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ABSTRACT: Cyclic volatile methyl siloxanes (cVMS) are anthro-
pogenic chemicals that have come under scrutiny due to their
widespread use and environmental persistence. Significant data on
environmental concentrations and persistence of these chemicals
exists, but their oxidation mechanism is poorly understood,
preventing a comprehensive understanding of the environmental
fate and impact of cVMS. We performed experiments in an
environmental chamber to characterize the first-generation oxidation
products of hexamethylcyclotrisiloxane (D3), octamethylcyclotetra-
siloxane (D4), and decamethylcyclopentasiloxane (D5) under
different peroxy radical fates (unimolecular reaction or bimolecular
reaction with either NO or HO2) that approximate a range of
atmospheric compositions. While the identity of the oxidation
products from D3 changed as a function of the peroxy radical fate, the identity and yield of D4 and D5 oxidation products remained
largely constant. We compare our results against the output from a kinetic model of cVMS oxidation chemistry. The reaction
mechanism used in the model is developed using a combination of previously proposed cVMS oxidation reactions and standard
atmospheric oxidation radical chemistry. We find that the model is unable to reproduce our measurements, particularly in the case of
D4 and D5. The products that are poorly represented in the model help to identify possible branching points in the mechanism,
which require further investigation. Additionally, we estimated the physical properties of the cVMS oxidation products using
structure−activity relationships and found that they should not be significantly partitioned to organic or aqueous aerosol. The results
suggest that cVMS first-generation oxidation products are also long-lived in the atmosphere and that environmental monitoring of
these compounds is necessary to understand the environmental chemistry and loading of cVMS.
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1. INTRODUCTION

Cyclic volatile methyl siloxanes (cVMS) are high-production
volume chemicals1,2 that are common components of
consumer and industrial products such as deodorants, lotions,
sealants, and lubricants. cVMS have high vapor pressures and
low Henry’s solubilities, leading to preferential partitioning
into the atmosphere3 where they primarily degrade through
reactions with OH.4 cVMS lifetimes with respect to oxidation
by OH are between 4 and 10 days (assuming a 24 h average
OH concentration of 1.2 × 106 molecules cm−3),4−12 and
consequently, cVMS are globally distributed and have been
identified in remote environments such as the arctic.13−15

These abundant chemicals are also bioaccumulative and
toxic.13,16−18 Consequently, the European Union placed
restrictions on the use of cVMS in certain cosmetic products
in 2016, with recommendations in 2021 to restrict the use in
certain industrial processes.19−21 Owing to their widespread
use, toxicity, and environmental persistence, there has been
significant interest in understanding the environmental fate of
cVMS.5,12,13,16,17,22−38

Previous research has largely focused on quantifying ambient
concentrations of parent cVMS13,23,26,39 and understanding
their oxidation kinetics;5,10,11 significantly less is understood
about the identity of cVMS oxidation products and their
environmental chemistry.36,37 In the atmosphere, cVMS
oxidation is initiated by reactions with OH or Cl to produce
an alkyl radical (R3SiCH2

•), which quickly reacts with O2 to
produce a peroxy radical (R3SiCH2O2

•, or more generally,
RO2). The subsequent reactions depend on atmospheric
composition: reactions with NO will dominate under high NO
mixing ratios, such as in urban areas; reactions with HO2 will
dominate where high HO2 mixing ratios are found, such as in
areas dominated by biogenic emissions; and unimolecular
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reactions can dominate in areas with low mixing ratios of NO
or HO2, such as remote regions or even in urban areas for
reactions with sufficiently fast unimolecular reactions.40

Laboratory investigations of cVMS oxidation have observed
numerous oxidation products but typically identify siloxanol
(−CH3 replaced with −OH) as the main product.4,7,8 Two
experimental studies have also reported the formate ester
(−CH3 replaced with −CH(O)H) product.4,5 Additionally,
oxidation products such as hydroperoxides, alcohols
(R3SiCH2OH), and products with an increased number of
silicon atoms have been detected.8,41 Siloxanol formation has
often been ascribed to the hydrolysis of formate ester,4,7 a
process that likely occurs on surfaces. Attempts to develop an
oxidation mechanism based on these observations and known
atmospheric peroxy radical chemistry have largely been
unsuccessful, in part, because the RO2 fate has been unclear
in many of the past experiments. It has generally been
concluded that Si in cVMS allows for unique chemistry to
occur and several unusual reactions have been proposed based
on the laboratory results.4,8,18 Recent theoretical investigations
of organosilicon chemistry provide evidence that organosilicon
compounds undergo unique rearrangements inaccessible to
carbon-based compounds.36,37 The net effect of the mecha-
nism proposed by the theoretical investigations oxidation
under high NOx (=NO + NO2) conditions includes the
production of HO2 and the oxidation of two NO radicals to
NO2.

