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ABSTRACT
Rate coefficients, k(T), for the gas-phase Cl atom reaction with hexamethyldisiloxane ((CH3)3SiOSi(CH3)3, L2), k1; octamethyl-
trisiloxane ([(CH3)3SiO]2Si(CH3)2, L3), k2; decamethyltetrasiloxane ((CH3)3SiO[Si(CH3)2O]2Si(CH3)3, L4, k3; dodecamethylpen-
tasiloxane ((CH3)3SiO[Si(CH3)2O]3Si(CH3)3, L5, k4; hexamethylcyclotrisiloxane ([-Si(CH3)2O-]3, D3), k5; octamethylcyclote-
trasiloxane ([-Si(CH3)2O-]4, D4), k6; decamethylcyclopentasiloxane ([-Si(CH3)2O-]5, D5, k7), and dodecamethylcyclohexasiloxane
([-Si(CH3)2O-]6, D6, k8) were measured over a range of temperature (273–363 K) using a pulsed laser photolysis (PLP) – resonance
fluorescence (RF) technique. The obtained k(296 K) and Arrhenius expressions with 2σ uncertainties including estimated
systematic errors are (in units of 10−10 cm3 molecule−1 s−1):

L2: k1(296 K) = (1.58 ± 0.07) k1(273–363 K) = (1.36 ± 0.10) exp((43 ± 249)/T)
L3: k2(296 K) = (1.93 ± 0.09) k2(273–353 K) = (1.95 ± 0.18) exp((1 ± 632)/T)
L4: k3(296 K) = (2.36 ± 0.12) k3(273–353 K) = (2.09 ± 0.16) exp((43± 522)/T)
L5: k4(296 K) = (2.84 ± 0.19) k4(296–353 K) = (2.70 ± 0.18) exp((15 ± 490)/T)
D3: k5(296 K) = (0.588 ± 0.028) k5(273–353 K) = (0.47 ± 0.03) exp((78 ± 470)/T)
D4: k6(296 K) = (1.13 ± 0.06) k6(273–353 K) = (1.14 ± 0.07) exp((4 ± 432)/T)
D5: k7(296 K) = (1.72 ± 0.09) k7(273–353 K) = (1.60 ± 0.10) exp((22 ± 432)/T)
D6: k8(296 K) = (2.16 ± 0.14) k8(296–353 K) = (1.73 ± 0.14) exp((71 ± 562)/T)

The cyclic permethyl siloxanes (cyclic PMS) were found to be less reactive than the analogous linear permethyl siloxane (linear
PMS) with an equal number of CH3- groups. Both linear and cyclic compounds show a linear relationship between the measured
rate coefficient and the number of CH3- groups in the molecule. A structure–activity relationship (SAR) is presented that
reproduces the experimental data to within ∼10% at all temperatures. For [Cl] ≈ 104 atom cm−3, an approximate free troposphere
abundance, the PMS loss due to Cl atom reaction leads to relatively short estimated lifetimes of 7, 6, 5, 4, 20, 10, 7, and 5 days for
L2, L3, L4, L5, D3, D4, D5, and D6, respectively. Therefore, the PMSs included in this study are classified as atmospherically very
short-lived substances and Cl atom reaction represents a significant loss process.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.
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1 Introduction

Permethylsiloxanes (PMSs) are a class of volatile organic com-
pounds present in many household, cosmetic, and industrial
products [1, 2]. Linear and cyclic forms of PMS have been
measured in a variety of environments including indoor [3],
urban [4], rural [5], and global regions [1, 6, 7]. Abundant
PMSs, namely dodecamethylpentasiloxane (D5), are currently
being used as tropospheric gas-phase tracers of human activity,
in part, due to their prevalence in cosmetic products [2, 4,
8]. As a result of the relatively poor water solubility and high
vapor pressures of PMSs, especially for the lower molecular
weight (MW) compounds, PMSswill readily partition into the gas
phase [6]. An understanding of the oxidation of atmospherically
relevant PMS is crucial to elucidating their environmental fate.
In the gas phase, the predominant atmospheric loss of PMSs
is expected to be by reaction with the OH radical [9–16] and
Cl atom [14, 17–19]. Recent studies from this laboratory have
reported temperature-dependent reaction rate coefficients, k(T),
for four cyclic (D3, D4, D5, and D6) and linear (L2, L3, L4, and
L5) PMSs [15, 20]. The Cl atom kinetics of PMS are thought to
proceed through methyl group H-atom abstraction analogous to
OH kinetics. Therefore, the atmospheric degradation of PMSs
initiated by the OH radical or Cl atom is expected to lead to the
same oxidation products, for example, siloxanol, siloxane formate
esters, and other oxygenated products [21], that can contribute to
secondary aerosol formation (SOA) [22–28].

