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ABSTRACT

Despite several investigations on the atmospheric fate of cyclic volatile methyl siloxanes (VMS),
the oxidation chemistry of these purely anthropogenic, high production volume compounds is

poorly understood. This has led to uncertainties in the environmental impact and fate of the



oxidation products. According to laboratory measurements, the main VMS oxidation product is
the siloxanol (a -CH3 replaced with an -OH), however, none of the mechanisms proposed to date
satisfactorily explain its formation. Motivated by our previous experimental observations of VMS
oxidation products, we use theoretical quantum chemical calculations to 1) explore a previously
unconsidered reaction pathway to form the siloxanol from reaction of a siloxy radical with gas-
phase water, 2) investigate differences in reaction rates of radical intermediates in
hexamethylcyclotrisiloxane (D3) and octamethylcyclotetrasiloxane (D4) oxidation, and 3) attempt
to explain the experimentally observed products. Our results suggest that while the proposed
reaction of the siloxy radical with water to form the siloxanol can occur, it is too slow to compete
with other unimolecular reactions and thus cannot explain the observed siloxanol formation. We
also find that the reaction between the initial D3 peroxy radical (RO2") with HO:" is slower than
previously anticipated (calculated as 3x107'* cm® molec™ s™! for D3 and 2x107!! cm® molec™ s for
D4 compared to the general rate of ~1x10'! cm? molec™ s™!). Finally, we compare the anticipated
fates of the ROz under a variety of conditions and find that reaction with NO (assuming a general
RO2"+ NO bimolecular rate constant of 9x107'2 cm® molec™ s!) will likely be the dominant fate

in urban conditions while isomerization can be important in cleaner environments.

1 Introduction

Cyclic volatile methyl siloxanes (¢cVMS, or simply VMS) are high production volume
chemicals'* that are common components in consumer products such as personal care products
and are intermediates in the production of silicone sealants and lubricants. Once these chemicals
are released into the environment >90% of these compounds will partition into the atmosphere due
to their high vapor pressure and low water solubility.? In the atmosphere, the main transformation

mechanism is oxidation by "OH radicals (and in some locations "Cl atoms) leading to lifetimes of



VMS parent molecules between a couple of days for decamethylcyclopentasiloxane (DS5) to longer
than a week for hexamethylcyclotrisiloxane (D3)*° Experimental studies suggest that the major
first-generation oxidation products are the siloxanol (R3SiOH) and/or the formate ester products
(R3SiOCHO),**5# with the siloxanol product detected previously in ambient particulate matter.’
However, the mechanism through which these molecules are formed remains uncertain.

It is accepted that initial VMS oxidation occurs via a hydrogen abstraction from one of the
methyl groups by ‘OH radicals or “Cl atoms'®!? forming an alkyl radical that will quickly react
with O2to form a peroxy radical (RO2"), in this case R3SiCH20:". RO>" fate depends on atmospheric
conditions. Specifically, the ROz’ can undergo bimolecular reactions with NO, HOz", or other RO?"
in addition to unimolecular isomerization/autoxidation if it has a sufficiently long lifetime.!!13-15
Investigations using electronic structure calculations have proposed pathways for the formation of
the formate ester product under conditions where R3SiCH20:" fate is dominated by reaction with
NO.!"12 However, the proposed mechanism requires two conversions of NO to NO: and is thus
inconsistent with previous experiments that suggest only one molecule of NO is consumed during
the first-generation of VMS oxidation.!®!” Additionally, our own recent experimental work
suggests that the siloxanol, rather than the formate ester, is preferentially formed in the oxidation
of octamethylcyclotetrasiloxane (D4) and decamethylcyclopentasiloxane (D5). Under conditions
of long ROy lifetime where unimolecular isomerization can occur, computational studies suggest
that all the methyl groups will be rapidly transformed to hydroxyl groups.!! Experimental results
however detect mainly the single hydroxyl siloxanol species,*° though siloxanols with multiple -
CHs to -OH conversions have been detected experimentally with lower apparent yields.5!®