36,37 This net effect is inconsistent with laboratory
measurements showing that at most one NO is oxidized to
NO2 during cVMS oxidation and that cVMS reduces O3
production and OH radical concentrations.18 However, as
cVMS oxidation products were not measured, there is still an
opportunity for better online characterization of the chemistry.
Without an understanding of the cVMS oxidation

mechanism and products, it is difficult to predict the fate of
the oxidation products. For instance, one possibility is that the
oxidation products contribute to aerosol mass. Based on
observations of Si in urban nanoparticles, it has been suggested
that oxidation products of cVMS from personal care products
are present in aerosol,29,39,42 while other studies have

suggested that silicon in aerosol from organosilicon com-
pounds is minimal.43,44 There are substantial variations in the
reported aerosol yields of cVMS, which range from
approximately 0−50%.45 The range in the reported yields is
likely due to experimental conditions creating different
oxidation products. Without knowledge of the oxidation
mechanism and measurements of the oxidation products,
however, this hypothesis is difficult to test.
In this study, we conducted a series of atmospheric chamber

experiments designed to investigate the reaction mechanisms
of hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasilox-
ane (D4), and decamethylcyclopentasiloxane (D5) under
conditions of different RO2 lifetimes and reaction partners.
We also oxidized fully deuterated hexamethyldisiloxane
(D18L2) with Cl atoms to provide some constraint on the
identity of the oxidation products. Using a combination of our
measurements, kinetic modeling, and constraints from the
literature, we propose a simplified oxidation mechanism for
cVMS that can be used in modeling atmospheric cVMS
chemistry. We identify points in the cVMS oxidation
mechanism that require further investigation. The environ-
mental fate of the observed products is investigated through
estimations of vapor pressure and water solubility, with the
results suggesting that the first generation of cVMS oxidation
does not create oxidation products that will participate in
aerosol growth.

2. MATERIALS AND METHODS
Experiments were performed in a ∼1 m3 FEP Teflon chamber at
ambient lab temperature (295 ± 3 K) and pressure (∼860 mbar) at
low relative humidity (<5% RH). A low RH was used to minimize the
wall loss of the oxidation products. The chamber, previously described
in Alton and Browne,5 was run in either batch mode, in which the
chamber was slowly collapsed as air was sampled from it, or semibatch
mode, in which the sampled air was continuously replaced. To correct
for dilution in semibatch mode, the dilution rate was quantified by
sampling for 30 min after completion of the experiment and
determining the first-order loss constant for each product. This rate
constant represents both loss to the walls and dilution and was used to
correct the measured values for individual species. Experiments for D3

Table 1. Radical Precursor Concentrations, Estimated Oxidant Concentrations, and Estimated Ratios of the Reaction between
RO2 and NO to HO2 and HO2 to other RO2

cVMSa oxidant precursor and concentration (ppbv)
b [OH] or [Cl] (molecules cm−3) [NO], [NO2] (ppb) NO/HO2

c τRO2
(s)d

D3*e Cl2, 15 1.0 × 106 0.4:1 27
D3* H2O2, 1000 8.0 × 107 0.04:1 4
D3* HONO, 400 5.0 × 107 200,150 200:1 0.02
D3 Cl2, 15 1.0 × 106 0.4:1 27
D4 Cl2, 15 6.0 × 105 0.9:1 40
D4 H2O2, 1000 8.0 × 107 0.05, 8 0.04:1 4
D4 HONO, 400 5.0 × 107 230,190 100:1 0.02
D4 Cl2, 100 CH2O, 1000 7.0 × 105 0.02:1 1.6
D5 Cl2, 15 4.0 × 105 0.05, 0.05 1:1 46
D5 H2O2, 1000 8.0 × 107 0.05, 4 0.04:1 4
D5 HONO, 400 5.0 × 107 250,180 100:1 0.02

aApproximately 80 ppbv of cVMS was added to the chamber. bThe initial mixing ratios of NO and NO2 before the lights were turned on in HONO
experiments were ∼50 and ∼100 ppbv, respectively, except for D3, which had ∼100 ppbv of NO. Differences in mixing ratios are due to the
inconsistency of HONO generation using HNO3 and NaNO2. NO and NO2 were only measured in experiments for which mixing ratios are
reported. For other experiments, background mixing ratios of 50 pptv were assumed. cEstimated radical concentrations were determined at the
point that 10% of the cVMS has reacted, as calculated from the KinSim model. dRate constants used in calculating the RO2 lifetimes were obtained
from Ziemann and Atkinson:46 kRO2+HO2

= 1.5 × 10−11 molecules cm−3 s−1, kRO2+NO = 9 × 10−12 molecules cm−3 s−1, kRO2+RO2
= 1 × 10−14 molecules

cm−3 s−1, and kRO2+OH/Cl = 2 × 10−10 molecules cm−3 s−1. eExperiments marked with (*) were performed in semibatch mode, in which sampled air
is continually replaced with clean air to maintain a constant chamber volume for the duration of the experiment.
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were conducted in both batch and semibatch modes and product
distributions were determined to be consistent between the two
methods of chamber operation on the timescale we are interested in
(∼3 h). Experimental conditions are summarized in Table 1.
D3 (98%, Acros Organics), D4 (98%, Acros Organics), D5 (97%,