There have been several studies of Cl + PMS reactions available
in the literature that applied relative rate kinetic methods to
determine room temperature rate coefficients [14, 17, 19]. Most
recently, rate coefficients were determined for a series of linear
(L2, L3, L4, and L5) and cyclic (D3, D4, D5, and D6) PMS from
chamber studies using time-of-flight (ToF) chemical ionization
(CI) [17], all compounds except D6, and proton transfer (PTR) [19]
mass spectrometry detection methods. Reaction rate coefficients
were reported to be in the range (0.5–2.7) × 10−10 cm3 molecule−1
s−1 with rate coefficients increasing with increasing number of
methyl groups, while cyclic PMSs were found to be less reactive
than the analogous linear PMS with an equivalent number of
methyl groups. This is a reactivity trend similar to that observed
for the OH radical reaction [15, 20]. The absolute 1σ uncertainties
in the literature Cl atom reaction rate coefficients were quoted to
be as high as 30%. Prosmitis et al. [18] studied the Cl+ L2 reaction
over the temperature range 273–363 K at low pressure, which is
the only available temperature-dependent study. They reported a
weak rate coefficient temperature dependencewithE/R= 11± 136
K. The large uncertainty in theCl+PMS reported rate coefficients
combined with a lack of comprehensive temperature-dependent
rate coefficients for atmospherically relevant PMS warrants fur-
ther study to evaluate the reactivity and impact of PMSs on the
environment.

In this study, the rate coefficients for the Cl atom gas-phase
reaction with the four simplest linear and cyclic PMSs were
measured over a range of temperatures using the pulsed laser
photolysis (PLP) – resonance fluorescence (RF) absolute kinetic
method:

Cl + L2 → products (𝑘1) (1)

Cl + L3 → products (𝑘2) (2)

Cl + L4 → products (𝑘3) (3)

Cl + L5 → products (𝑘4) (4)

Cl + D3 → products (𝑘5) (5)

Cl + D4 → products (𝑘6) (6)

Cl + D5 → products (𝑘7) (7)

Cl + D6 → products (𝑘8) (8)

Figure S1 shows the structures of the linear and cyclic PMSs
studied in this work: hexamethyldisiloxane (L2), octamethyl-
trisiloxane (L3), decamethyltetrasiloxane (L4), dodecamethylpen-
tasiloxane (L5), hexamethylcyclotrisiloxane (D3), octamethylcy-
clotetrasiloxane (D4), decamethylcyclopentasiloxane (D5), and
dodecamethylcyclohexasiloxane (D6).

2 Experimental Details

Rate coefficients, k(T), for Reactions (1)–(8) were measured at
temperatures between 273 and 353 K at total pressures between
50 and 250 Torr (He bath gas) using a PLP – RF technique.
Due to limitations of the L5 and D6 vapor pressure, rate coeffi-
cient measurements were only performed over a slightly more
limited temperature range, 296–353 K. The PLP-RF apparatus
has been used previously in our laboratory and is described in
detail elsewhere [29–31]. The jacketed Pyrex RF reactor had an
internal volume of ∼250 cm3 and multiple orthogonal ports for
the Cl atom resonance lamp, PLP beam, and the solar blind
PMT detector. The reactor was temperature-regulated (±1 K) by
circulating fluid from a temperature-regulated reservoir through
the reactor jacket. Kinetic measurements were performed under
slow gas-flow conditions.

