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ABSTRACT: The ubiquitous presence of cyclic volatile methylsiloxanes (cVMS) in the
global atmosphere has recently raised environmental concern. In order to assess the
persistence and long-range transport potential of cVMS, their second-order rate constants
(k) for reactions with hydroxyl radical (•OH) in the gas phase are needed. We
experimentally and theoretically investigated the kinetics and mechanism of •OH oxidation
of a series of cVMS, hexamethylcyclotrisiloxane (D3), octamethycyclotetrasiloxane (D4), and
decamethycyclopentasiloxane (D5). Experimentally, we measured k values for D3, D4, and D5
with •OH in a gas-phase reaction chamber. The Arrhenius activation energies for these
reactions in the temperature range from 313 to 353 K were small (−2.92 to 0.79 kcal·mol−1), indicating a weak temperature
dependence. We also calculated the thermodynamic and kinetic behaviors for reactions at the M06-2X/6-311++G**//M06-2X/
6-31+G** level of theory over a wider temperature range of 238−358 K that encompasses temperatures in the troposphere. The
calculated Arrhenius activation energies range from −2.71 to −1.64 kcal·mol−1, also exhibiting weak temperature dependence.
The measured k values were approximately an order of magnitude higher than the theoretical values but have the same trend with
increasing size of the siloxane ring. The calculated energy barriers for H-atom abstraction at different positions were similar,
which provides theoretical support for extrapolating k for other cyclic siloxanes from the number of abstractable hydrogens.

■ INTRODUCTION

Cyclic volatile methylsiloxanes (cVMS) are widely used in
silicon polymer synthesis and personal care products (e.g.,
lotions and deodorants).1−6 Nearly 100 million kg of cVMS is
produced in the European Union and North America per
year.5,7 Increasing worldwide awareness about the presence of
cVMS in the environment has inspired more and more
intensive investigations of their environmental behavior and
potential risks, which provides scientific background for
decision makers for these high-volume chemicals.7,8

More than 90% of cVMS emissions are into the
atmosphere.1,3,5 Buser et al.9 recently measured decamethylcy-
clopentasiloxane (D5) and dodecamethylcyclohexasiloxane
(D6) at levels up to 650 and 79 ng·m−3, respectively, in the
urban air of Zurich, Switzerland, and most emissions are
generally expected to occur in urban areas of industrialized
countries. The atmospheric half-lives of cVMS have been
estimated to range from days to weeks (e.g., 30 days for

hexamethylcyclotrisiloxane D3, 15 days for octamethylcyclote-
trasiloxane D4, and 10 days for D5).

3,5,10 The combination of
high emission rates and atmospheric half-lives of days to weeks
means that cVMS are distributed in the atmosphere at
hemispheric scales.1,11,12 Genualdi et al.1 reported up to
approximately 10 ng·m−3 cVMS in the atmosphere in the
Arctic, which is about 1−2 orders of magnitude higher than
other hydrophobic contaminants, such as polychlorinated
biphenyls.
The major degradation pathway of cVMS in the atmosphere

is oxidative reaction by hydroxyl radical (•OH).1,12 This
pathway produces hydroxylated methyl groups with lower
hydrophobicity than the cVMS that can subsequently be
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removed from the atmosphere by wet deposition.6,7 Silicon was
recently reported to be a frequently occurring element in
atmospheric nanoparticles, suggesting that photochemically
transformed volatile methylsiloxanes contribute to aerosol
formation in the atmosphere.13 Atkinson6 determined the
rate constants (k) for gas-phase reactions of D3, D4, and D5
with •OH at 298 K to be (0.52 ± 0.17) × 10−12, (1.01 ± 0.32)
× 10−12, and (1.55 ± 0.17) × 10−12 cm3·molecule−1·s−1,
respectively. Sommerlade et al.14 measured the rate constant for
reaction of D4 with •OH to be (1.26 ± 0.40) × 10−12 cm3·
molecule−1·s−1 at 297 K and identified products of the reaction
through spectrometric and infrared techniques.
In a recent study, Safron et al.15 measured reaction rates of