Overall, the formation mechanism of 1-hydroxypentamethylcyclotrisiloxane and 1-

hydroxyseptamethylcyclotetrasiloxane (siloxanol products of D3 and D4) as major closed-shell



oxidation products remains uncertain. Moreover, our previous experimental work suggested that
the distribution of first-generation products was largely independent of ROz" fate for D4 and D5
in contrast to hexamethylcyclotrisiloxane (D3) for which the product distribution did change as a
function of RO>" fate.® To explain the formation of the single siloxanol and the relative insensitivity
of product distribution to RO:" fate, we proposed two hypotheses in Alton and Browne (2022).°
For the first (H1), we proposed that the RO2" isomerization rate increases as a function of ring-size
to the point where it can be competitive with bimolecular reactions across a range of ROz’ lifetimes.
Thus, even under relatively high NO conditions, the radical could isomerize. Following
isomerization, the resulting radical decomposes producing formaldehyde and a siloxy radical. We
postulated that the resulting siloxy radical (R3SiO") would react with gas-phase water or HO>'
generating the siloxanol, rather than undergoing rapid unimolecular hydrogen shifts.’ For the
second hypothesis (H2), we put forth the possibility that instead of isomerization outcompeting
bimolecular reactions, ROz’ bimolecular reactions with HO2' preferentially form R3SiCH20" rather
than the hydroperoxide product, particularly in the cases of D4 and D5 oxidation.® Subsequent
siloxanol formation would require the existence of a currently unknown pathway starting from
R3SiCH20". This second hypothesis was based on the observation that the product distribution
remained largely invariant despite changes in the fate of RO2" and the assumption that the reaction
of R3SiCH20:" with NO will preferentially form R3SiCH20". Additionally, we observed low signal
levels attributed to the hydroperoxide product. While low hydroperoxide signals could be in part
explained by low sensitivity of our analytical technique to hydroperoxides, it is unlikely to be the
sole reason.® This type of radical propagating channel of RO2" + HO>" reactions is relatively

uncommon in atmospheric chemistry, but has been proposed to occur before in other systems. !



Here, we use electronic structure calculations and transition state theory to investigate the
plausibility of these hypotheses for R3SiCH20:" and R3S10" radicals derived from both D3 and D4.
This work builds off prior computational investigations of tetramethylsilane!? and
hexamethyldisiloxane (L2) and D3!' by expanding the computations to larger VMS species,
investigating the R3SiCH202" + HOz2" potential energy surface, and exploring the feasibility of the
bimolecular reaction of R3SiO" with gas-phase water.

2 Methods

We used Gaussian 16, Revision A.03% to perform all geometry optimization and single-point
energy calculations unless otherwise stated. Calculations were completed on the Rocky Mountain
Advanced Computing Consortium’s Summit supercomputer.”! Both B3LYP and M06-2X
functionals have been used for optimization calculations by previous studies,®!"!? though M06-
2X has been suggested to be more accurate.!’ A comparison of the results from the two levels of
theory are presented in Section S1 of the Supporting Information. For D3 calculations we used
both functionals, but due to the cost of the calculations on the larger D4 molecule, only the M06-
2X functional was considered. D5 was not investigated due to its high computational costs and
because in previous experimental investigations D5 showed similar product yields to D4.° The
basis set for optimization was kept constant for both functionals at 6-31G+(d,p). Single point
energy calculations at the CCSD(T)/cc-pVDZ level have shown good agreement to experimental
energy for similar systems.!? Single point energy calculations for the D4 reaction were carried out
with MRCC?? using the frozen core approximation of UCCSD(T)/cc-pVDZ.??

All transition state structures were confirmed to only have one imaginary frequency, and all
other structures had only real frequencies. Transition states that do not involve a H-shift were

confirmed to link to the starting and ending products using an internal reaction coordinate



calculation. Coordinates of all optimized transition state structures are listed in Section S2 of the
Supporting Information. We explored different conformers of the RO2" and used the conformer
with the lowest energy for subsequent calculations. A higher energy conformer was also
investigated for the D4-derived RO2’, and our main conclusions were found to be invariant. More
details on the different conformer investigated are presented in Section S3 of the Supporting
information.

Gibbs free energies of all structures were determined using the structural and vibrational
information from DFT and the CCSD(T)/cc-pVDZ single point energies. Reported rate constants
were calculated with transition state theory (TST) at the high-pressure limit; krst can be found via

Equation 1:

AE

eps (T) = 1 “BL 9IS o 7hyT (1)
h QReac

where Kk is the Wigner tunneling correction, ks and h are the Boltzmann constant and Planck’s
constant, respectively, and T is the temperature in Kelvin.?* The transition state and reactant
partition functions, Qreactand Qrs, are solved using ab initio values from the DFT methods outlined
above. The change in energy, AE, is calculated from single point energies with zero-point
vibrational corrections at the optimization level of theory.