Cl atoms were produced by pulsed excimer laser photolysis of
chlorine, Cl2, at 308 nm (XeCl laser) and 351 nm (XeF laser):

Cl2 + h𝜈 → 2Cl (9)

where the quantum yield for Cl atom production is 2, or by the
photolysis of oxalyl chloride, (COCl)2, at 308 nm:

(COCl)2 + h𝜈 → 2Cl + 2CO (10a)

→ Cl + ClCO + CO (10b)

The Cl atom quantum yield in Reaction (10) at 308 nm has not
been reported in the literature, but previous (COCl)2 photolysis
work in our laboratory using 248 and 351 nm photolysis would
imply a Cl quantum yield greater than ∼1.5 at the pressures
used in the present study [32]. We assume a conservative upper-
limit quantum yield of 2 for estimating Cl atom production.
ClCO produced in channel 10b will decompose to Cl + CO at
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the pressures of the present experiments within 100 µs following
the photolysis laser pulse [33]. Therefore, there is a prompt
Cl atom production combined with a smaller rapid secondary
formation, which does not interfere with the kinetic analysis of
Reactions (1)–(8).

The photolysis laser beam passed through a 0.65 cm2 aperture
and the laser power was measured at the exit of the reactor
after passing through two quartz windows. The photolysis laser
fluence, F, was varied over the course of the study over the
4.8–32 mJ cm−2 pulse−1 range for 308 nm photolysis and 2.1–
15 mJ cm−2 pulse−1 for 351 nm photolysis. The initial Cl atom
concentration, [Cl]0, was estimated to be in the range (1.2–
20) × 1011 atom cm−3, over the course of this study, based on the
photolysis laser fluence, precursor concentration, and absorption
cross section at the photolysis wavelength, σ(λ), and precursor
quantum yield, Φ(λ):

[Cl]0 = 𝜎 (𝜆) × 𝜙 (𝜆) × [Precursor] × F (I)

Absorption cross sections were taken from Burkholder et al. [34].

Cl atoms were detected via VUV fluorescence from the 2,4P1/2 ←
2P3/2 Cl atomic transitions at 134.73 and 136.35 nm [35]. The 20 W
microwave resonance lamp was equipped with a CaF2 window
and was operated with a slow flow of a 3% Cl2 in He mixture
further diluted with an additional He flow (effective ∼0.4% Cl2
in He mixture in the lamp) at a total pressure of ∼2.8 Torr.
Fluorescence was collected via a 15 cm focal length MgF2 lens
mounted in front of the solar-blind photomultiplier tube that
was orthogonal to the resonance lamp and the photolysis laser
beam. The PMT signal was fed into a 100 MHz amplifier-
discriminator and then to a digital counting acquisition board
(32-bit, 80 MHz). Temporal profiles were collected in 5 or 10 µs
bins. Temporal profiles were typically collected by adding 2000,
or more, profile measurements together, that is, photolysis laser
pulses. The data acquisition started 1 ms prior to the photolysis
laser pulse and profiles were recorded for a total of 10–20 ms.
The Cl atom detection limit (S/N = 1) was estimated to be
∼5 × 108 atom cm−3 for 1 s integration with 100 Torr He
bath gas.

Rate coefficients were measured under pseudo-first-order condi-
tions in Cl, for example, [PMS]≫ [Cl].When (ClCO)2 was used as
the Cl atom precursor, Cl atom temporal profiles were described
by a first-order rate expression:

ln

(
[Cl]𝑡

[Cl]0

)
= ln

(
𝑆𝑡
𝑆0

)
= − (𝑘 [PMS] + 𝑘𝑑) 𝑡 = 𝑘′𝑡 (II)

where St and S0 are the measured Cl atom signal at time t and
0, when the photolysis laser fires, respectively, and k′ and kd
are the first-order rate coefficients for the loss of Cl atoms in
the presence and absence of PMS, respectively. kd is primarily
determined by Cl atom flow out of the detection region, but also
contains primarily first-order loss processes that are independent
of the PMS concentration. kd valueswere in the range 18 to 200 s−1.
When Cl2, in the absence of added O2, was used as the Cl atom
source, the Cl atom temporal profiles were described by a double

exponential decay:

(
𝑆𝑡
𝑆0

)
= 𝐴exp (−𝑘′t) + 𝐵 exp (−𝑘′′𝑡) (III)

where k′= k1-8[PMS]+ kd and k″= k11[Cl2]. k11 represents the rate
coefficient for the regeneration of Cl atoms in the reaction of Cl2
with the radical product formed in Reactions (1)–(8), for example:

Cl2 + (CH3)3SiOSi(CH3)2CH2 → (CH3)3SiOSi(CH3)2CH2Cl + Cl

(11)

In some experiments, O2 was added to the reaction mixture,
(3.5–14.5) × 1015 molecule cm−3, to scavenge the siloxane radical
formed in Reactions (1)–(8) to form a peroxy radical, for example:

(CH3)3SiOSi(CH3)2CH2 + O2 → (CH3)3SiOSi(CH3)2CH2O2

(12)

eliminating the generation of secondary Cl atoms. The addition
of sufficient O2 resulted in single exponential Cl atom decays
that were analyzed using Equation (2). The use of intermediate
O2 concentrations enabled an estimate for the rate coefficient of
Reaction (12).

Online UV and infrared absorption, measurements were used
to determine the PMS concentration in the RF reactor. The UV
absorption measurement was performed before the reactor using
an Hg Pen-ray lamp light source equipped with a 185 nm band
pass filter, 100 cm long (1.9 cm i.d.) Pyrex absorption cell equipped
with quartz windows, and a photodiode at the cell exit coupled
with 185 nm band pass filter. A beam splitter mounted before
the entrance to the absorption cell coupled a fraction of the light
source to an orthogonal photodiode detector and 185 nmbandpass
filter to monitor fluctuations in the 185 nm light intensity. The
PMS and bath gas flows were mixed and passed through the
absorption cell, after which the Cl atom precursor ((COCl)2 or
Cl2) and radical scavenger/quencher (O2, SF6) (if present) was
introduced to the flowprior to entering theRF reactor. The 185 nm
absorption cross sections for L2, L3, D3, and D4 were measured
previously in our laboratory [15]. For L4, L5, D5, and D6, PMS/He
gas mixtures were prepared manometrically off-line in 12 L Pyrex
bulbs, and their 185 nm cross sections were determined relative to
their infrared cross sectionsmeasured previously by Bernard et al.
[36]. Absorption cross sections at 185 nmof (10.1± 0.6), (12.1± 1.7),
(6.62± 0.7), and (7.72± 0.7) (10−18 cm2 molecule−1) were obtained
for L4, L5, D5, and D6, respectively, where the uncertainties are 2σ
measurement precision.

Infrared absorption spectra were measured online using a
Fourier transform infrared spectrometer (FTIR) equipped with
a ∼500 cm3 multi-pass absorption cell (485 cm path length,
KBr windows). Spectrum measurements were recorded at 296 K
between 500 and 4000 cm−1 at 1 cm−1 resolution. Absorption
spectra were recorded after the gases passed through the reactor
andwere quantified using the PMS spectra determined previously
in this laboratory [36]. The PMS concentration determined by
the infrared absorption measurements provided the primary
determination of PMS concentration in the reactor, following
adjustments for differences in temperature and pressure, used in
the determination of k1(T) – k8(T).
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FIGURE 1 Arrhenius plot for the Cl + linear permethylsiloxanes
(PMS) L2, L3, L4, and L5 rate coefficient data obtained in this work. The
lines are least-squares fits of the linearized data (see Tables 1–4). The data
error bars correspond to 2σ absolute uncertainty.

3 Materials

He (UHP, 99.999%), O2 (UHP, 99.99%), Cl2 (0.4 and 3% Cl2/He
mixtures, UHP, 99.999%), and SF6 (99.9%) were used as supplied.
(COCl)2 (≥99%) was purified via several freeze (77 K)-pump-thaw
cycles. The stated purities of L2, L3, D3, D4, and D6 was≥98%. The
reported purity of the L4, L5, and D5 samples was ≥97%. The PMS
samples were degassed in several freeze (77 K)-pump-thaw cycles
and stored under vacuum in Pyrex reservoirs. The L2, L3, D3,
and D4 samples were purified via vacuum distillation to remove
cross PMS impurities as described in Bernard et al. [15] (COCl)2
was introduced into the reactor from a manometrically prepared
(COCl)2/He mixture with mixing ratios ranging from ∼0.5%–
2.5%. Cl2 was introduced into the RF reactor and resonance lamp
from a dilute commercial mixture (3% Cl2 in He). L2, L3, D3, and
D4 were introduced into the flow system from manometrically
prepared dilute mixtures in He bath gas; mixing ratios were in
the range (1.0‒6.0) × 10−3. L4, L5, D5, and D6 were swept into the
gas flow by passing a flow of He carrier gas through a vacuum
sample reservoir containing the pure compound. Gas flows were
measured using calibrated electronic flow meters and pressures
weremeasured using 100 and 1000 Torr capacitancemanometers.
Quoted uncertainties are 2σ (95% confidence level) unless stated
otherwise.