D4, D5, and D6 with
•OH between 313 and 353 K in a small-

scale reaction chamber, using the method of relative rates with
cyclohexane as a reference substance. The reported k values of
D4, D5, and D6 calculated at 298 K from the resulting Arrhenius
equations are (1.9 ± 0.3) × 10−12, (2.6 ± 0.3) × 10−12, and (2.8
± 0.3) × 10−12 cm3·molecule−1·s−1, respectively.15 The
Arrhenius activation energies for D4, D5, and D6 determined
by Safron et al. were not statistically different (∼1.02 kcal·
mol−1).
There are a number of studies in the literature that employ

combined experimental and theoretical approaches to inves-
tigate radical and nonradical bimolecular reactions.16−19

Combining the two methods offers advantages in elucidating
reaction mechanisms on the molecular level, especially when
reaction channels are competing with each other and/or if there
are limitations on the capabilities of analytical tools for product
identification. Another possible synergy between experimental
and theoretical approaches that has so far not been widely
exploited is to provide additional confidence that experimental
measurements can be extrapolated to field conditions that are
not accessible in the laboratory.
In the present study, we used the same apparatus as Safron et

al.15 to measure k for D3, D4, and D5 between 313 and 353 K,
using trimethylpentane (TMP) as a reference substance, which
has improved the precision of the measurements (see
Experimental Section). In addition, we have theoretically
investigated the thermodynamic and kinetic behavior of the
reactions using a density functional theory (DFT) method to
determine the enthalpies (ΔHR°), free energies (ΔGR°), and
height of activation energy barrier (Δ⧧G°) of the reactions, k,
and Arrhenius activation energy for the reaction over a wider
temperature range that encompasses the range of temperatures
in the troposphere, 238−358 K. Theoretical k values and

activation energies are compared to the experimental values,
which yields insights about the performance of the theoretical
calculations. Finally, the reaction mechanism and potential
products of the reaction of the simplest D-series molecule, D3,
with •OH in the reaction chamber are discussed.

■ EXPERIMENTAL SECTION

Experimental Methods. The gas-phase reaction chamber
used in this study has been described previously in detail.15 A
schematic diagram is shown in Figure 1. Briefly, a Thermo
Finnigan Trace DSQ gas chromatograph/mass spectrometer
(GC-MS) was modified for online sampling of a custom-built
reaction chamber. The chamber consists of a 4.2 cm i.d. by 10
cm length quartz glass cylinder (volume 138.5 mL) held in
place by two gold-coated stainless steel plates on either side.
On the influent side, four openings on the metal plate are used
to introduce helium bubbled through water, ozone from an
ozone generator (Sander Certizon C300) fed with oxygen, and
target compounds. There are two injector ports, one directly on
the chamber and the other via a split/splitless GC port. Only
one injection port is used at a time. On the effluent side, one
port connects the chamber to the MS via a deactivated GC
column (Agilent 160-2635-10, 0.10 mm i.d., length 4.5−5 m)
that is enclosed in a column heater, while a second port is used
as the exhaust. All openings can be closed by valves to render
the chamber airtight. The metal plates also hold the UV source
(a modified Pen-Ray CPQ 8744, UVP, Cambridge, U.K.) at a
distance of 2 cm from one side of the chamber. The chamber is
housed inside the GC oven, allowing for measurements at
different temperatures.
2,2,4-Trimethylpentane (TMP, Lab Scan, HPLC grade),

dichloromethane (Merck, purity 99.8%), D3 (Sigma−Aldrich,
purity 96.0%), D4 (Fluka, purity 99.0%), and D5 (Fluka, purity
97.0%) were used as received. Oxygen and helium gases used in
the reaction chamber were of 99.6% and 99.999% purity,
respectively.

Experimental Measurement. The MS was operated in
electron ionization (EI) mode with selected positive-ion
monitoring. The ion source and the column heater were kept
at 200 and 250 °C, respectively. The fragments to monitor each
compound were chosen after individual component runs to rule
out interfering peaks of the injected compounds as well as
interference from their products with the other analytes and the
TMP reference. Degradation due to oxidation by ozone,
oxygen, or direct photolysis was excluded by blank runs.
Fragments m/z 207, 281, and 355 were chosen for D3, D4, and

Figure 1. Schematic of experimental setup for gas-phase reaction chamber.
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D5, respectively, all of which correspond to [M+ − CH3]. For
the reference compound TMP, m/z 113 [M+ − H] was chosen.
Mixtures of TMP, D3, and D5 in dichloromethane and of