Sigma-Aldrich) were diluted in acetonitrile (99.8%, Sigma-Aldrich) to
5% (w/w) and injected into the chamber using a gently heated
borosilicate glass tube with a stream of zero-air (AADCO Instru-
ments, 737 series) transporting the evaporated cVMS to the chamber.
We saw no evidence for thermal degradation of the cVMS from
heating of the tube (maximum temperature estimated at less than 60
°C). The oxidation chemistry of each precursor was investigated
under three different RO2 fates. Peroxy radical lifetimes were
calculated using measured concentrations of NO or estimated
concentrations of reactive species from a kinetic model, which will
be discussed later in Section 3.3. Experiments using Cl2 as an oxidant
precursor were designed to favor unimolecular RO2 reactions. For
these experiments, we calculate a RO2 lifetime with respect to
bimolecular reactions of about 0.4 min with ∼55% of the RO2
reacting with HO2 and 20% undergoing unimolecular rearrangements
(assuming a rate constant of 8 × 10−3 s−1 for isomerization),36 and
the rest reacting with background NO. Experiments using H2O2 as an
oxidant precursor probed conditions where >90% of RO2 react with
HO2, while experiments using HONO resulted in ∼99% of RO2
reacting with NO.
Cl2 was added by a flow of N2 over a gravimetrically calibrated

permeation device (VICI Metronics). Hydrogen peroxide was added
via a solution added into the heated borosilicate glass tube with a
zero-air flow. HONO was generated by the addition of 40 μL of a 1.5
M sodium nitrite solution (>99%, Sigma-Aldrich) to a 2 M nitric acid
solution (70%, Fischer Scientific) while passing zero-air over the
headspace of the solution, transporting any evolved gases into the
chamber. Cl2 and HONO were photolyzed into Cl atoms and OH +
NO, respectively, with 370 nm fluorescent lights (General Electric,
F40BL) positioned below the chamber. H2O2 was photolyzed with
254 nm lights (General Electric, G36T8) to generate OH. Control
experiments were performed to ensure the parent cVMS were stable
in the presence of UV light. To test for photostability of
hydroperoxides generated from D4 oxidation, we performed a control
experiment where we photolyzed Cl2 with 370 nm lights with ∼1
ppmv of added formaldehyde to generate HO2. Partway through the
experiment, 254 nm lights were also turned on with 370 nm lights.
The production of hydroperoxides increased at the same rate as
siloxanol, suggesting that more Cl2 was photolyzed with the additional
lights increasing total oxidation, but there was no additional loss of
the hydroperoxide from photolysis.
As in our previous work,5 a high-resolution long time-of-flight

chemical ionization mass spectrometer (CIMS; Aerodyne Research,
Inc. and Tofwerk AG; resolving power ∼8000 m/z/Δm/z) using
protonated toluene as the reagent ion measured the cVMS parent
compounds and oxidation products during the experiments.
Compounds are detected as [M + H]+ products. The ionization is
relatively soft; we do not detect the methane fragment (R3Si

+) from
the parent cVMS that is generally seen in other proton-transfer
ionization schemes. We did observe R3Si

+ as a fragment of the
siloxanol product, though less than 3% of the siloxanol signal was
detected as this fragment. The CIMS sampled a total of 1.7 slpm, with
700 sccm of that flow consisting of humidified zero-air and the rest
sampled from the chamber. The addition of water vapor enhances the
instrument response (counts per second per ppbv normalized to the
toluene reagent ion signal; ncps) for detection of cVMS and the
oxidation products. Data was postprocessed in Tofware v3.2.3
(Tofwerk AG) in the IGOR Pro environment (Wavemetrics,
v8.0.4.2) using fully constrained peak fitting and allocation of isotope
signals. An example of the peak fitting is shown in Section S1 of the
Supporting Information (Figure S1). NO and NO2 concentrations
were measured using a chemiluminescence NO and NO2 analyzer
with a blue light converter for true NO2 measurements (Teledyne,
T200UP) with 1 min resolution and 50 pptv limit of detection.

We used KinSim v4.1447 in Igor Pro to simulate gas-phase
chemistry for each experiment. KinSim is an open-source solver for
kinetics modeling. Rate constants for non-cVMS species were
obtained from Atkinson et al.48 and Atkinson.49 The mechanism
used in the KinSim simulations is presented in Section S2 of the
Supporting Information. The lifetime of cVMS species with respect to
oxidation by OH (∼days) requires the use of elevated radical
concentrations to ensure sufficient oxidation on the timescale of our
experiment. However, the experiments were designed to avoid
potentially unrepresentative reactions in the atmosphere (such as
RO2 + RO2 or RO2 + OH). We assumed that the chamber was well
mixed. Wall-partitioning calculations for all cVMS products were
included using KinSim’s built-in wall-partitioning functions.50 The
reversible vapor−wall interactions were calculated upon mechanism
compilation using the first-order vapor condensation rate coefficient
(1 × 10−3 s−1),51 the mass vapor saturation concentration of the
partitioning molecule, and enthalpy of vaporization, with the latter
two values estimated by the melting point, boiling point, and vapor
pressure module (MPBPWIN v1.44) in the Environmental Protection
Agency’s (EPA) Estimations Programs Interface for Windows
(EPIWIN v4.11). Rate constants for peroxy radical reactions with
NO and HO2 were taken from Atkinson and Ziemann46 and were
kept constant. As the oxidation rate constants for the different parent
cVMS are known,5 the decay of the cVMS was used to constrain the
concentration of oxidants, which was then used to determine the
photolysis rates of the oxidant precursors. An average photolysis rate
was used for all experiments using the same oxidant precursor (7 ×
10−5, 2 × 10−4, and 4 × 10−4 s−1 for H2O2, Cl2, and HONO,
respectively).

