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ABSTRACT

Rate coefficients, k(T), for the gas-phase Cl atom reaction with hexamethyldisiloxane ((CH;);SiOSi(CH,)s, L,), k;; octamethyl-
trisiloxane ([(CH;);Si0],Si(CH;),, L), k,; decamethyltetrasiloxane ((CH;);SiO[Si(CH;),0],Si(CH;);, L,, k;; dodecamethylpen-
tasiloxane ((CH,);SiO[Si(CH;),0]5Si(CH;);, Ls, k,; hexamethylcyclotrisiloxane ([-Si(CH;),0-];, Ds), ks; octamethylcyclote-
trasiloxane ([-Si(CHj;),0-],, D,), kq; decamethylcyclopentasiloxane ([-Si(CH;),0-]s, Ds, k;), and dodecamethylcyclohexasiloxane
([-Si(CHj;),0-]¢, Dy, kg) 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 2o uncertainties including estimated
systematic errors are (in units of 107 cm? molecule ™ s71):

L,: k(296 K) = (1.58 + 0.07) k,(273-363 K) = (1.36 + 0.10) exp((43 + 249)/T)
L,: k,(296 K) = (1.93 + 0.09) k,(273-353 K) = (1.95 + 0.18) exp((1 + 632)/T)
L,: k4(296 K) = (2.36 + 0.12) k;(273-353 K) = (2.09 + 0.16) exp((43+ 522)/T)
Ls: k,(296 K) = (2.84 + 0.19) k,(296-353 K) = (2.70 + 0.18) exp((15 + 490)/T)
D,: k(296 K) = (0.588 + 0.028) ky(273-353 K) = (0.47 + 0.03) exp((78 + 470)/T)
D,: ks(296 K) = (1.13 + 0.06) ks(273-353 K) = (1.14 + 0.07) exp((4 + 432)/T)
D;: k,(296 K) = (1.72 + 0.09) k,(273-353 K) = (1.60 + 0.10) exp((22 + 432)/T)
Dy: k(296 K) = (2.16 + 0.14) ke(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 CH,- groups. Both linear and cyclic compounds show a linear relationship between the measured
rate coefficient and the number of CH;- groups in the molecule. A structure-activity relationship (SAR) is presented that
reproduces the experimental data to within ~10% at all temperatures. For [Cl] ~ 10* 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
L,, L;, L,, Ls, D5, D,, D5, and D, 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 (Ds), 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, PMSs will 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 (D, Dy, Ds, and Dy) and linear (L, Ls, L,, and
Ls) 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
(L, L;, Ly, and Ls) and cyclic (D3, D4, Ds, and Dg) PMS from
chamber studies using time-of-flight (ToF) chemical ionization
(CI) [17], all compounds except Dg, and proton transfer (PTR) [19]
mass spectrometry detection methods. Reaction rate coefficients
were reported to be in the range (0.5-2.7) x 107° cm?® molecule™
s™! 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 1o uncertainties
in the literature Cl atom reaction rate coefficients were quoted to
be as high as 30%. Prosmitis et al. [18] studied the C1 + L, 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 dependence with E/R =11 +136
K. Thelarge uncertainty in the C1 + 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+ L, — products (k;) (6]

Cl + L; — products (k,) 2
Cl + L, — products (k;) ?3)
Cl + Ly — products (k,) @
Cl + D; — products (ks) 5)
Cl + D, — products (k) (6)
Cl + D5 — products (k;) @)
Cl + Dy — products (k) 8)

Figure S1 shows the structures of the linear and cyclic PMSs
studied in this work: hexamethyldisiloxane (L,), octamethyl-
trisiloxane (L;), decamethyltetrasiloxane (L,), dodecamethylpen-
tasiloxane (Ls), hexamethylcyclotrisiloxane (D;), octamethylcy-
clotetrasiloxane (D,), decamethylcyclopentasiloxane (Ds), and
dodecamethylcyclohexasiloxane (D).