TMP and D4 in dichloromethane (individual concentration
range 0.2−0.45 mM) were used for measurements. After the
chamber was flushed for 10 min at the temperature of the
subsequent measurement, the MS scan was started prior to
injection to record background noise for the selected m/z. After
about 48 s, an aliquot (1−4 μL) of the mixture was injected
directly into the chamber, followed by a period of stabilization
in which the components fully volatize and mix in the gas
phase, as evidenced by a constant intensity for all peaks. After
the MS signal plateau was reached, the UV lamp was turned on
to initiate •OH production. The UV lamp was turned off after
the decay of signals was no longer observed, and the run was
stopped approximately 1 min later. The data were imported to
MatlabR2014a, and intensity changes were used to calculate the
rate constant for the analytes by the method of relative rates as
described in Safron et al.15 The background intensity prior to
injection was averaged over time and subtracted from values
after injection. The k values for D3 and D5 at 40, 60, and 70 °C
were measured in quadruplicate. The k values for D3 and D5 at
50 and 80 °C were measured five times. The k values for D4 at
40 and 70 °C were measured in duplicate. The k values for D4
at 50 °C were measured in triplicate. The k values for D4 at 90
°C were measured in quadruplicate. The k values for D4 at 60
°C were measured six times. The k values for D4 at 80 °C were
measured seven times.
The major methodological difference between this study and

the study by Safron et al.15 is that we used TMP as a reference
compound instead of cyclohexane. Cyclohexane is a suitable
reference compound, but signal interference in the MS with the
dichloromethane solvent does not allow monitoring of the
molecular ion of cyclohexane at m/z 84. Therefore, a lower
fragment of cyclohexane m/z 56 was used in the earlier relative
rate measurements reported by Safron et al. Measurements
comparing m/z 56 and 84 of cyclohexane showed a small bias
in the apparent rate of degradation of 24% (standard deviation
of 9%) slower for m/z 56 compared to m/z 84. TMP was
chosen as a reference compound since a high fragment, [M+ −
H] at m/z 113, can be monitored.
D3 Degradation Product Identification. A number of

reactions were carried out with the aim of identifying D3
degradation products by online MS. A reference compound was
not used in product identification experiments, since
introduction of additional chemicals into the system could
obfuscate fragment assignments.
Reaction conditions such as ozone concentration, and hence

indirectly the concentration of •OH, were varied to identify any
differences in responses and reaction products. Tetrachloro-
methane, CCl4, which is practically inert to •OH, was used as
the solvent in these experiments to avoid the possibility of
interference from traces of degradation products of dichloro-
methane. The MS was operated in both full-scan and SIM
(selected ion monitoring) modes, and all measurements were
conducted at 80 °C. In SIM mode, expected products as well as
ions identified through the full scans were monitored.
Fragments corresponding to the expected isotopes of silicon
(i.e., m/z + 1 and + 2) were also monitored since the relative
ratio of these masses gives information on the number of silicon
atoms present in the fragment.
Computational Methods. Since the selected cyclosilox-

anes have multiple accessible conformations, a conformational

search for the global minima of the cyclosiloxanes was
performed by use of Spartan’10 with the Merck Molecular
Force Field (MMFF) as the molecular mechanics method.20,21

The conformational search started with 900 initial conforma-
tions of each cyclosiloxane by varying Si−O−Si−O torsion
angles. Global minima of the cyclosiloxanes and the transition
states were then optimized by use of the density functional
M06-2X with the 6-31+G** basis set.22 The term functional
means that, with a three-dimensional function of electron
density, the energy of a molecule can be uniquely specified. The
M06-2X functional used in the current study was developed by
Donald G. Truhlar of the University of Minnesota in 2006.22

Electronic structure calculations were performed with the
Gaussian 09 program (Revision A.01).23−25

The M06-2X/6-31+G** method was selected in this study
because of its high reliability and relatively low computational
cost.22 It has been reported that the performance of the M06-
2X functional is reliable for thermochemistry and kinetics for
radical oxidation of organic molecules by the developers and
other researchers without any prior knowledge of the target
compound.22,26−28 For example, So et al.26 used the M06-2X
functional to study the mechanism and kinetics of •OH-
initiated oxidation of ethanol. Zhou et al.27 employed the M06-
2X functional to investigate the kinetics of atmospheric photo-
oxidation of 4,4′-dibromodiphenyl ether (BDE-15). They
found the theoretical second-order rate constant between
BDE-15 and •OH was in good agreement with the
experimental results.27 It is noted that M06-2X poorly
estimated the kinetics for some chemicals, such as lignin and
ethyl formate.29,30 However, evaluation of the performance of
M06-2X functional is beyond the scope of this study. Single-
point energies were calculated for the M06-2X/6-31+G**
optimized geometries by use of the same functional but with a
larger and more flexible basis set, 6-311++G**. Geometry
optimizations at the M06-2X/6-311+G** level were attempted
but failed. The ⟨ S2⟩ values for the various transition state (TS)
structures show minimal spin contamination, ranging from 0.75
to 0.82. For a radical, such as the TS in the current study, S2