For estimating partitioning between condensed phases in the
atmosphere, we used EPIWIN to calculate the water solubility with
the Water Solubility and Octanol-Water Partition Coefficient
(WSKOW v1.43) and the Henry’s law constant with the HenryWin
v3.21 module. In addition to EPIWIN, the EPA’s Toxicity Estimation
Software Tool (TEST) was used to estimate the vapor pressures,
boiling points, and water solubilities of the cVMS and their oxidation
products. TEST does not estimate Henry’s Law constants; however, a
proxy of the ratio between the vapor pressure and the water solubility
of the compound can be used to compare between the EPIWIN and
TEST.52 TEST reports a consensus value where it estimates the
values using multiple methods then averages those results together.
These estimations are further discussed in Section 3.4.

3. RESULTS AND DISCUSSION

3.1. cVMS Oxidation Products

Figure 1 shows an example time series from a D3 oxidation
experiment with H2O2 as the oxidant precursor. The only
product to exhibit significant loss after the lights are turned off
is the difunctional siloxanol + formate ester product. As
oxidants are continuously generated during these experiments,
the first-generation oxidation products will undergo further
oxidation. To minimize the impact of this oxidation, we
analyze the product signals at the point where only 10% of the
parent cVMS has been oxidized. This metric was chosen as
only 4% of the oxidation products are expected to have reacted
at this point due to the continued generation of oxidants.
Additionally, although the oxidation products are expected to
have lifetimes with respect to wall loss greater than 1 h,
measuring the products after only 10% of the cVMS reacted
(∼30 min) minimizes the impacts of wall loss on the measured
concentrations. Comparing the results at the point where 10%
of the cVMS has reacted allows for an easier intercomparison
between the different experiments, as we are achieving the
same oxidant exposures.
Possible isomers of select D3 oxidation products are shown

in Figure 2. These assignments are proposed based on previous
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works4,7,8 and further informed through isotopically labeled
linear VMS experiments (described in Section S3 of the
Supporting Information). We did not detect the formation of
any oxidation products that contained either fewer or greater
silicon atoms than the parent compound. For instance, we did
not observe the formation of either D4 or a product with 10
silicon atoms during the oxidation of D5.
The CIMS was calibrated for the parent siloxanes. The

sensitivity to the parent compounds in these experiments was
lower than reported in previous works5 as the ion optics were
tuned for optimal resolving power, which sacrificed sensitivity.
Authentic standards for cVMS oxidation products are not
commercially available, and thus, we are unable to quantify
their concentrations. However, after normalization to the
reagent ion and when working in the linear response region,
the instrument response to a specific compound will be linear
with respect to changes in concentration. As the reagent ion
exhibited no significant depletion and signals were significantly

above the limit of detection, these experiments are within the
linear response region. Thus, although the oxidation products
cannot be quantified, differences across RO2 fate conditions in
the signal of a given product can be interpreted as changes in
the relative amount of a product being formed. Moreover, as
shown in Section S4 of the Supporting Information, when 10%
of the cVMS had reacted, the total signal of the oxidation
products detected normalized to the mixing ratio of cVMS
reacted, varied by <20% across the experimental conditions
(Figures S3 and S4) even when there are significant changes in
the compositions of the ions formed (particularly for D3). This
finding suggests that variations in instrument response to
different products were relatively small and that we were
capturing most of the oxidation products.
Given the absence of authentic calibration standards, we

elect to report the product abundance in terms of the
normalized signal yield. This quantity is calculated as the signal
of an individual product divided by the sum of the total
product signals and would be approximately equal to the molar
yield if we had equal sensitivity to every oxidation product.
Figure 3 shows the normalized signal yields of each of the
products for the different cVMS studied.
The oxidation mechanism of D3 has been studied with

theoretical calculations and will be discussed first. The most
intense product signal formed in the D3 experiments under
conditions that favored unimolecular reactions, as seen in
Figure 3c, was (C5H14O6Si3)H

+. We assign this formula as a
difunctional product: siloxanol and formate ester. In the RO2 +
NO and RO2 + HO2 conditions, the product with the most
intense signal was (C6H16O5Si3)H

+, which corresponds to the
formate ester product. The next most intense signal in the
experiments was (C5H16O4Si3)H

+, which we identified as
siloxanol. We attribute (C6H18O6Si3)H

+ to an ether hydro-
peroxide and (C6H18O5Si3)H

+ to the hydroperoxide. The
hydroperoxide was identified by Sommerlade et al.,8 though
the ether hydroperoxide was not. No nitrogen-containing
peaks were identified when D3 was oxidized in high NOx
(∼100 ppbv NOx) conditions. This observation may suggest
that the formation of organic nitrates was unfavorable.
Alternatively, organic nitrates may be detected with low
efficiency because of either fragmentation or low ionization
efficiency. The presence of and instrument response to organic
nitrates will be discussed further in the context of D4 and D5
oxidation.
The assignment of (C6H16O5Si3)H

+ as a formate ester rather
than a carboxylic acid was informed by previous experimental
and theoretical work.4,37 Additionally, we oxidized fully
deuterated hexamethyldisiloxane (D18L2) with Cl atoms in a
similar experiment to Atkinson et al.4 and observed
(C6D16O3Si2)H

+ as the major ion. No detectable signal existed
for ions with exchangeable hydrogens. The 1H in the formula
originated from the proton-transfer reaction leading to
ionization in the CIMS. If the product were instead a
carboxylic acid, we would expect to observe (C6D15HO3Si)H

