two experiments. In the standard experiments, water is added to the chamber (~20% RH) in 307 

order to form OH radicals, while Cl atom oxidation occurs under dry conditions. To investigate if 308 

the presence of water could explain the product ion differences, D4 oxidation with Cl atoms was 309 

repeated under humid (~20% RH) conditions (Figure 4). These experiments showed an enhanced 310 

silanol and suppressed ester signal suggesting that humidity effects were at least partly responsible 311 

for the differences in the formed products. The relative intensities of the silanol and ester products 312 

compared to the parent D4 are not the same between the humid Cl atom and OH radical oxidation 313 

experiments, implying that there is different peroxy radical chemistry or chamber wall interactions 314 

that can affect the oxidation mechanism. Despite the product ion intensity differences between Cl 315 

atom and OH radical oxidation experiments, both oxidants generally form the same products.  316 

 317 



 

 

Figure 4 Time-series of oxidation products of D4 (black trace) with (a) OH Radicals and ~20% 318 

RH, (b) Cl atoms in dry (<2% RH) conditions, and (c) Cl atoms in humid (~20% RH) conditions. 319 

Signals are normalized to the toluene reagent ion and smoothed. 320 

3.5 Global VMS Atmospheric Lifetime 321 

Table 3 compares the average atmospheric lifetimes for the VMS investigated here using an 322 

estimated global average concentration of OH radicals (1.2×106 molec cm-3)36 and Cl atoms (620 323 

molec cm-3)43 with the rate constants measured in this work. These values assume a rate constant 324 

at 297 K, which is higher than the tropospheric average and thus leads to calculated lifetimes that 325 

are biased low. While OH radical oxidation accounts for the majority of the VMS loss, Cl atoms 326 

contribute a few percent to the total removal of the VMS in the atmosphere.  327 

Table 3 Estimated atmospheric lifetimes of VMS and percent loss due to Cl atom oxidation. 328 

VMS Global OH and Global Cla 

 Lifetime 

(Days) 

% Loss Due 

to Cl atoms 

L2 7.6 5.8 

L3 5.4 5.3 

L4 3.7 4.3 

L5 2.7 4.2 

D3 11 3.3 

D4 7.1 4.4 

D5 4.4 4.2 

aValues were calculated assuming a global 24 hour average concentration of OH radicals of 1.2 329 

×106 molec cm-336 and 620 molec cm-3 of Cl atoms.43 330 

Knowledge of the global lifetime of VMS is important to understand the average lifetime of 331 

VMS but global averages fail to capture local air chemistry which could have significantly 332 



 

 

different oxidant concentrations. Measurements over approximately the last decade have found 333 

that Cl atom chemistry plays a more significant role in the oxidation capacity of polluted 334 

atmospheres than traditionally thought. In polluted environments, Cl atom concentration peaks in 335 

the morning due to the photolysis of nocturnal reservoirs such as ClNO2.
26,44–47 Although 336 

knowledge of the temporal variation of VMS concentrations is sparse, particularly the variation on 337 

a diurnal timescale, a recent study suggests that VMS concentrations peak in the morning due to 338 

emissions from personal care product use.48 Due to this potential temporal overlap, the Cl atom-339 

initiated oxidation may be more important in determining urban VMS chemistry than the global 340 

averages suggest. Using a temporal profile of the Cl atom to OH radical ratio measured during the 341 

CalNex 2010 campaign49 and D5 measured in Boulder, CO, USA and Toronto, ON, Canada, we 342 

estimate that Cl accounts for 25-30% of the D5 oxidation that occurs by noon. Details of this 343 

calculation are provided in section 7 of the supporting information (Figures S6-S7). This chlorine 344 

initiated chemistry may have important implications for urban air quality since VMS oxidation has 345 

been suggested as a source of the Si observed in urban ultrafine aerosol.10  346 

The results presented here suggest that while the influence of Cl atoms on global VMS lifetime 347 

is small, Cl atom chemistry may have a larger impact in polluted urban environments particularly 348 

with regard to the production of oxidized VMS. As the chemistry of oxidized VMS and their 349 

impacts on the environment are poorly understood, further work on VMS oxidation products is 350 

required in order to have a complete understanding of VMS environmental fate and contribution 351 

to urban air quality. 352 

 353 
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1. Structures of Linear and Cyclic VMS Used 