values less than 0.85 are not far from the ideal value of 0.75
[0.5(1 + 0.5) = 0.75], indicating that the spin contamination
was minimal. Thus, no artificial corrections are necessary. The
nature of all stationary points, either minima or transition
states, were examined, and the zero-point energy and thermal
contributions to the free energy of activation were determined
by calculating the harmonic vibrational frequencies at the M06-
2X/6-31+G** level.31 All of the TS species have one and only
one imaginary frequency and no imaginary vibrational
frequency for each local minimum. Intrinsic reaction coordinate
calculations were performed for all TS species to verify that
they were connected between the anticipated reactants and
products.32,33

All the hydrogen atoms in the optimized cyclosiloxane
geometries were grouped on the basis of symmetry. For D3
(Figure S1), the 18 hydrogen atoms on the optimized molecule
were grouped into two categories: axial pointing inward (H10,
H14, H18, H22, H26, and H30) and axial pointing outward
(H8, H9, H12, H13, H16, H17, H20, H21, H24, H25, H28,
and H29). For D4 (Figure S2), the 24 hydrogen atoms on the
optimized molecule were grouped into four categories:
equatorial up or down (H24 and H34), equatorial sideways
(H22, H23, H35, and H36), axial pointing inward (H12, H16,
H20, H28, H32, and H40), and axial pointing outward (H10,
H11, H14, H15, H18, H19, H26, H27, H30, H31, H38, and
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H39). For D5 (Figure S3), the thirty-six hydrogen atoms on the
optimized molecule were also grouped into four categories:
equatorial up or down (H20, H34, H36, and H45), equatorial
sideways (H21, H22, H28, H29, H32, H33, H37, H38, H44,
and H46), axial pointing inward (H12, H18, H25, H30, H40,
and H49), and axial pointing outward (H13, H14, H16, H17,
H24, H26, H41, H42, H48, and H50). A hydrogen atom from
each category on the different cyclosiloxanes was selected to
react with •OH. For example, for D3, H18 and H16 were
selected as representative hydrogen atoms for axial pointing
inward and axial pointing outward positions, respectively; for
D4, H24, H23, H40, and H11 represented equatorial up or
down, equatorial sideways, axial pointing inward, and axial
pointing outward positions, respectively; and for D5, H45, H33,
H30, and H17 represented equatorial up or down, equatorial
sideways, axial pointing inward, and axial pointing outward
positions, respectively.
Conventional transition-state theory was employed to model

the second-order rate constants (cm3·molecule−1·s−1) between
the select cyclosiloxanes and •OH in the gas phase with 1 atm
standard state:34

= Γ −Δ °⧧k T l T
k T

h
G RT( ) ( ) exp( / )B

(1)

where l is the reaction pathway degeneracy (Table S1), the
temperature-dependent quantum mechanical tunneling effect
Γ(T) is corrected by Eckart’s method, kB is Boltzmann’s
constant, h is Planck’s constant, R is the ideal gas constant, and
Δ⧧G° is the kinetic energy barrier. For reactions involving the
transfer of hydrogen atoms, the quantum mechanical effect
called tunneling is usually important, and this effect tends to
increase the rate constants of the reactions considerably at
lower temperature. QTS

⧧ and QR, partition functions for the
transition state and reactants, respectively, are included in the
Δ⧧G° calculation. We assumed that the transition states have
no low-lying electronic excited states, and the electronic
partition functions of the TS were thus assumed to be 2,
independent of temperature. However, due to the low-lying
excited states of •OH, the electronic partition function of •OH
at different temperatures was calculated as follows:35

= + −•

⎛
⎝⎜

⎞
⎠⎟Q

hc
k T

2 2 exp 139.7OH
B (2)

where c is the speed of light. The quantity 2/Q•
OH was

multiplied by the rate constants obtained in eq 1. Conventional
transition-state theory has been shown to be valid over the
temperature range 238−358 K.36,37