+.
Further details regarding this experiment are in Section S3 of
the Supporting Information.
The product distribution in the D4 and D5 oxidation

experiments differed substantially from the D3 experiments.
Monofunctional products, siloxanol and to a lesser extent
formate ester, dominated the product signals. Additionally, the
signal yields of siloxanol and formate ester showed little
sensitivity to the RO2 lifetime and reaction partner. In the D4
and D5 experiments, signals for (C8H23O7Si4N)H

+ and

Figure 1. Example time series of D3 oxidation with H2O2 as oxidant
precursors. The shading signifies when the lights are on, and the
dashed vertical line signifies when 10% of D3 had been oxidized.
Signals averaged to 1 min time resolution are shown.

Figure 2. Example cVMS oxidation product structures.
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(C10H29O8Si5N)H
+, attributed to the organic nitrates, and

(C8H23O8Si4N)H
+ and (C10H29O9Si5N)H

+, attributed to the
ether organic nitrates, were detected. However, these
compounds appeared to be formed with significantly smaller
yields than the siloxanol and formate ester products. Only the
ether nitrate yields are shown in Figure 3. Proton-transfer
ionization can lead to fragmentation of organic nitrates
through nitric acid loss. As a result, instrument response for

the protonated organic nitrate can be low with high limits of
detection. We detected the nitric acid loss fragment,
(C10H28O6Si5)H

+, for the ether nitrate product at ∼25% of
the ether nitrate signal for D5, which suggests that some
fragmentation did occur. We did not observe ions consistent
with either water- or NO2-loss fragmentation pathways or
charge-transfer products. Although the reagent ion may be
ineffective at detecting organic nitrates, we expect that the

Figure 3. Signal yield of different cVMS oxidation products when RO2 was most likely to react with (a, d, g) NO, (b, e, h) HO2, or (c, f, i) when
unimolecular reactions are favored, divided by the signal of the siloxane lost at that point. Panels (a−c) are for D3, (d−f) for D4, and (g−i) for D5
oxidation. The signals for siloxanediol, ether hydroperoxide, and ether nitrate are multiplied by 10 and striped for visual clarity.

Scheme 1. Potential Reactions of cVMS in High NOx/HO2 Conditions

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.1c00043
ACS Environ. Au 2022, 2, 263−274

267

https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00043?fig=sch1&ref=pdf
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.1c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


yield of organic nitrates in these experiments was small given
that both the organic nitrate signal and the total product
signals were similar under the different RO2 fates investigated,
which ranged from 99% of RO2 reacting with NO in the RO2 +
NO conditions to ∼5% reacting with NO in the RO2 + HO2

experiments. More discussion on the instrument response is in
Section S4 of the Supporting Information. Additionally,
previous work suggests that organic nitrate yields are low.
Organic nitrates have not been detected before this work, even
when cVMS was oxidized under high NO conditions.4,18

Carter et al.53 performed environmental chamber experiments
investigating how siloxanes alter ozone formation in high NOx

conditions. Through a model-measurement comparison, they
determined that their results were inconsistent with organic
nitrate formation; however, siloxane oxidation products were
not measured.

In works that identified products with an increased number
of silicon atoms, RO2 + RO2 reactions or reactions within the
condensed phase likely occurred. In our experiments, RO2 +
RO2 reactions were minimal under all conditions (<1%) and
no aerosol was formed; thus, we did not expect to observe
products with an increased number of silicon atoms.

3.2. Discussion of the Reaction Mechanism

In most previous studies, the major oxidation products have
typically been attributed to siloxanol and formate ester, though
formate ester has only been detected experimentally twice.4,5

The siloxanol has been suggested to be a hydrolysis product of
formate ester.4 Other works have suggested unusual reactions
that could potentially explain the formation of the siloxanol
and the formate ester products;8,36,37 however, a lack of
controlled and varied RO2 fates in these experiments prevents
a comprehensive assessment of the mechanism. In this work,

Scheme 2. Potential Reactions of cVMS in Low NOx/HO2 Condition
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we varied the lifetime and reaction partner of the RO2 radical
to gain insight into these reactions. Additionally, our real-time
measurement technique has the advantage that conversion of
formate ester to siloxanol on surfaces will be minimized. In this
section, we discuss the potential cVMS oxidation mechanism
as compiled from previous experimental and theoretical
studies.4,8,18,36,37 The schemes presented in this section are
based on these previously proposed reactions as well as typical
oxidation pathways in the atmosphere. In the following section,
we implement the reaction mechanism in a zero-dimensional
kinetic box model and compare it to our measurements.
3.2.1. RO2 + NO. As shown in Scheme 1, cVMS oxidation

is initiated by OH or Cl abstracting a hydrogen from one of the
methyl groups (R1). The resulting alkyl radical quickly reacts
with O2 forming RO2 (R2). When the NO/HO2 ratio is
greater than 2, such as urban locations, the primary reaction of
RO2 is with NO.46 This reaction has two channels, one that
forms an alkoxy radical (RO) and NO2 (R4), and one that
forms an organic nitrate (-ONO2; not shown). Based on our
measurements and as discussed in Section 3.1, we suggest that
the organic nitrate channel is minor and that reaction with NO
mainly proceeds through reaction R4. Possible fates for the
R3SiCH2O