Using the ab initio harmonic frequencies and single point energies calculated, the Gibbs free
energies of the structures were determined per previously established methods.?® All reported
Gibbs free energies are calculated at 298 K. We compared our theoretical results to previously
published experimental work.% In that work, VMS were oxidized in a 1 m® chamber under
conditions that were expected to favor RO:" reactions with HO2", NO, or RO2" isomerization. In
short, these results showed that the formate ester product was the most abundant product in D3

oxidation with high NO, but otherwise the siloxanol was the most abundant product. Scheme 1



shows the overall reaction mechanism of VMS oxidation as it is currently understood from a
theoretical perspective, using D4 as an example VMS, with the specific reactions we proposed in
this work in the dashed boxes. In this work, we are looking at specific reactions that might

reconcile the experimental observations and theoretical mechanism.
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Scheme 1 Schematic for VMS oxidation mechanism as it is currently understood. Reactions in the
dashed boxes are proposed reactions are investigated in this work.

3 Results and Discussion

3.1 R3SiCH:0;" isomerization and subsequent R3SiO® reactions



In this section we investigate the hypothesis (H1) that the RO2" isomerization rate increases as
ring size increases and that the subsequently formed siloxy radical reacts with H20O or HO>" to form
the siloxanol product.

3.1.1 Unimolecular reactions of R3SiCH:0;"

Figure 1 shows the potential energy surface (PES) of the different unimolecular reactions
considered for D3 and D4 and Table 1 reports the energies and calculated rate coefficients for the
different unimolecular ROz reactions. The reaction with the lowest free energy barrier (and most
likely pathway) for both D3 and D4 is an unusual rearrangement reaction (TSi-s) of the peroxy
group to form a peroxide alkyl radical with a AE of 19.4 kcal/mol for D3 and 21.3 kcal/mol for
D4. The result for D3 is in good agreement (within 5%) with previous literature, which has reported
a AE of 18.4 kcal/mol for D3.!! It has been previously calculated that this peroxide alkyl radical
rapidly decomposes releasing formaldehyde and forming the siloxy radical R3SiO".!""!? We were
unable to find a transition state for the decomposition of this peroxide alkyl radical in this work,

suggesting this is a very weakly bound transition state.



Table 1 Results from theoretical calculations of ROz reactions with the M06-2X functional

optimized geometries.

Reaction VMS (kC&?/SlOl)“ (kcalA/iol)b k(™)
R3Si1CH202" — R3SiOCH20 D3 46.3 42.2 4x1072°
(TS1.1) D4 44.8 423 1x10°18

R3SiCH202" — R3SiC'HOOH D3 45.0 41.2 2x107"
(TS1.2) D4 443 40.8 7x10717

R3SiCH202" — "R3SiCH200H (1,5 Shift) D3 33.8 28.9 1107
(TS13) D4 33.1 293 810

R3SiCH202" — ‘R3SiCH200H (1,7 shift) D3 30.7 24.6 3x107
(TS1.4) D4 30.7 25.4 5x1077

R3SiCH202" — R3Si02C"'H2 D3 21.2 19.4 1x107?
(TS1s) D4 23 213 3x107

“The AG is the Gibbs free energy difference of the reactants and the transition state structures at
298 K and is corrected for zero-point vibrational energies. ?AE reported here is corrected for zero-
point vibrational energies. “This reaction was previous proposed by Atkinson (1995) to explain
formate ester product.

Other pathways investigated include the reaction proceeding through TSi-1 (colored pink in
Figure 1) and hydrogen-shift reactions. The reaction proceeding through TSi-1 was previously
suggested from experimental studies as an intermediate to form the formate ester product.” Despite
its low energy product, the large energy barrier (AE of 42.2 and 42.3 kcal/mol for D3 and for D4,
respectively) makes this reaction unlikely, which is consistent with previous theoretical
studies.'"!2 Previous literature using CBS-QB3//M06-2X/6-31+G(d,p) for their calculations has
reported the energy barrier, AE, of TSp3 1-2 as 48.2 kcal/mol,'! which higher (by ~12%) than our
results. For the hydrogen-shift reactions, we explored abstraction from a methyl group on the same

Si atom as the ROz (TS1-3), a methyl group on a nearby Si atom (TSi-4), and from the carbon the
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peroxy group is directly bonded to (TSi-2). All these H-shift reactions have relatively high energy
barriers (AG) for both D3 and D4 (~25 to 45 kcal/mol), with the abstraction from the methyl group
on an adjacent Si atom most favorable, which is consistent with previous studies on D3 and the
smaller, linear, hexamethyldisiloxane.!! We note that given the computational costs we did not

investigate the H-shift reactions on D4 for the methyl group across the ring from the peroxy radical.