In most quantum chemical calculations, the approximate
solution of the Schrödinger equation is evaluated under the
Born−Oppenheimer approximation. The approximation as-
sumes that the energy of the electrons can be evaluated at fixed
nucleus positions, and the repulsion between the nuclei can
then be added to the electron energy separately. Thus, the
energy calculated by this approach is called the Born−
Oppenheimer energy, and the Born−Oppenheimer energies
at various molecular geometries constitute the potential energy
surface on which chemical reactions are usually modeled to take
place. We used Born−Oppenheimer energies to delineate the
temperature-independent free energy barrier for the first step of
•OH oxidation of different cyclosiloxanes.

■ RESULTS AND DISCUSSION
Experimentally Determined Kinetics. Temperature

dependence of the reactions of D3, D4, and D5 with
•OH was

investigated over the temperature range 313−363 K with TMP
as a reference compound, and four experiments were
conducted for D4 at 363 K. To our knowledge, this work
represents the first kinetic study of temperature dependence of
reaction of •OH with D3. The measured rate constants are
tabulated in Table S2 and illustrated in Figure 2. Extrapolated k

values (with 95% confidence intervals) of D3, D4, and D5 with
•OH at 298 K in the gas-phase reaction chamber were 1.841.76

1.93

× 10−12, 2.341.93
2.85 × 10−12, and 2.462.20

2.74 × 10−12 cm3·molecule−1·
s−1, respectively. The measured activation energies (with 95%
confidence intervals) are −2.92−3.67−2.18, −0.17−1.040.69 , and 0.790.21

1.38

kcal·mol−1 for D3, D4, and D5, respectively. Atkinson
6 measured

the rate constants for gas-phase reactions of D3, D4, and D5
with •OH at 298 K. Our k values for the cyclosiloxanes at 298 K
are higher than the k value at 298 K from Atkinson by a factor
of ∼1.6−3.2. We view a factor of 2−3 agreement between
studies using different experimental methods as reasonable. For
example, Atkinson and Arey38 reported that k values for a well-
studied chemical, propene, varied by up to a factor of ±3 in
measurements reported by different laboratories. It is noted
that propene is expected to have a similar reaction channel (i.e.,
H-abstraction) as compared to cyclic methylsiloxanes. The
measured k and activation energies for D4 and D5 are in very
good agreement with previous measurements by Safron et al.,15

but the precision of our repeat measurements is better when
TMP is used as reference substance. The atmospheric half-lives
for the cyclosiloxanes, using the measured k at 298 K, are
approximately 5.7 days for D3, 4.5 days for D4, and 4.2 days for
D5, if a global average •OH concentration of 7.7 × 105

molecules·cm−3 is assumed.39

We did not observe whether secondary organic aerosols
(SOA) were formed in the chamber due to the intense UV light

Figure 2. Arrhenius plots of measured gas-phase reaction rate
constants k of (a) D5, (b) D4, and (c) D3 with •OH. The central
line shows the Arrhenius equation, and the shaded areas indicate 95%
confidence intervals of the regression. The vertical dotted line is set at
298 K.
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during the experiments. We expect products that would be
good nucleation points for SOA formation would have low
volatility and thus quickly deposit to the walls of the reaction
chamber and not interfere with our kinetic measurements
Theoretically Determined Thermodynamics and Ki-

netics. For D3, one unique low-energy conformer was
identified by the MMFF method,20 while four conformers
were identified for D4 and eight for D5 within 1.2 kcal·mol−1 of
the global minimum. Details are given in Tables S3−S5 in
Supporting Information.
The first step of the reaction is abstraction of a methyl

hydrogen on the cyclosiloxane molecule via a transition state to
form water and cyclosilane-methylene radical.3,40 The free
energy and enthalpy of the reactions were calculated at the
M06-2X/6-311++G**//M06-2X/6-31+G** level of theory.
Enthalpies, free energies, and heights of activation energy
barrier of the H-atom abstraction at 298 K are tabulated in
Table 1. Figure S4 delineates temperature-independent Born−

Oppenheimer energies of reaction and barrier heights of the
first step of reactions between different cyclosiloxanes and
•OH. Table 1 shows that all of the reactions are thermodynami-
cally favorable processes (ΔGR° < 0), ranging from −16.4 to
−13.9 kcal·mol−1. All the reactions are exothermic (i.e., ΔHR° <
0), ranging from −16.3 to −14.9 kcal·mol−1. Surprisingly, the
heights of activation energy barrier (Δ⧧G°) of the reactions for
different cyclosiloxanes are very consistent, ranging from 10.1
to 10.9 kcal·mol−1 with a median of 10.7 kcal·mol−1. The
consistent Δ⧧G° for H-atom abstraction reaction on every
methyl group on different cyclosiloxane molecules indicates all
C−H bond energies on the methyl group are similar and there
is little steric hindrance effect for proton abstraction, likely due
to the relatively small size of •OH.