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 Ls; and Dy 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 cm® 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, Cl,, at 308 nm (XeCl laser) and 351 nm (XeF laser):

ClL, +hv — 2Cl )

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

(COCI), + hy — 2C1 + 2CO (10a)

— Cl+ CICO + CO (10b)
The Cl atom quantum yield in Reaction (10) at 308 nm has not
been reported in the literature, but previous (COCl), 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.
CICO produced in channel 10b will decompose to Cl + CO at
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the pressures of the present experiments within 100 ps 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 cm? 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™ pulse™ range for 308 nm photolysis and 2.1-
15 mJ cm~2 pulse™ for 351 nm photolysis. The initial Cl atom
concentration, [Cl],, was estimated to be in the range (1.2-
20) x 10" atom cm™, over the course of this study, based on the
photolysis laser fluence, precursor concentration, and absorption
cross section at the photolysis wavelength, o(4), and precursor
quantum yield, ®(4):

[Cl], = o (4) X ¢ (1) x [Precursor] X F @O

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

Cl atoms were detected via VUV fluorescence from the *P,, «
%P,,, Cl atomic transitions at 134.73 and 136.35 nm [35]. The 20 W
microwave resonance lamp was equipped with a CaF, window
and was operated with a slow flow of a 3% Cl, in He mixture
further diluted with an additional He flow (effective ~0.4% Cl,
in He mixture in the lamp) at a total pressure of ~2.8 Torr.
Fluorescence was collected via a 15 cm focal length MgF, 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 ps
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 x 10% atom cm™ 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 (CICO), was used as
the Cl atom precursor, Cl atom temporal profiles were described
by a first-order rate expression:

1 L], =1 S k[PMS]+ k)t =k't (1)
n([%)— n<5—0>——( [PMS] + k)t =K't (

where S, and S, are the measured Cl atom signal at time ¢ and
0, when the photolysis laser fires, respectively, and k' and kg4
are the first-order rate coefficients for the loss of Cl atoms in
the presence and absence of PMS, respectively. k4 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. kg values were in the range 18 to 200 s™".
When Cl,, in the absence of added O,, was used as the Cl atom
source, the Cl atom temporal profiles were described by a double

exponential decay:

S,

(j) = Aexp (—k't) + Bexp (—k’'t) o
0

where k' = k, 3[PMS] + k4 and k” = k,,[CL,]. k;, represents the rate

coefficient for the regeneration of Cl atoms in the reaction of Cl,

with the radical product formed in Reactions (1)-(8), for example:

Cl, + (CH,),Si0Si(CH;),CH, — (CH,),SiOSi(CH;),CH,Cl + Cl
an

In some experiments, O, was added to the reaction mixture,
(3.5-14.5) x 10" molecule cm~3, to scavenge the siloxane radical
formed in Reactions (1)—(8) to form a peroxy radical, for example:

(CH,),SiOSi(CH;),CH, + O, — (CH;),SiOSi(CH;),CH,0,
(12)

eliminating the generation of secondary Cl atoms. The addition
of sufficient O, resulted in single exponential Cl atom decays
that were analyzed using Equation (2). The use of intermediate
0O, 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 nm bandpass
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), or
Cl,) and radical scavenger/quencher (O,, SFy) (if present) was
introduced to the flow prior to entering the RF reactor. The 185 nm
absorption cross sections for L,, L;, D;, and D, were measured
previously in our laboratory [15]. For L,, Ls, Ds, and Dy, 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 sections measured previously by Bernard et al.
[36]. Absorption cross sections at 185 nm of (10.1 + 0.6), (12.1 +£ 1.7),
(6.62 +0.7), and (7.72 + 0.7) (1078 cm? molecule™!) were obtained
for L,, L, Ds, and Dg, respectively, where the uncertainties are 2o
measurement precision.

Infrared absorption spectra were measured online using a
Fourier transform infrared spectrometer (FTIR) equipped with
a ~500 cm® multi-pass absorption cell (485 cm path length,
KBr windows). Spectrum measurements were recorded at 296 K
between 500 and 4000 cm™ at 1 cm™ resolution. Absorption
spectra were recorded after the gases passed through the reactor
and were 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 k,(T) — kg(T).
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FIGURE 1 | Arrhenius plot for the Cl + linear permethylsiloxanes
(PMS) L,, L3, Ly, and Ls 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 20 absolute uncertainty.