Hydrogen abstraction reactions from various methyl groups to form a hydroperoxide and an alkyl

radical are less favorable than the rearrangement reaction TSi.s.
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Figure 1 Potential energy surfaces of the different possible unimolecular reactions for the RO2
from (a) D3 and (b) D4 oxidation investigated in this work. GS is ground state, and TS is
transition state.

We used transition state theory (TST) at the high-pressure limit to estimate rate constants of the
proposed reactions, with the results listed in Table 1. Only the results using the M06-2X level of
theory with cc-pVDZ(T) basis set were used to calculate the rates. As expected from the PES for
the RO2" reactions, only the most favorable unimolecular reaction, proceeding via TSi-s will be

competitive. This isomerization reaction rate constant is calculated to be 1x102 s for the D3
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derived RO2" and 3x103 s for the D4 derived RO>". The rate constant for the D3 RO>’

isomerization (1x1072 s

, with a AE of 20.3 kcal/mol) agrees with the previously reported
theoretical rate of 8x10 s (with a AE of 18.4 kcal/mol), suggesting consistency between the
different computational methods.

3.1.2 R3SiO’ reactions

As discussed in Sect. 3.1.1, the product (GSi-5) will decompose and form a siloxy radical
(R3Si0") and formaldehyde.!! In typical carbon-based systems, the alkoxy radical analogue (RO")
to the siloxy radical can decompose, react with Oz, or isomerize through intramolecular hydrogen
transfer reactions. Previous computational results suggest that decomposition and reaction with O2
are negligible for the siloxy radical,'! and thus we neglect these pathways here.

The siloxy radical can isomerize through a hydrogen abstraction from the methyl group on a
different Si atom (TS2-1, AE of 8.7 kcal/mol and 4.9 kcal/mol for D3 and D4, respectively) or on
the same Si atom as the siloxy radical (TS2-2, AE of 24.9 kcal/mol and 24.8 kcal/mol for D3 and
D4, respectively), as shown in Figure 2. The abstraction from a methyl group on the same Si atom
has a significantly higher energy barrier than abstraction from the methyl group on an adjacent
methyl group, as seen in Figure 2, leading to TS2-1 being the likely dominant isomerization
pathway, which is the same anticipated pathway predicted previously.'! These results are ~15-20%
larger than previous calculations, which found D3 TS»2.1 and TS2-2 have energy barriers of 7.5
kcal/mol and 20.9 kcal/mol, respectively,'! but both methods suggest the 1,5-shift is much more
favorable. Although the siloxanol functional group is formed from this isomerization, a carbon
centered radical remains. Based on previous results by Fu et al.,!' we expect that the carbon
centered radical react with O2 to form another RO:’, isomerize, and fragment releasing

formaldehyde and creating a siloxy radical, allowing the radical to continue through a transition
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state like TS2-1. It is anticipated that as the number of siloxanol groups elsewhere on the ring

increases so does the rate of the isomerization reaction (TS1-5).!! This would rapidly lead to a series

of siloxanol substitutions on a single VMS molecule.