• radical include reaction with O2, decomposition,
and isomerization. Isomerization reactions were expected to
dominate as reactions with O2 to form R3SiCHO (not shown)
and decomposition have been calculated to be at least 10
orders of magnitude slower than isomerization.36 Possible
isomerization pathways include a hydrogen shift from an
adjacent methyl group or a unique rearrangement (R6) to
form a carbon-based radical. R6 is inaccessible to carbon-based
volatile organic compounds (VOCs). The calculated lifetime
(from theoretically determined rate constants) for R3SiCH2O

•

with respect to R6 was ∼6 × 10−12 s for D3, and this
isomerization is expected to be the major RO fate.36 The most

intense hydroperoxide and nitrate signals detected during
oxidation in this work are consistent with the formation of
ether hydroperoxide and ether nitrate, consistent with R6
occurring rapidly. Note that the peroxy radicals formed from
R5 followed by R2′ and R6 followed by R2″ are isomers.
However, based on theoretical calculations,36 R5 is expected to
be slow relative to R6, and thus, further reactions and products
from R2′ were not considered. The carbon-centered radical
formed by R6, R3SiOCH2

•, will subsequently add O2 (R2″) to
form a new ether peroxy radical.36,37 This radical can react with
NO/HO2 again (R4′) to form an ether alkoxy radical. The
formate ester forms when the ether alkoxy radical reacts with
O2 (R7). The ether peroxy radical can also react with HO2 to
form ether hydroperoxide (R3′) or with NO to form ether
nitrate (not shown).

3.2.2. RO2 + HO2. The main channel of the RO2 reaction
with HO2 typically results in the formation of a hydroperoxide
(R3).54,55 In our experiments, the observed intensity of this
expected product was low. While this may be due to a low
instrument response to hydroperoxides when using proton-
transfer ionization, the fact that similar products in similar
yields are formed under both RO2 + NO (<1% of RO2 reacting
with HO2) and RO2 + HO2 (>90% of RO2 reacting with HO2)
conditions leads us to suggest that RO2 radicals can react with
HO2 to form the RO radical, OH, and O2 (R4). The formation
of the RO radical from the reaction of RO2 with HO2 has been
observed previously in oxygenated organic molecules, leading
to a radical recycling mechanism.55,56 Once R6 occurs, the
reactions are the same in the NO case with the addition of R3′
to form ether hydroperoxide.

3.2.3. Conditions Favoring Unimolecular Reactions.
Under conditions of low HO2 or NO concentrations, the
lifetime of the RO2 radical with respect to bimolecular
reactions is long and unimolecular reactions may become

Figure 4. Signal yields of formate ester (a−c) and siloxanol (d−f) for all three cVMS from the experimental results and kinetic modeling using the
mechanism presented, normalized to the results from the RO2 + NO conditions. Panels (a) and (d) are for D3 oxidation, (b) and (e) are for D4
oxidation, and (c) and (f) for D5. Note the log axis on siloxanol results. Only the rate constants for reactions with OH/Cl and wall loss constants
were changed between cVMS. In the model results that had a source of siloxanol from the RO2 + NO reaction, 5% of the reaction product made
siloxanol directly, and the other 95% made RO.
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important. Possible unimolecular reactions of cVMS-derived
RO2 identified through quantum chemical calculations include
1,3-, 1,5-, and 1,7-hydrogen shifts to form QOOH with a
propagated radical. However, the more favorable (lower energy
barrier) isomerization was predicted to be the unusual pathway
shown in R8 (Scheme 2).36

After undergoing R8, the resulting radical is expected to
quickly proceed through R9, generating a siloxy radical and
formaldehyde. We suggest that the siloxy radical can undergo
reaction R11 to make the siloxanol product after reaction with
H2O or HO2. The reaction of RO with H2O (R11) has been
proposed to occur on silica surfaces,57 while Carter et al.53

previously proposed the reaction of RO with HO2 to make
siloxanol. Fu et al.36 suggested RO could undergo a reaction
and abstract hydrogen from a methyl group on a nearby silicon
atom (R10, 1,5 H-shift) or on the same silicon atom (1,3 H-
shift), which is less favorable than the 1,5 H-shift. Both
reactions propagate the radical to create another functional
group on the cVMS molecule, and our measurement technique
cannot distinguish which methyl groups have been modified;
therefore, we did not consider this difference. Another unusual
isomerization of the RO2 radical (R8a) that was proposed
initially by Atkinson et al.4 and used to explain observation of
the formate ester product was previously investigated with
quantum chemical calculations and determined to be energeti-
cally unfavorable.36,37