 
Figure S1: Structures of Cyclic and Linear VMS in this Work 

 

2. Toluene Chemical Ionization Mass Spectrometry 
A chemical ionization time-of-flight mass spectrometer was used to measure the gas-phase signals 

of the VMS and the reference compounds during oxidation. The reagent ion is generated by passing 

dry N2 through the headspace of a toluene reservoir and subsequently through a Po-210 radioactive 

source (NRD, P-2021). Ionized toluene mixes with the gas-phase sample in the ion-molecule 

reactor. The sample sequentially travels through three differentially pumped regions with two 

radiofrequency-only quadrupoles and an ion lens stack to guide and focus the ions. The ions are 

orthogonally extracted into an electric field-free time-of-flight region with a reflectron. Ions are 

detected with a microchannel plate. Post-processing was performed in Tofware v3.2.0 (Aerodyne 

Research Inc.; Tofwerk AG) in Igor Pro (Wavemetrics, v8.0.4.2).  

In our instrument, when sampling humid air (~20% RH) the largest signal (80% of the total reagent 

ion) seen in the mass spectra is the toluene ion (C7H8
+), with lesser contributions from C7H7

+ (6%), 

C7H9
+ (10%), C14H15

+ (3%), and C14H16
+ (1%). Toluene was chosen in these studies due to the 

lower toxicity of toluene compared to benzene.  

In atmospheric pressure chemical ionization (APCI), toluene ions have been suggested to react 

with neutral analytes via charge transfer (Reaction R1) or proton transfer (Reactions R2 - 3).1  



S3 

 

(𝐶7𝐻8)•+ +  𝑋 → 𝑋+ +  (𝐶7𝐻8)•                       (𝑅1) 

(𝐶7𝐻8)𝐻+ +  𝑋 → 𝑋𝐻+ + (𝐶7𝐻8)                     (𝑅2) 

(𝐶7𝐻8)•+ +  𝑋 → 𝑋𝐻+ + (𝐶7𝐻7)•                     (𝑅3) 

The ability of an analyte molecule to be ionized by charge transfer or proton transfer is determined 

by how the ionization energies (IE) or proton affinities (PA) of an analyte molecule and toluene 

compare. Charge transfer will occur when the analyte has a lower ionization energy than toluene. 

Proton transfer in reaction R2 will be exothermic when the PA of the analyte is larger than the PA 

of toluene. For reaction R3, the enthalpy change can be calculated as   

Δ𝐻 = 𝐼𝐸(𝐻) + 𝐷(𝐶6𝐻5𝐶𝐻2 − 𝐻) − 𝑃𝐴(𝐴) − 𝐼𝐸(𝐶7𝐻8)           (𝑆1) 

where IE stands for ionization energy, D for the dissociation energy of Csp3-H bonds, and A 

represents the analyte molecule.1  The IE of H is 13.598 eV2 and the dissociation energy of 

C6H5CH2-H is 375.5 kJ/mol (3.891 eV).3 The molecules of interest here were all detected as proton 

transfer products. Consistent with this observation, toluene’s PA is 784.0 kJ/mol (8.123 eV) and 

its IE is 8.828 eV2 while methyl ethyl ketone (one of the reference compounds) has a PA of 827.3 

kJ/mol4 (8.574 eV) and an IE of 9.52 eV,5 implying that methyl ethyl ketone should be detected 

as a proton transfer product and not a charge transfer product. We see no evidence of fragmentation 

of the parent VMS compounds.  
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3. Results from Individual Experiments 

The results from individual experiments are reported in Tables S1 and S2.  

Table S1 Slopes and two least-squares standard deviations from each experiment performed with 

OH as the oxidant (asterisks signify experiments where a VMS was used as a reference compound, 

eliminating that VMS from analysis). 