a
A A
TSD3_2-2
0L — OL
30 30.0 TSD4 22
,' 29.5 , —_—
: \ 1282
25.0 | \ 250 .
' 1
1 ' ] i
1 \ 1 '
20.0 | ] 1 20.0 L 1 1
1 \ 1 1
~ : ! ~ ! !
~ 150} ! ! ~ 150} ! !
I 1 TSp3 2_1“ | 1 "
— 1 =i - 1
O 1 I, 12.9 l‘ 1 O 1 1
E 10.0 | 1, A ll E 10.0 L ! TSpg 2-1 ‘|
- 1 - ‘
r_U i ll \‘ \ f_U I '/ 8.8 | !
1 1 ] '
o 50} g ' O 50}l ) b
é 1 V! Y 1, v !
1/ ‘I SN—r 1, \ \
w 0.0 | — W CHs (D 0.0 L — v !
J 0.0 SN, J 0.0 [ Hoed > on
~
HAC (I:H3 1 \ O/ \ i’OH, n /5‘_0\81
AU R Y \. /7 ScH: -5.0 \ 9 Phew
/ o) \‘ ki C,?u—o \‘ ' H3C & /O
[e] Si
Ysi—d “cha W G ! Hac” O—Sisgy
-10.0L H:;C/l Al -10.0L CHy ! HsC
CHs CH, 3 -12.2 GSp3 2-1 HCd  oH Y
R T, - g O, Vo133 GSpa_2-1
-15.0L d ™ -13.2 GSp3_2-2 -15.0L Wesg g T
,\s\—o/ Cts Hac” 0—plcn, ! GSp4_2-2
Mol - -16.5
-
»

radical can undergo for (a) D3 and (b) D4.

Figure 2 Potential energy surfaces for the two investigated unimolecular reactions the siloxy

.
>

We consider two new bimolecular reactions of the siloxy radical, reaction with HO2" and H20,

that we previously suggested based on experimental results.® Although the reaction of an alkoxy

radical with H20 is not a typical gas-phase atmospheric reaction, previous studies suggest that the

siloxy radical can react with water forming the siloxanol product.?®?’ Qur previous work suggested

that as the amount of water vapor present during D3 oxidation increases, so does the importance

of the siloxanol compared to the formate ester.® Therefore, the siloxanol product was proposed to

be formed from the bimolecular reaction of the siloxy radical with either HO2" or H20.*¢

Table 2 Results from theoretical calculations of R3SiO° reactions with the M06-2X functional

optimized geometries.
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AG? AE k k

Reaction VMS (kcal/mol)  (kcal/mol)  (s)  (cm’®molec!s™)
. ) D3 12.9 8.7 6x10° -
R3S10° 1,5 H-Shift
(TS2-1)
D4 8.8 4.9 7x108 -
R3SiO" 1,3 H-Shift D3 29.5 24.9 1x10°¢ -
(TS22) D4 282 248  1x10° ]
R3Si0'+H20 > D3 11.9 1.4 4)(10217 1)(10'15
R3SiOH+OH
(TS3-1) D4 10.0 -1.0 1x10%? 4x1074
R3SiO+HO>' > D3 12.8 4.3 1x109¢ 21x10°18
R3SiOH+O2
(TS3-2) D4 10.8 -0.8 7x108¢ 1x1071¢

“AG and AE reported here are corrected for zero-point vibrational energies. ?’Assuming a H20
concentration of 3x10'" molec cm?, corresponding to a relative humidity of ~40% at room
temperature. “Assuming a HO>" concentration of 6x10% molec cm™.2

The PES of the two bimolecular reactions are shown in Figure 3. Although the products from
the reaction with HOz" are significantly more stable, the reaction with H20 has a slightly lower
Gibbs free energy barrier than with the reaction with HO2" (Table 2). In addition, the concentration
of H20 in the atmosphere is almost always significantly higher than HO>’, suggesting reaction with
H20 will out-compete reaction with HO2". Both reactions lead to the formation of the closed shell

siloxanol.
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Figure 3 Potential energy surfaces for bimolecular reactions of the (a) D3 siloxy radical and (b)
D4 siloxy radical with H20 and the reaction of (¢) D3 siloxy radical and (d) D4 siloxy radical with

v

HOz'. (a) and (b) are blue as they are anticipated to be more likely than (c) or (d).

To compare the likelihood of the R3S10" undergoing isomerization reactions versus bimolecular

reactions with H>O or HO2", the kinetics of these reactions needs to be considered. As shown in

Table 2, the unimolecular autooxidation reaction proceeding through TS»-1 is calculated to be faster

than the reaction proceeding through TS2-2. In terms of the bimolecular reactions of the siloxy

radical with H2O and HOz2', the reaction between the siloxy radical and H2O for D3 and D4 is

15



significantly more favorable than reaction with HOz", as presented in Table 3. However, the rates
of the bimolecular reactions are too slow to compete with the unimolecular reactions. Additionally,
the calculated rate constant for TS2.1 for D3 is 6x10° s”!, which is comparable (within a factor of
2) to a previously calculated rate of 1.1x10°s™! for the same reaction.!!