Cartesian coordinates for the TS species are tabulated in
Tables S6−S15 in Supporting Information. Tunneling
correction factors and rate constants k, using Eckart’s method
for the TS species involved in the reactions with •OH, are
tabulated in Table 2. Imaginary frequencies are tabulated in
Table S16.

The imaginary frequency corresponds to curvature of the
potential energy curve around the TS region along the reaction
path. Thus, the imaginary frequency is a reasonable measure of
width of the potential energy barrier, which is usually the most
important factor determining the magnitude of the tunneling
effect. Imaginary frequencies for the selected hydrogen atoms
on the cyclosiloxanes are similar to a median of −1172.9i cm−1,
indicating narrow widths of the potential barriers and,
consequently, more pronounced quantum tunneling effects.
The corresponding rate constants calculated by Eckart’s
method for D3, D4, and D5 at 298 K are 2.18 × 10−13, 2.90
× 10−13, and 4.02 × 10−13 cm3·molecule−1·s−1, respectively. The
ratio of calculated k for D3, D4, and D5 at 298 K is 1.0:1.3:1.8,
which is in good agreement with our experimental values
(1.0:1.3:1.5).
When the estimated mean error for activation energy

calculation, 1.22 kcal·mol−1, of the M06-2X functional is
considered,22 rate constants calculated by Eckart’s correction
method are lower than experimental values at the tested
temperature range (Figure 3). Other studies also observed this
phenomenon.29 Beste and Buchanan29 studied the rate
constants of α and β hydrogen-atom abstraction of four lignin
model compounds with phenoxy and benzyl radicals in the
temperature range 580−660 K. Arrhenius plots of all the
reactions show that, with similar pre-exponential factors, the
M06-2X functional underestimates the Arrhenius activation

Table 1. Enthalpies, Free Energies, and Heights of
Activation Energy Barrier for Reactions of Cyclosiloxanes
with •OHa

H
atom position

ΔHR°
(kcal·
mol−1)

ΔGR°
(kcal·
mol−1)

Δ⧧G°
(kcal·
mol−1)

BO energy
barrierb (kcal·

mol−1)

D3

H16 axial pointing
outward

−15.7 −14.5 10.7 2.69

H18 axial pointing
inward

−15.7 −14.5 10.1 −0.03

D4

H11 axial pointing
outward

−15.8 −14.3 10.6 0.34

H40 axial pointing
inward

−16.3 −15.4 10.4 1.09

H23 equatorial
sideways

−14.9 −13.9 10.7 0.80

H24 equatorial up
or down

−14.9 −13.9 10.4 −0.26

D5

H17 axial pointing
outward

−16.3 −16.4 10.7 0.48

H30 axial pointing
inward

−15.7 −15.0 10.9 0.96

H33 equatorial
sideways

−15.7 −15.9 10.8 0.07

H45 equatorial up
or down

−14.9 −14.7 10.4 0.94

aCalculated at 298.15 K in gas phase with the M06-2X/6-311++G**
level of theory. bZero-point-corrected Born−Oppenheimer (BO)
energy barrier.

Table 2. Tunneling Correction Factor and Rate Constants
for Reactions between Different Cyclic Methylsiloxanes and
•OHa

H
atom position

tunneling
factor

k × 10−13 (cm3·molecule−1·
s−1)