Reference L2 L3 L4 L5 D3 D4 D5 

Propionic 

Acid 

0.89±0.04 1.27±0.07 1.66±0.07 2.28±0.09 0.55±0.02 0.87±0.03 1.41±0.04 

Propionic 

Acid 

0.95±0.04 1.29±0.07 1.57±0.07 2.36±0.09 0.56±0.03 0.87±0.03 1.50±0.03 

Propionic 

Acid 

0.74±0.04 1.26±0.08 1.67±0.09 2.4±0.1 0.5±0.03 0.96±0.02 1.56±0.03 

MEK 1.12±0.05 1.50±0.09 2.2±0.1 2.8±0.1 0.75±0.04 1.17±0.04 2.01±0.04 

MEK 1.10±0.04 1.59±0.07 2.24±0.09 3.1±0.1 0.79±0.04 1.16±0.05 1.90±0.05 

MEK 1.04±0.07 1.6±0.1 2.3±0.1 3.4±0.2 0.83±0.05 1.29±0.06 2.12±0.08 

VMS * 1.34±0.06 1.93±0.04 2.49±0.05 * 1.57±0.07 2.55±0.09 

VMS * 1.42±0.05 1.86±0.05 2.55±0.05 * 1.57±0.08 2.7±0.1 

VMS * 1.37±0.06 1.66±0.05 2.50±0.04 * 1.46±0.08 2.4±0.1 

VMS * 1.45±0.05 2.03±0.05 2.78±0.05 * 1.67±0.08 2.7±0.1 

VMS * 1.55±0.06 2.3±0.1 3.3±0.2 * 1.54±0.08 2.7±0.1 

VMS * 1.51±0.08 1.99±0.07 2.89±0.08 * 1.56±0.08 2.6±0.1 

 

Table S2 Slopes and two least-squares standard deviations from each experiment performed with 

Cl as the oxidant. 

Reference L2 L3 L4 L5 D3 D4 D5 

Ether 0.55±0.01 0.72±0.02 0.82±0.02 1.02±0.02 0.18±0.01 0.47±0.02 0.76±0.03 

Ether 0.56±0.02 0.71±0.02 0.85±0.02 1.17±0.02 0.24±0.03 0.44±0.02 0.73±0.02 

Ether 0.57±0.02 0.70±0.02 0.80±0.02 1.17±0.02 0.21±0.02 0.48±0.01 0.70±0.02 

MEK 4.1±0.2 5.0±0.3 6.2±0.4 7.3±0.4 1.5±0.1 3.1±0.2 4.3±0.3 

MEK 4.3±0.2 5.1±0.5 5.8±0.6 7.6±0.7 1.4±0.1 3.1±0.2 4.9±0.3 

MEK 4.2±0.9 5±1 6±1 8±1 1.4±0.1 3.1±0.2 4.5±0.1 
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4. Comparison to Literature Values 

The rate constants measured in this work for Cl atom-initiated oxidation are compared to the one 

available literature value in Figure S2. 

 

Figure S2 A comparison of rate constants of VMS with Cl atoms measured in this work with MEK 

and diethyl ether as reference compounds to one measurement of L2 by Atkinson et al. (1995).6 

Error bars are two standard deviations and do not include the uncertainty of the reference 

compound’s rate constant. The lifetime axis was calculated assuming a 24-hour average Cl 

concentration of 620 molec cm-3.7 

5. Structure Activity Relationship  

As expected for a hydrogen abstraction reaction, the rate constants of individual VMS are related 

to the number of methyl groups (Figure S3). This analysis shows that OH radical rate constants 

increase equally between linear and cyclic VMS, but with Cl atoms the rate constants increase 

faster with cyclic VMS than linear VMS on a per methyl basis.  
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Figure S3 Plot of the rate constants with (a) OH radicals and (b) Cl atoms presented in this work 

against the number of methyl groups the VMS has. Dashed lines are weighted least orthogonal 

distance regressions, with the slopes of the lines reported in the legends. 