3.3. Kinetic Model Using the Proposed Mechanism

We implement the reactions in Schemes 1 and 2, with rate
constants informed from previously published quantum
chemical calculations,36 in a kinetic model (KinSim in Igor
Pro) to investigate if the proposed mechanism can reproduce
the changing intensity of different products under different
RO2 fates. The full mechanisms with rate constants for the
three VMS studies are presented in Section S2 of the
Supporting Information. Reactions to form organic nitrate
with NO were excluded from the model. RO2 + RO2 reactions
were minimal in all experiments (<0.5% of the RO2 reactions
were with another RO2), and therefore were not considered in
the mechanism. In the model, we held bimolecular reaction
rates (RO2 + HO2 and RO2 + NO) constant. As reaction R8a
was previously determined to not be energetically favorable,36

this reaction was not used. We included the oxidation of first-
generation products with rate constants equal to the parent
cVMS. As there is uncertainty in molar yields due to a lack of
calibration standards, we focus on comparing the relative
changes in signal yields as a function of RO2 fate. Figure 4
shows the signal yields of the siloxanol and formate ester
products from our experiments and the kinetic model at the
point 10% of the cVMS was oxidized, normalized to the signal
yield in the RO2 + NO conditions. By observing relative
changes between the conditions, the absolute calibration of the
oxidation products should not affect the interpretation of the
data.
In our experiments with D3, we detect that the signal

corresponding to the formate ester decreases with an
increasing RO2 lifetime, which is consistent with formate
ester being formed after RO2 reacts with NO/HO2.
Consequently, the model captures this decrease albeit the
measured decrease in formate ester yield with increasing RO2
lifetime is greater than the decrease predicted by the model
(Figure 4). For D5, we observed an increase in formate ester
with increasing RO2 lifetime, which contrasts with the model

prediction of a decreasing trend. The model also fails to
capture the trends in the relative siloxanol yield for all three
cVMS species; the model predicts an increase in siloxanol yield
with increasing RO2 lifetime, while the measurements suggest
that the siloxanol yield is essentially independent of RO2
lifetime and fate. In fact, the model predicts negligible
siloxanol yield under RO2 + NO conditions (Figure S5),
which causes the modeled siloxanol yield normalized to RO2 +
NO conditions to change by orders of magnitude as the RO2
lifetime increases. The model also predicts significantly less
siloxanol (∼100 × less) formation than in our experiments, if
we assume that we detect all of the products with equal
sensitivity. Siloxanol formation has previously been attributed
to hydrolysis of formate ester prior investigations of siloxane
chemistry.4,7,18 Our high time-resolution measurements of
formate ester and siloxanol are inconsistent with this
hypothesis since we observed the simultaneous formation of
both formate ester and siloxanol.
The model-measurement gap could potentially be explained

by an unknown formation mechanism of siloxanol in high NO/
HO2 conditions. As a thought experiment, if a branching ratio
is added to produce 5% of siloxanol and 95% of the RO after
the reaction of RO2 with NO, then the amount of siloxanol
formed between experiments is slightly closer to the
experimental results, though it underestimates the siloxanol
formation in the RO2 + HO2 conditions (Figure 4). This
formation of siloxanol could be achieved through a process
such as the decomposition of a chemically activated alkoxy
radical. Another possibility would be to have a faster rate
constant for the isomerization in R8, as the siloxy radical
formed after that isomerization could be a source of siloxanol.
However, for this reaction to be important in all conditions (as
the siloxanol is the largest product in high NOx experiments
with D4 and D5), the rate constant would need to be increased
by multiple orders of magnitude to compete with the RO2 +
NO reaction. Overall, the siloxanol formation mechanism
remains unclear and more investigation to better understand
why RO2 fates do not significantly affect the products formed
from D4 and D5 oxidation is required.
The model also fails to accurately capture the evolution of

the largest product in the conditions that favor unimolecular
reactions from D3 oxidation: the formate ester and siloxanol
difunctional product (not shown in Figure 4). Because this
difunctional product was the largest signal during the
conditions that favor unimolecular reactions, it was anticipated
that D3 R3SiO

• radicals can readily undergo the auto-oxidation
reaction shown in R10 after being formed from R8 and R9.
Since siloxanol was formed in R10, the next steps need to
preferentially make formate ester over another siloxanol.
Therefore, R4″ needs to dominate over R8′, though to form
the initial siloxanol, R8 needs to dominate over R4. This
pathway requires that the ratio of the R4:R8 rate constants is
less than R4″:R8′, which stands in contrast to theoretical
calculations, suggesting that the isomerization rate increases as
the molecules become more functionalized.36 However, we did
not detect any evidence in these experiments of the
siloxanetriol product, which would likely be formed if the
isomerization reactions R8 and R8′ both dominated over
bimolecular reactions, as the next RO2 isomerization branching
would likely not be different. Another possible explanation is
that concentrations of NO or HO2 were higher later in the
experiment, pushing the mechanism down R4″. The model,
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however, indicates that NO and HO2 concentrations do not
change enough to alter the product distribution.
Overall, it is evident that the oxidation mechanism is unable

to replicate our experimental results, particularly for D4 and
D5. The finding that D3 oxidation produces different products
than D4 and D5 suggests that results, either from laboratory-
based experiments or theoretical calculations, from smaller
VMS and Si-containing molecules (i.e., D3, hexamethyldisilox-
ane [L2], and tetramethylsilane) may not hold for larger Si
compounds. In particular, the lack of sensitivity on the
oxidation product yields on RO2 fate for D4 and D5 is unusual.
As siloxanol was the most abundant product for D4 and D5
under all conditions, our results suggest that there is more
unique chemistry occurring that requires further investigation.