4 Results and Discussion

4.1 Rate Coefficient Measurements

k(T) measurements for the Cl + PMS reactions were carried out
using the PLP–RF method for temperatures in the range 273
to 353 K at total pressures between 50 and 250 Torr (He bath
gas). There was no rate coefficient pressure dependence observed
under this range of experimental conditions. A summary of the
experimental conditions and the measured rate coefficients for
Reactions (1)–(8) are given in Tables 1–8. The rate coefficients for

FIGURE 2 Arrhenius plot for the Cl + linear permethylsiloxanes
(PMS) D3, D4, D5, and D6 rate coefficient data obtained in this work. The
lines are least-squares fits of the linearized data (see Tables 5–8). The data
error bars correspond to 2σ absolute uncertainty.

FIGURE 3 Rate coefficient data (k-kd) for the Cl atom + linear
permethylsiloxane (PMS) reactions measured in this work at 296 K:
hexamethyldisiloxane ((CH3)3SiOSi(CH3)3, L2; octamethyltrisiloxane
([(CH3)3SiO]2Si(CH3)2, L3; decamethyltetrasiloxane ((CH3)3SiO[Si
(CH3)2O]2Si(CH3)3, L4; dodecamethylpentasiloxane ((CH3)3SiO[Si
(CH3)2O]3Si(CH3)3, L5) reaction (see Tables 1–4). The lines are linear
least-squares fits of the combined datasets. Individual experiments are
denoted by different marker colors. The data error bars are 2σ of the
linear least-squares fit of the Cl atom decay.

all reactions show a negligible temperature dependence for the
range of temperatures included in this study, see Figures 1 and 2.
Fits of the data to an Arrhenius expression are given in Table 9.

The measured Cl atom decay profiles obtained using the (COCl)2
and Cl2 (with O2 added) were single exponential. Representative
decay profiles are given in Figures S2–S9 with measured k′ values
in the 1260 to 22,300 s−1 range for cyclic PMSs and 660 to
33,600 s−1 for linear PMSs. Second-order kinetic plots of the room
temperature data are shown in Figures 3 and 4. Data obtained at
other temperatures was of similar quality. Figures 3 and 4 also
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FIGURE 4 Rate coefficient data (k-kd) for the Cl atom + cyclic
permethylsiloxane (PMS) reactions measured in this work at 296 K: hex-
amethylcyclotrisiloxane ([-Si(CH3)2O-]3, D3 (circles); octamethylcyclote-
trasiloxane ([-Si(CH3)2O-]4, D4 (squares), decamethylcyclopentasilox-
ane ([-Si(CH3)2O-]5, D5 (triangles), dodecamethylcyclohexasiloxane
([-Si(CH3)2O-]6, D6 (diamonds)) reaction (see Tables 5–8). The lines are
linear least-squares fits of the combined datasets. Individual experiments
are denoted by different marker colors. The data error bars are 2σ of the
linear least-squares fit of the Cl atom decay.

illustrates the consistency of the measurements across a range of
[PMS].

Rate coefficient results given in Tables 1–8 and shown in Figures 3
and 4 demonstrate that all the studied reactions were inde-
pendent of the experimental conditions, including linear flow
velocity through the reactor, the photolysis laser fluence and
wavelength, and initial Cl atom concentration, [Cl]0. In addition,
rate coefficients obtained for L2 and L3 and D3, D4, and D5 (see
Tables 1, 2, 5, 6, and 7) using the Cl atom precursors (COCl)2 and
Cl2, with O2 present in large excess, >4 × 1015 molecule cm−3,
agreed to within the measurement precision. Measurements
with the Cl2 precursor in the absence of O2 are discussed later.
Measurements using (COCl)2 with and without the addition of
O2 yielded identical rate coefficient results. Preferred rate coef-
ficients were obtained using the (COCl)2 source, which showed
single exponential decay under all experimental conditions and
improved Cl atom sensitivity due to the absence of fluorescence
quenching byO2. TheCl+L4, L5, andD6 reactionsweremeasured
only using (COCl)2 as the Cl atom source.