In addition to expanding F(Si) to F(–Si(CH3)2OR) and F(–SiCH3(OR)2), the factors F(SiCyclic) and 

F(SiLinear), where methyl groups were classified by the structure of the VMS, were also tested. 

Using factors F(SiCyclic) and F(SiLinear) led to a systematic positive offset of rate constants 

calculated by the SAR, as seen in Figure S4. The fit allowed the intercept to vary; no improvement 

in results was found when forcing the fit through the origin and suggesting that this model is unable 

to capture the full reactivity of VMS molecules. F(SiCyclic) is 2.2 while F(SiLinear) is 2.5.  

The root mean square error (RMSE) was calculated for all SARs by equation S2.  

𝑅𝑀𝑆𝐸 =  √
∑ (𝑀𝑜𝑑𝑒𝑙𝑒𝑑 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)2𝑛

1

𝑛
         (𝑆2) 

The RMSE of the AOPWIN SAR is 0.81, using F(Sicyclic) and F(SiLinear) it is 0.87, while using F(–

Si(CH3)2OR) and F(–SiCH3(OR)2) it is 0.34.   
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Figure S4 Plot of AOPWIN rate constants versus measured rate constants in addition to this 

work’s SAR using cyclic and linear VMS methyl groups as the fitted parameter versus measured 

rate constants. Measured rate constant for D6 is from Safron et al.8 Dashed black line represents a 

1:1 relationship and the two dashed grey lines are 2:1 and 0.5:1.   

6. Siloxane Product Structures and General Formulas 

For clarity, general structures with the formulas of the VMS oxidation products are shown in 

Figure S5.  
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Figure S5 General structures, names, and formulas for (a) the formate ester product, (b) the silanol 

product, and (c) the silyl methanol product that was proposed but not identified in this work.  

7. Urban Cl Atom Impacts 

As a recent study has shown that D5 potentially has a diurnal profile in urban environments,9 the 

impact of the coincidental increase in Cl atom and D5 concentration on the importance of Cl atom 

oxidation was investigated. Using approximations of these diurnal profiles, the cumulative percent 

loss of D5 was calculated as a function of hour of day. This calculation determined the amount of 

D5 that reacted with OH radicals or Cl atoms at each time point, using concentrations of OH 

radicals and Cl atoms similar to the concentrations measured during the CalNex campaign.10 The 

cumulative amount of oxidized D5 formed via reactions with OH radicals and Cl atoms were 

tracked separately over the course of the day. Figure S6 shows the amount of oxidized VMS from 

Cl atoms, the amount of oxidized D5 from OH radicals, and the total amount of D5 oxidized.  
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Figure S6 Using the diurnal profile of D5 from Toronto, CA from Coggon et al. (2018),9 and the 

measured Cl atom concentration with the [OH]/[Cl] ratio from Young et al. (2014),10 the amount 

of D5 that reacts with Cl atoms and OH radicals was calculated and summed over the course of a 

day. 

To calculate a cumulative percent loss of D5 to Cl atoms over a day, the Cl atom channel of 

oxidized VMS formation (green trace) was divided by the cumulative D5 lost (black trace) via 

oxidation over the course of the day. Diurnal profiles of D5 have been measured in two cities, with 

a much clearer diurnal variation in Toronto, Canada than in Boulder, CO, USA. A graph of the 

results is shown in figure S7. Cl atoms are most important in the early mornings, with Cl atoms 

contributing to more than 30% of the D5 oxidation by 9am, but about 25% by noon.   
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Figure S7 (a) Diurnal profiles of D5 in Toronto, Canada, from Coggon et al. (2018) and Cl atom 

to OH radical ratio from Young et al. (2014) used in this calculation. (b) Cumulative percent 

contribution of Cl atoms to D5 oxidation over the time period for which the diurnal profiles in 

Toronto, Canada are available. (c) The same figure as in (a), but with diurnal profile measured in 

Boulder, CO, USA. (d) Cumulative percent contribution of Cl atoms to D5 oxidation in Boulder, 

CO.  
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