3 | Materials

He (UHP, 99.999%), O, (UHP, 99.99%), Cl, (0.4 and 3% Cl,/He
mixtures, UHP, 99.999%), and SF, (99.9%) were used as supplied.
(COCl), (>99%) was purified via several freeze (77 K)-pump-thaw
cycles. The stated purities of L,, L;, D5, D,, and Dy was >98%. The
reported purity of the L,, Ly, 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 L,, L;, D;,
and D, samples were purified via vacuum distillation to remove
cross PMS impurities as described in Bernard et al. [15] (COCl),
was introduced into the reactor from a manometrically prepared
(COCl),/He mixture with mixing ratios ranging from ~0.5%-
2.5%. Cl, was introduced into the RF reactor and resonance lamp
from a dilute commercial mixture (3% Cl, in He). L,, L;, D5, and
D, 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) x 1073. L,, Ls, Ds, and D¢ 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
were measured using 100 and 1000 Torr capacitance manometers.
Quoted uncertainties are 20 (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
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FIGURE 2 | Arrhenius plot for the Cl + linear permethylsiloxanes
(PMS) D3, Dy, Ds, and Dy 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 20 absolute uncertainty.
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[Linear PMS] (1014 molecule cm's)
FIGURE 3 | Rate coefficient data (k-kq) for the Cl atom + linear

permethylsiloxane (PMS) reactions measured in this work at 296 K:
hexamethyldisiloxane ((CH;3);SiOSi(CHs);, L,; octamethyltrisiloxane
([(CH;3)5Si0],Si(CH3),, Ls; decamethyltetrasiloxane ((CHjz);SiO[Si
(CH3),0],Si(CH3);, L,; dodecamethylpentasiloxane ((CHj;);SiO[Si
(CHj3),0]5Si(CH3);, Ls) 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 20 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),
and Cl, (with O, added) were single exponential. Representative
decay profiles are given in Figures S2-S9 with measured k’ values
in the 1260 to 22,300 s range for cyclic PMSs and 660 to
33,600 s7! 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

216 of 231

International Journal of Chemical Kinetics, 2025



“2IMJXIUW UOHIRAI Y} 03 PIPPE WD A[NOJ[OUI 0] X ' JO UONRIIUOUOD (°S) SpLION[Fexay Injns,
"INIXTW UOTIORAI ) 0) PAPPE WD S[NID[OUI 40T X L€ JO UONBIIUIUOI (°4S) dpLION[Jexay InJ[ns,
‘urd11o ayy 03 paxyy 3dadIarur Ayl yim Jaselep Py-(1)y paurquiod ayj jo (uorsoaid og) 31y sarenbs-jsea] Jeaul] [8qoO[0q
*(Py) JUSIOI0D d3eI SSO] punoiSyoeq aY) 0 3os 3dodIajur 3} Y3 S31J sarenbs-1sea] Teaur] pajySrom-uou oy} Jo uoIsIoard og aIe SanUIe}IddUn Pajon),

200 FSST ST'T-L0°0 4! S1 o'l D €l €L 001 €9¢

100 + €ST LY'T-6€°0 9 Ts L8'T D 9 L'L 00T €5¢

200 F8S'T ¥4 18q01D

20°0 F LS'T 6€'T-5¢°0 €S oYy €61 D 9'¢ 09 001 8C¢

200 F8ST 96’ T-¥C°0 6'v 7'y S9'T D 6t 0’6 001 8C¢

100 +8S'T q#d Teqord

200 F 191 ¥8'1-0C°0 1T LT 6SC nNQOOUv 89 - 0ST 96¢C

€00 F 19T €120 T9 Il 6C°C ,4(120D) 6'8 - 001 96¢

€00+ 291 St'1-9C°0 9¢ €C S6'0 “1002) 9 - 0ST 96¢

200 F 19T 10'C-ST°0 LS €z L6°0 “1002) SL - ser 967

100 FSS'T YI'T-0C°0 0’8 €S €CC D 14 T'6 001 96¢C

100 ¥ LS'T S9'I-¥2°0 TS 8L 96°0 D LTl 6L 0S 96¢

100 F 65T Se'1-0T°0 01 L L0C D 79 L8 00¢ 96¢

00 F1ST 10'T-¥0°0 8V L'L 160 D vl S'L 001 96¢

€00 F9S'T LLT-€T0 1 1c 8L0 D vl S'e 001 96¢C

€00+ 291 16'T-60°0 (4 (087 w61 D Ly 6 00T €LT
(1S (—9nddoW (WD AMIJ[oW (WD S[NIJ[OW (;-9smd ,_uwo (;—uId d[nd3[oW Josinoaxd  (;_S W) AJ00[PA (WD d[nod[owr  (9H ‘I0L) d D
D o 0T) (L) 4;01) 98uey [“1] 70D °[10] [ur) souangy »10T) [10sInda1d] wole D MOTJ TedUr] «0T) [%0] L