The potential impact of excited spin-state Cl atoms, Cl(2P1/2), on
the measured rate coefficients was examined in a few experi-
ments, see Table 1. SF6 was added to quench any spin excited Cl
atoms to the ground state Cl(2P3/2) [37]:

SF6 + Cl
(
2P1∕2

)
→ SF6 + Cl

(
2P3∕2

)
(13)

where k13 = 1.5 × 10−10 molecule cm−3 s−1 [38]. Under the
experimental conditions used, 99% of Cl(2P1/2) would have been
quenched to Cl(2P3/2) within∼2 µs. Rate coefficientsmeasured for
Reaction (1) with and without the addition of SF6 were identical
towithin themeasurement precision.We assume that this applies
to all the other reactions studied.

FIGURE 5 Representative Cl atom temporal profiles obtained for
theCl+hexamethyldisiloxane (HMDS) ((CH3)3SiOSi(CH3)3, L2) reaction
at 296 K and 100 Torr (He) with Cl2 (∼6.7 × 1013 molecule cm−3) as the
Cl atom precursor, see Table S1. L2 concentrations from top to bottom
profile are (1013 molecule cm−3): 0.0, 1.46, 2.75, 6.14, and 9.59. Profiles
are background corrected. Profiles obtained with L2 concentrations of
4.41, 8.67, and 14.6 are not included for clarity. The lines are non-linear
bi-exponential least-squares fits of the data (see Table S1).

5 Radical Scavenging

Figure 5 shows a representative set of Cl atom temporal profiles
obtained at 296 K for the Cl + L2 reaction in the absence
of added radical scavengers (He bath gas). The bi-exponential
decay behavior is consistent with Cl atom regeneration and
was observed in all experiments where Cl2 was used as the Cl
photolysis source in the absence of added radical scavengers
(see Table S1). Cl atom regeneration is assumed to occur from
Reaction (11), resulting in the formation of a chlorinated PMS
product and a Cl atom.

The influence of the Cl2 + PMS product reaction pathway was
effectively minimized by the addition of O2 to scavenge the PMS
radical products via peroxy radical formation, resulting in Cl
atom single exponential decay profiles. In experiments conducted
without added O2 (see Table S1), the slower component of the
decay varied between 100 and 300 s−1. For the measurement
shown in Figure 5, [Cl2] ≫ [PMS radical], the rate coefficient of
the Cl2 + PMS radical reaction is estimated to be ∼2.9 × 10−12
cm3 molecule−1 s−1 at 296 K. Figure 6 (upper) shows that [O2]
≥1015, that is, ∼15 times greater than the [Cl2], is sufficient
to suppress the secondary Cl atom generation in the Cl +
hexamethylcyclotrisiloxane ([-Si(CH3)2O-]3, D3) reaction.

The rate coefficient for the reaction of the D3 radical product
with O2 was measured in two separate experiments at 296 K
and 100 Torr total pressure (He bath gas). The D3 concentration
was held constant and the O2 concentration varied between 0.22
and 1.43 (1015) molecule cm−3. The profiles shown in Figure 6
(upper) show an increase in Cl atom loss with increasing O2
concentration. A second-order plot of the PMS radical first-order
loss versus [O2] yielded k12(296 K) = (1.80 ± 0.14) × 10−12 cm3

molecule−1 s−1 where the uncertainty is the 2σ precision of the fit
(Figure 6, lower). For the measurements in Tables 1, 2, and 5–7
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FIGURE 6 Upper: Representative Cl atom decay profiles (offset
for clarity) obtained using the Cl2 precursor with increasing [O2].
Experimental conditions: Total Pressure = 100 Torr (He bath gas), 296 K,
[Cl2] = 9.20 × 1013 molecule cm−3, Photolysis Laser Fluence = 9 mJ cm−2

pulse−1; [Cl]0 = 5.6 × 1011 atom cm−3; [D3] = 1.85 × 1013 molecule
cm−3. [O2] from top to bottom profile are 0, 2.2, 3.9, 5.9 (1014 molecule
cm−3). Lower: Second order plot, k′ versus [O2], from two independent
measurements (circles and squares), where k′ was taken from the 2nd

(slower) decay obtained from a bi-exponential fit of the Cl atom profile.
The line is a least-squares fit to the combined dataset.

whereCl2/O2 a source/scavengermethodwas used, theminimum
[O2]/[Cl2] ratio was ∼31.