3.4. Possible Fates of the First-Generation Products

As cVMS are globally distributed due to their long atmospheric
lifetimes, their oxidation products will also be globally
distributed. Previous research has focused on the parent
compounds, though the oxidation products should not be
discounted. Here, we use various structure−activity relation-
ships (SAR) to investigate possible loss pathways for the main
cVMS oxidation products we measured and discussed
(siloxanol, formate ester, multisubstituted siloxanols/formate
esters, hydroperoxides, and organic nitrates). The estimated
values of vapor pressure, water solubility, and Henry’s
solubility (M atm−1) constants of all of the products are
presented in Table S6 of the Supporting Information.58 Note
that the Henry’s law constant (atm M−1) is the inverse of the
Henry solubility.
Using the estimated vapor pressures, and assuming that

absorption into organic aerosol is the main gas-particle
partitioning method for these compounds, less than 1% of
the least volatile oxidation product (the D5 siloxanediol) mass
would partition to aerosol at a moderate organic aerosol
loading of 10 μg m−3.59 This value was determined using the
vapor pressure estimated by MPBPWIN, which predicts vapor
pressures about 1 order of magnitude lower than TEST, thus
giving an upper limit to aerosol partitioning. It has been
determined that cVMS heterogeneous reactions with compo-
nents of mineral dust aerosol can lead to significant removal of
the cVMS and its oxidation products, but due to the low
typical dust loadings, the total loss to dust is expected to be
minimal.32

The oxidation products have estimated Henry’s solubility
constants that can be up to ∼8 orders of magnitude higher
(higher partitioning into the aqueous phase) than the parent
cVMS. Out of the various methods compared, HenryWIN gave
the largest estimated Henry’s solubility coefficient of ∼105 M
atm−1 for the D3 siloxanediol. Even using this Henry’s
solubility constant, at most 30% of the siloxanediol will
partition to cloud droplets, while there is no significant
partitioning into an aqueous aerosol, as shown in Figure 5,
adapted from Daumit et al.60 We note that this estimate is
uncertain as Henry’s solubility and law constants measured in
the laboratory vary by orders of magnitude between studies for
the parent cVMS,61 and the Henry’s law constants of the
different oxidation products have not been measured.58,62,63

However, as we use the most extreme values from the
structure−activity relationships, we assume these to be the
upper limits for partitioning and thus conclude that absorptive
and aqueous partitioning will have minor impacts on the
mixing ratios of the oxidation products.

The oxidized products may also be transformed in the
atmosphere via oxidation. Atkinson et al.4 measured the rate
constants of tetramethylsilane and trimethylsiloxanol reactions
with Cl atoms and OH radicals, which showed that the rate
constant for the siloxanol oxidation reactions were 2 times
faster than the parent compounds for Cl and 10 times faster for
OH. However, it is uncertain how the rate constants will
change with larger cVMS. Using the Atmospheric Oxidation
Program for Microsoft Windows (AOPWIN) in EPIWIN with
the adjustments to Si-containing group contributions sug-
gested by Alton and Browne (2020),5 the rate constant for
reaction with OH is estimated to be approximately a factor of 5
times faster for D3OH compared to D3, and 3 times faster for
D5OH compared to D5. This lowers the lifetime of D3OH
and D5OH to approximately 2 days for both of the products,
compared to 11 and 4.4 days.5 Based on this work, it is
probable that, like the parent VMS compounds, these first-
generation oxidation products will have atmospheric lifetimes
of days, and thus, it is necessary to better understand multiple-
generation oxidation products and their potential chemistry
and deposition to completely understand cVMS environmental
fates.

4. CONCLUSIONS
As ∼90% of cVMS emitted into the environment partitions
into the atmosphere,3 understanding the atmospheric degra-
dation of these compounds is critical for understanding their
environmental impacts. In this work, we oxidized three cVMS
under conditions of different RO2 fates and measured the
oxidation products to gain insight into the cVMS oxidation
mechanism. We observed that the main oxidation product for

Figure 5. Estimated Henry’s solubility, estimated with HenryWIN
v3.21, for D3 and the siloxanol oxidation products (dashed lines). The
mass concentration labels on the solid lines correspond to the amount
of liquid water in clouds or ambient aerosol. Only siloxanol products
are shown as the hydroxyl groups change the Henry’s solubility most
significantly. Larger cVMS oxidation products are estimated to have
lower Henry’s solubility than D3. All values are listed in Table S6 of
the Supporting Information. Adapted with permission from Daumit,
K. E.; Carrasquillo, A. J.; Hunter, J. F.; Kroll, J. H. Laboratory Studies
of the Aqueous-Phase Oxidation of Polyols: Submicron Particles vs
Bulk Aqueous Solution. Atmos. Chem. Phys. 2014, 14 (19), 10773−
10784. https://doi.org/10.5194/acp-14-10773-2014.
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D4 and D5 is siloxanol, regardless of the fate of the peroxy
radical. As D4 and D5 are the most abundant cVMS in the
atmosphere, we suggest that in chemical transport models
cVMS oxidation products can be adequately represented as
siloxanol, similar to previous representations of this chem-
istry.30 Due to the high vapor pressure and low water solubility
of the cVMS and oxidation products, it is predicted that not
only is the parent cVMS globally distributed,13,64 the oxidation
products are likely also globally present, requiring multiple
generations of oxidation before significant removal will occur.
Because the oxidation products are also likely to be long lived
in the atmosphere, more measurements of the oxidation
products in the atmosphere and environmental matrices are
necessary to better understand the environmental processing of
these anthropogenic chemicals.
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