D3

H16 axial pointing
outward

1.92 0.57

H18 axial pointing inward 4.21 1.61
sum 2.18

D4

H11 axial pointing
outward

5.18 1.64

H40 axial pointing inward 1.84 0.43
H23 equatorial sideways 5.11 0.47
H24 equatorial up or

down
4.62 0.37

sum 2.90

D5

H17 axial pointing
outward

5.62 1.45

H30 axial pointing inward 5.27 0.53
H33 equatorial sideways 5.64 1.18
H45 equatorial up or

down
5.05 0.86

sum 4.02
aCalculated at the M06-2X/6-311++G**//M06-2X/6-31+G** level
of theory at 298 K in gas phase. Tunneling factors were determined by
Eckart’s method.
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energies by 2.8 and 3.7 kcal·mol−1 as compared to experimental
values, indicating that M06-2X functional considerably under-
estimates rate constants. Balaganesh et al.30 investigated the
rate coefficient for reaction of Cl atom and ethyl formate in gas
phase over the temperature range 268−343 K. The M06-2X
functional systematically underestimates the Arrhenius activa-
tion energy by a factor of 2.5, and consequently rate constants
are also underestimated. It is noted that our goal was not to
reproduce the experimental data and compare their perform-
ances. Thus, we did not choose a method that best fits the
experimental result. Instead, we kept experimental and
theoretical results independent by selecting the most reliable
methods available.
Calculated and reported values from the literature at 298 K

were also compared.6,14 Although the rate constants for •OH
reactions with D3, D4, and D5 at 298 K can be estimated using
EPI Suite with the group contribution method,41 the EPI Suite
estimated k values for the cVMS were not consistent as
compared to the values measured by Atkinson.6

Xu and Wania4 reported that the k for the cyclosiloxanes
could be empirically described by the number of hydrogen
atoms per cyclosiloxane molecule (i.e., k = (0.0858 × numbers
of hydrogen − 1.0333)/1012). MacLeod et al.11 observed a
highly positive correlation (R2 = 0.995) between the number of
dimethylated siloxane groups and the k values. They used this
correlation to extrapolate the k for D6 at 298 K. The consistent
activation energy barrier height for H-atom abstraction at
different positions from our theoretical result indicates that the
numbers of hydrogen atoms or dimethylated siloxane groups
on the cyclosiloxane molecule are approximately proportional
to the rate constants. Thus, our calculations provide a
theoretical basis for the empirical relationships between number
of hydrogens or number of siloxane groups and k.
Temperature-Dependent Kinetics and Comparison.

Experimental and theoretically derived temperature-dependent
rate constants for the abstraction of methyl hydrogen on
cyclosiloxane molecules by •OH expressed in the conventional
Arrhenius equation [k = Ae−Ea/RT, where A is a pre-exponential
factor, R is the gas constant (8.314 J·K−1·mol−1), and Ea is
Arrhenius activation energy in joules per mole] are shown in
Figure 3. Similar to other low-barrier H-atom abstraction
reactions, the calculated Arrhenius equation displays slightly
negative temperature dependence: that is, as temperature

increases, k decreases, and temperature has a weak influence on
k for this reaction.42−44 The experimental temperature range
(313−363 K) is narrower and slightly higher than the
theoretical one (238−358 K) due to limitations imposed by
the physicochemical properties of cyclic methylsiloxanes. The
chemicals investigated in this study (D3, D4, and D5) are
semivolatile, with vapor pressures between 23 Pa (D5) and
1150 Pa (D3). At temperatures lower than 313 K, we observed
delays in the response of the MS signals to the initiation of
•OH production, especially for D5, which we attributed to
partitioning of the chemical to the walls of the reactor system
and the capillary column that connects the reactor to the MS
(data not shown).
Due to a lack of similar kinetic studies on other cyclic

methylsiloxanes, we compared the computational results with
compounds that are well-studied. For example, Galano et al.43

investigated the gas-phase hydrogen abstraction reaction from
formic acid by •OH in a temperature range of 296−445 K using
different quantum mechanical methods. The negative calculated
Arrhenius activation energy is in perfect agreement with the
measured one from Singleton et al.42,43 Galano et al.44 studied
the reaction of a series of hydroxy ethers with •OH via DFT
and observed that ethoxymethanol, 2-methoxyethanol, and 2-
ethoxyethanol exhibit negative Arrhenius activation energy. The
negative Arrhenius activation energy was generally explained by
various factors such as prereactant complex, decomposition of
energized adduct, and entropic effects.45−47 We attribute the
negative Arrhenius activation energy to entropic effects because
of low Born−Oppenheimer barrier (Figure S4), shallow
potential well in gas phase, and radical and nonradical
bimolecular reactions in nature. The temperature-dependent
free energy barriers are tabulated in Table S17. Energy barriers
for the selected chemicals decrease as temperature increases.