6 Experimental Uncertainties

The absolute uncertainty in the recommended rate coefficients
is estimated from the random and estimated systematic errors
in our measurements. The precision of the linear least squares
fits of k′(T) versus [PMS] were better than 3% for all PMSs
studied. Systematic errors in the measurements include the
temperaturemeasurement (1 K), pressuremeasurement (1%), and
uncertainties in the measurement infrared cross sections of L2
(2%), L3 (2%), L4 (3%), L5 (5%), D3 (2%), D4 (3%), D5 (3%), and
D6 (5%) [36]. The [PMS] used in the kinetic analysis was an
average of two FTIR spectra, which typically agreed to within 2%.

The precision of the k′ determinations was better than 4%. The
recommended rate coefficients (in units of 10−10 cm3 molecule−1
s−1) for the Cl + PMS reactions are:

L2𝑘1 (296 K) = (1.58 ± 0.07) D3𝑘5 (296 K) = (0.588 ± 0.028)

L3𝑘2 (296 K) = (1.93 ± 0.09) D4𝑘6 (296K) = (1.13 ± 0.06)

L4𝑘3 (296 K) = (2.36 ± 0.12) D5𝑘7 (296K) = (1.72 ± 0.09)

L5𝑘4 (296 K) = (2.84 ± 0.19) D6𝑘8 (296K) = (2.16 ± 0.14)

where the quoted absolute uncertainties are 2σ.

This study further demonstrates the different reactivity of cyclic
and linear PMS, where the linear PMS is more reactive than the
cyclic PMS analog containing the same number ofmethyl groups,
for example, L2 and D3. This has been observed in previous
investigations for both the OH+ PMS [10, 13, 17, 19] and Cl+ PMS
[14, 17–19] reactions. In this study, the cyclic and linear PMS rate
coefficients were found to increase linearly with an increasing
number of methyl groups. The reaction rate coefficient increased
by (2.1 ± 0.2) × 10−11 and (2.7 ± 0.2) × 10−11 cm3 molecule−1 s−1
per methyl group added for linear and cyclic PMS, respectively.
The trend in reactivity can be expressed as a structure activity
relationship (SAR), using the methods developed by Atkinson
and coworkers [39–41], where the observed rate coefficient is
expressed as the sum of the reactive sites:

𝑘Observed =
∑

(𝑁𝐶𝐻3
× 𝑘prim × 𝐹(X))

where NCH3 is the number of CH3-groups in the molecule, kprim
is the representative Cl + CH3- group rate coefficient, 3.5 ×10−11
cm3 molecule−1 s−1 [42], and F(X) is the enhancement factor
for the chemical environment, X. Although the CH3- groups
in the linear and cyclic PMSs have slightly different chemical
environments, all the CH3- groups were assumed to have the
same enhancement factor, (the fit results justify the assumption).
Atkinson [41] has shown that including a multiplicative ring-
strain enhancement factor, FRing, for cyclic compounds accounts
for the smaller rate coefficients observed for cyclo-alkanes. We
have applied individual FRing factors for the cyclic D3-6 PMSs.
First, the linear compounds were fit with an F(X) value of 0.69.
The SAR fit reproduces the L2-5 PMS rate coefficients to better
than ∼11%, see Figure S10. Next, FRing was optimized for each
individual cyclic PMS.FRing values of 0.41, 0.59, 0.71, and 0.76were
obtained for D3, D4, D5, and D6, respectively. The fits are shown
in Figure S11 reproduce the Cl atom rate coefficients obtained
in this work to within 5%, or better. FRing increased, that is, less
ring-strain (see geometries given in Figure S1), with increasing
PMS ring size. The increase in FRing with increasing ring size
asymptotically approaches unity, although parameterization of
the trend is not warranted given such a small dataset. Note, that
the absolute values of FRing depend on the choice of kprim, that is, a
lower value of kprim would lead to greater values of FRing, although
the trend with ring size would remain.