3.1.3 Overall fate of R3SiCH,0;’ isomerization pathway

Overall, the computational results suggest that the isomerization reaction for the D3-derived
ROz’ is faster than for the D4-derived RO2". Additionally, the siloxy radical formed following the
ROz’ isomerization is most likely going to undergo a 1,5-hydrogen shift reaction, presumably
initiating a rapid series of reactions resulting in the conversion of multiple methyl groups to
hydroxyl groups. These results stand in contrast with our hypothesis that the D4-derived ROz’
would undergo a faster isomerization (TSi-s) than for the D3-derived RO2" and that the resulting
siloxy radical would undergo a bimolecular reaction with H2O or HO2" to form the single alcohol
siloxanol. In our experimental results, we failed to detect products with more than two hydroxyl
groups (instead of the six expected with rapid autoxidation for D3 or eight for D4), which could
be due to wall/tubing losses, but we do not believe that is the case as there was not a significant
missing fraction of product signal compared to parent loss during oxidaiton.® It is also possible
that the experimental setup was not able to achieve long enough RO>" lifetimes to form the
siloxanol with multiple -CH3 to -OH conversions.
3.2 Thermodynamics and Kinetics of R3SiCH»0>’ reactions with HO>’

Measurements suggest that D3 oxidation results in a larger yield of the formate ester product
than D4 oxidation, which forms more of the siloxanol. As we previously hypothesized that the
reaction between RO2" and HO>" ultimately leads to the formate ester,>!! we suggested that the

reaction of RO2" and HO?" will be faster for D3 than D4 since we see higher apparent formate ester
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yield with D3 than D4. Additionally, we suggested that this reaction would lead to the formation
of an alkoxy radical (necessary to form the formate ester) rather than the “typical”
hydroperoxide reaction product. Here we investigated the formation of the hydroperoxide and Oz
on a triplet surface and the two-step reaction of the formation of a RO2-HO2 complex followed by
decomposition to RO" and HO3" (which is expected to decompose to "“OH and O2) on a singlet
surface, with the energetics shown in Figure 4. We did not investigate the reaction of RO2" with
HO2 to form ROH and Os, as that has been shown to be most important for carbonyl-containing
organoperoxy radicals, which are not present in our system.?’ From the calculated reaction
energies, the reaction of D3-derived and D4-derived ROz" with HO:" to form the hydroperoxide is

likely to outcompete the alternative reaction pathway to form the alkoxy radical due to the large

AG barrier of the TS4-2.
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Figure 4 Potential energy surfaces for reactions ofrthe (a) D3 and (b) D4 ROz’ reactions with HO>".

IM signifies intermediate.
The more favorable bimolecular reaction of RO2" with HO2" to form the hydroperoxide (ROOH)

has a rate constant of 3x103 ¢cm?® molec™ s! for D3 and 2x107'! ¢cm?® molec! s for D4. The
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bimolecular rate coefficients for D3 ROz’ reactions with HO2" is smaller than the “typical”
assumption of ~1x10'! cm?® molec! s! for these types of reactions.’® However, the D4 RO’
reaction with HOz" is comparable to the general rate constant. Our original hypothesis (H2) was
that the product of the D4-derived ROz’ reaction with HOz" is the peroxy radical (to a greater extent
than for the D3-derived ROz"), based on experimental evidence showing the observed oxidation
products of D4 were relatively independent of initial ROz’ fate. This hypothesis was unsupported
by the calculations. However, because the reaction between ROz’ and HO:2" is slower than
anticipated for D3, there is the potential for alternative chemistry in a variety of atmospheric
conditions which should be investigated.

Table 3 Results for bimolecular reactions of the peroxy radical with HO2'

. AE k (cm?
Reaction VMS  AG (kcal/mol) (keal/mol) mol?;:" s
R3SiCH202+HO2" - R3SiCH2O0H + 02 D3 7.9 -5.6 3x107"
(TS4-1) D4 5.8 -5.2 2x10™M
R3SiCH202"+HO2" = R3SiCH20"+ HO3™ D3 20.9 17.3 b
(TS4-2) D4 21.2 17.1 -

“AG and AE are calculated from the RO2'HO2 complex to the decomposition transition state
(TS4-2). ’The rate constant is not calculated for TS42 as they have significantly higher energy
barriers than TS4.1 and will not be competitive.