Reaction Mechanism for Oxidation of D3. The first step
of the reaction of VMS and •OH is H-atom abstraction from
the methyl group, producing a D3 methyl radical and water
(Figure 4).3,40 Subsequent reactions of the D3 methyl radical,
involving consecutive initiation, self-reaction, chain propaga-
tion, and isomerization steps, are not clear. We proposed a
reaction scheme between D3 and •OH based on known
atmospheric chemistry of similar compounds (Figure
4).3,14,40,48,49 While a full product characterization of the
products is not possible with our instrumentation, the online
MS was used to obtain evidence for the expected products.
Stable isotopes of silicon (28Si, 29Si, 30Si) were used in the
monitoring of fragments, since the distribution of intensities of
these different masses gives information on the number of Si
atoms in the fragment. It should be noted that nitrogen is
absent in our reaction chamber and end products that involve
nitrogen atmospheric chemistry cannot take place in our
chamber. While this does not affect reaction kinetics, it is
expected to affect later products.
The online MS setup did not involve any separation

techniques, and only changes over time were monitored. In
this setup, observed fragments are due to (1) fragmentation
after electron ionization (EI) of D3 and its first-stage reaction
products, (2) fragmentation after EI of nth stage products (i.e.,
products of the first-stage products of D3 with

•OH, and (3)
molecular rearrangements after EI in the MS. The absence of
evidence of a particular product in the online MS analysis
should not be considered as evidence that the product is not
formed. There are many possible reasons that a product could
be formed but not detected by the online MS method,

Figure 3. Arrhenius plot of experimental and theoretical rate constants
for reactions of cyclic methylsiloxanes with •OH. The vertical dotted
line is set at 298 K.
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including low sensitivity of the detection method and low
volatility of the product.
The first step in Figure 4 is formation of D3 methyl radical

and water via H-atom abstraction from a methyl group. In the
presence of O2, the D3 methyl radical reacts to produce a D3

peroxy radical. Then there are two possible reaction routes for
D3 peroxy radical: (1) reaction with HO2

• to form a D3

peroxide, due to barrierless radical−radical reactions,50,51 or
(2) abstraction of an H atom from another methyl group, again
forming the peroxide. At this point, in the absence of NO or
NO2, the mostly likely reaction would be the homolytic
cleavage of the peroxide O−OH bond to form a •OH and a
methoxy radical. The methoxy radical can further react to
produce an aldehyde or a D3 methanol directly or in a multistep
process to form a bis(D3)ether compound; all have been
detected experimentally for D4.

14 Further isomerization,
decomposition, and chain propagation reactions are all possible.
This reaction scheme is unique compared to those discussed in
Sommerlade et al.,14 which examined the reaction intermediates
for D4 reacting with

•OH by GC-MS and GC-FTIR techniques.
Our reaction scheme helps to answer whether the detected
intermediates are directly derived from oxidation of D3 or if
they are secondary/tertiary/quaternary byproducts. It is noted
that the relative importance of different pathways in the

reaction chamber may differ from that under tropospheric
conditions, since NO and NO2 can be involved in the
tropospheric reactions.
A number of fragments were observed to increase

throughout the reaction, such as m/z 193 and 237 in Figure
S5. A list of the fragments that clearly increased during the
reaction, together with potential molecular assignments, is
summarized in Table S18.
The MS data showed strong peaks at m/z 207, which is the

molecular ion (M+) for D3 with a methyl group removed. This
is caused by EI since it is present prior to in situ generation of
•OH. Calculations also support this as the loss of a methyl
group is endothermic and not likely to occur in normal
atmospheric conditions. The m/z 207 intensity decays
exponentially after irradiation. Fragments supporting the
alcohol and peroxide products have been identified, while the
other fragments are nonconclusive and represent fragmentation
products of the ring or later-stage decomposition products. For
example, fragment m/z 135 is either an advanced degradation
product or a lower fragment that has undergone rearrangement.
The Si stable isotope distribution for other MS data indicates
the presence of several of the compounds proposed in Figure 4.
Specifically, the peak at 237.04 would indicate a methyl group
converted to a -CHOH+ group. Other peaks indicate the

Figure 4. Proposed reaction scheme for D3 reacting with
•OH, based on a similar mechanism for gas-phase chemistry and experimental observations

for compounds with similar structure.
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presence of a methyl peroxide (-CH2OOH, peak 239 with the
loss of a methyl group due to ionization).
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