7 Literature Comparison

A comparison of the kinetic results for the Cl + PMS reactions
in this work and reported previously is provided in Table 9. To
the best of our knowledge, this study is the first to systematically
explore Cl+ PMS reactivity over a range of temperatures using an
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absolute kinetic method. The rate coefficients for the Cl + PMS
reactions were found to be nearly independent of temperature
over the range of temperatures included in this study. Rate
coefficient measurement in a previous study by Promisitis et al.
[18] for the Cl + L2 reaction at temperatures between 273 and 363
K were also found to be temperature independent. Our measured
rate coefficients for Cl + L2, however, are systematically ∼37%
greater than that of Promisitis et al. [18]. All previous relative rate
measurements were performed at room temperature, 297 ± 3 K.
For the Cl + L2 reaction, the reported rate coefficients are slightly
less than our work, but within the combined uncertainties of the
measurements; the Cl + L2 reaction rate coefficient reported by
Alton and Browne [17] has the largest deviation (9.3%) from our
k(296 K). On average, the rate coefficients reported by Alton and
Browne are within ∼5% of our measured values for the linear
PMSs except for L2.

A comparison of the Cl + cyclic PMS rate coefficients shows
that the spread in the measured rate coefficients among the
three available studies shown in Table 9 is less than that for
the linear PMSs. As the size of the PMS increases, the spread
in the measured rate coefficients increases, with the values of
Geetha et al. [19] always systematically lower than the values of
Alton and Browne and those obtained in this work. The relative
rate weighted average k(296 K) values reported by Alton and
Browne are in excellent agreement with the absolute k(296 K)
measured in this work, with a maximum deviation of 4.9%
for the Cl + D3 reaction. Overall, Table 9 shows that there is
reasonable agreement among the Cl + PMS room temperature
rate coefficient data, while the estimated absolute uncertainty is
significantly reduced in the present study.

8 Summary

Using a PLP-RF absolute kinetic method, we have measured Cl
+ PMS reaction rate coefficients of the four smallest linear and
cyclic PMSs L2, L3, L4, L5, D3, D4, D5, and D6 over range of
temperature (273–353 K) and pressure (50–250 Torr, He bath gas),
see Tables 1–8. The present measurements yielded rate coefficient
data of high precision and accuracy with estimated 2σ absolute
uncertainties of ∼7%.

Rate coefficients for the Cl + PMS reactions are ∼100 fold more
reactive than the OH radical [15, 20]. The relative contribution of
the Cl atom reaction to the atmospheric lifetime and degradation
of PMSs hinges on the atmospheric abundance of Cl atoms,which
is highly spatially and temporally variable. The atmospheric
abundance of Cl atoms has been found to be elevated in some
indoor, coastal, and urban areas [43]. Activation and enhanced Cl
atomabundance has been attributed to local sources, for example,
in urban photolysis of chloramines (NH2Cl, NHCl2 and NCl3)
[44], photolysis of particulate nitrate [45], BrCl photolysis [46],
and from the use of chlorinated cleaning products [47, 48].

For a Cl atom concentration of ∼1 × 104 atom cm−3, inferred
from previous studies in a variety of environments [43–46, 48–
52], the loss of PMS due to Cl atom reaction yields lifetimes of
7, 6, 5, 4, 20, 10, 7, and 5 days for L2, L3, L4, L5, D3, D4, D5,
and D6, respectively. For these conditions, the Cl atom reaction
approximately represents 50, 50, 30, 30, 85, 80, 60, and 60% of

the combined loss due to OH radical (given [OH] ≈ 1.2 × 106
molecule cm−3 [53]) and Cl atom reactive loss for L2, L3, L4,
L5, D3, D4, D5, and D6, respectively. Therefore, the Cl chemistry
of PMSs needs to be included in local and regional air quality
forecast models, especially in urban coastal areas where the co-
location of PMS and reactive Cl is likely to be high. The ubiquity
of siloxanes and the importance of the chlorine atom in driving
their atmospheric transformations underscores the relevance of
thoroughly characterizing siloxane chemistry for elucidating air
quality across diverse environments.

Data Availability Statement

The data that supports the findings of this study are available in the
supplementary material of this article
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