3.3 Comparison to experiment

Our new results suggest that reinterpretation of the experimental observations and H1/H2 may
be necessary. Our previous work had assumed general rate coefficients for reactions of ROz’ with
HO:" of 1.7x10!! cm? molec™ s7.% a value that is two orders of magnitude faster than determined
here for D3 RO2". Because of this difference in rate coefficient, the experiments for which we

calculated that >90% of the RO:" reacted with HOz" in fact had only ~30% of ROz’ reacting through
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this pathway. This change in ROz’ fate could explain why we detected minimal signal for the
hydroperoxide product for the D3 reactions but does not explain why the hydroperoxides were not
detected in the D4 experiments. One possibility is that the hydroperoxide product could be unstable
and decompose, forming the alkoxy radical though an alternative, yet to be determined, pathway.

Our theoretical results cannot explain the formation of the siloxanol product in any condition. It
is particularly difficult to explain in high NO conditions, where we anticipate the formate ester
product should dominate. Therefore, more investigation is needed on the different reaction
pathways the initial RO2" radical can take in high NO conditions which will likely be a previously
unexplored reaction pathway.

4 Atmospheric Implications

To understand siloxane derived ROz fate in a variety of atmospheric scenarios, we use data from
the California Research at the Nexus of Air Quality (CalNex) campaign to represent an urban
atmosphere and data from the Southern Oxidant and Aerosol Study (SOAS) to represent rural
conditions. Urban conditions assumed midday mixing ratios of 10 ppt HO2" and 5 ppb NO.3!-*2 For
rural conditions, we assumed midday mixing ratios of 25 ppt HO>" and 50 ppt NO.?*3? For indoor
conditions, we assume an HO2" mixing ratio of approximately 0.8 ppt**** and 2 ppt for NO.*

Lifetimes of siloxane derived RO2" radicals based on these conditions are presented in Figure 5.
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Figure S Bar chart showing the percent of the ROz that isomerizes, reacts with HOz", or reacts
with NO for (a) D3 and (b) D4.

Figure 5 shows the fraction of the RO2" reacting with NO or HO2" in addition to isomerizing
through TSi-s in urban, rural, and indoor atmospheres. Reaction with NO is the dominant fate of
both D3 and D4 in urban environments. Owing to the difference in the isomerization reaction rates
(TS1-5), the ROz’ fate diverges in indoor and rural/remote conditions. As D4 and D5 have higher
atmospheric concentrations than D3, reactions of D4 are likely more informative in thinking about
siloxane environmental fate.’”* We assume that D5 will behave more similarly to D4 than to D3
and thus the main RO2" reactions that occur are bimolecular reactions with NO in urban
environments but autoxidation in indoor environments with low NO concentrations, which is the
same for D3. This is important as detrimental health effects were suggested from the release of
formaldehyde during VMS autoxidation!! in indoor environments where there are low

concentrations of NO and high concentrations of D5.4° D4 RO>" reactions with HO>" can be
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important in rural conditions, whereas D3 RO2" will generally not react with HO2" due to its slower
rate constant.

5. Conclusions
In this work we investigated the radical reactions occurring during the atmospheric oxidation of

D3 and D4 to better understand the formation of previously observed experimental oxidation
products and to reconcile the products detected experimentally with those predicted by theoretical
calculations. Our original hypotheses, H1 and H2, were not supported by our calculations leaving
open questions about the siloxanol product formation mechanism. However, we note that the
reaction of D3 RO2" with HO:" is slower than anticipated by approximately one order of magnitude.
Therefore, it was determined that the reaction with NO is likely the most important fate of the
initial RO". There is still uncertainty surrounding the formation of the single siloxanol product. It
is particularly difficult to explain the formation of the siloxanol under conditions where RO2" is
expected to react with NO. Based on theory, this pathway is expected to form the formate ester
product rather than the siloxanol. The investigated reactions show unique chemistry that Si-
containing organic molecules can undergo in the atmosphere, such as RO:" isomerization,
decomposition reactions, and reactions with H20. There are also likely other unusual reactions that
have yet to be identified that are key in forming the formate ester. This mostly unknown chemistry

leaves room for future investigations of siloxane atmospheric oxidation.
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