JI3se[ SIsA[0l0Yyd
s19jowrered 331nos woje D
‘uonoear (¢ “S(*HD)ISOISH(FHD)) SUBXO[ISIPIAYIowWexaY + [ dY} 10 SI0M SIY} UI PAUIRIQO SJUSIOYJI00 1kl PUB SUONIPUOD [Iuswladxa jo Arewwing | 1T ATAV.L

217 of 231



‘13110 ayy 03 paxyy 1daoarur Ayl yim Jaserep Py-(1)y paurquiod ayj jo (uorsoaid og) 11y sarenbs-jsea] 1eaul] [8qo[0
*(Py) JUSIOLIFR0D d1eI SSO] punoidsoeq aY) 0 3os 3dadIdIUT ) 31 S31F sarenbs-1sed] Teaul] pajySrom-uou ay} Jo uoIsoald og aIe SaNUIB}IdIUN PAIONY),

00 FS6'T ¢ [8qO0[D
00 FS6'T €TT-LT0 S8 01 Y1 D €S L 00T €9¢
¥0°0 ¥ S6'T €CT-110 Ts €1 LLO D 8L €9 0S €5¢
200 F96'1 90°'1-0C°0 TL 9'6 60T D 9 €9 00T €Ce
200 F €61 q¥d Teqord
€0'0 88T L1920 V'L 6'¢c LLT D 9'¢ 7’6 001 96¢C
200F 061 SE'T-61°0 4! 1r 1971 D L9 89 0s 96¢C
200 F86'1 0’ 1-SC°0 96 66 8Tl D Sy 08 66 96¢
€00+ 10T 20°'1-2C°0 €1 1€ 89T 1000) g's 9 0ST 96¢
€0'0 88T 80'T-€T'0 €9 53 €80 1000) 9 - (0198 96¢C
200 F96'1 o3 [8qO0[D
€0°0 ¥00C LET-92°0 08 L6 17T D €S S9 00T €LT
00+ v6'T €V’ 1-2€°0 4! Ot <l D LS L'L 001 €LT
(1-S (—9MddoW  (,_WId AMIJ[oW (WD S[NIJ[OW (;-9smd ,_wo (;—urd dnov[ow Josimoard  (;_S wd) AJ00[PA (WD d[nod[owr  (9H ‘LI0L) d D
§W o, 0T) (L)Y 01) d8uey [*1] 0D °[10] fur) douany  ,;01) [1osandd1g]  wole D Mo[y Tedur| «101) °[‘0] L

JI3se[ SIsA[o0joyd

mhouvaﬂhﬂﬁ 93IN0Ss wioje 1D

‘uonoeal (£ ‘Y(EHD)ISYOISE(EHD)]) SUBXO[ISINAYIAUWRIO0 + [D SY) 10] JI0M SIY) UI PaUTeIqo SYUSIONJA0I el PUB SUOHIPUOD [ejuswLadxs jo Arewwng | ¢ FTIVL

International Journal of Chemical Kinetics, 2025

218 of 231




‘urd11o oy 03 paxiy 1deoIarur Ay yim Jaselep Py-(1)y paurquios ayj jo (uorstoaid og) 11 sarenbs-1sea] 1eaul] [8qo[0
*(Py) JUSIOIIFR09 eI $SO] PUNOIZHORq AY) 03 338 JdOdIAUT Y3 YIIM $)1J SoIenbs-)sea] Jeaur] paIySrom-uou a1) Jo UoIsIId o7 aIe SAUTELIAOUN PAJONY),

200 F0€T q#d TeqoD

€00 FIET PL'0-€1°0 'S 91 or'T “1002) (4 00T 353

20’0 F0€T cL’0-LT'0 €S 61 or'tT 1000) Lyl 0ST €5¢

700 F €¢T q¥d TeqoID

200 FET L9°0-ST'0 L€ 4! 61T “1002) et 002 %43

€0°0 F LET S6'0-ST'0 89 0T el “1002) 041 sct €z

200 F9¢°C ¢ [eqO[D

200 F 9€°T 9L°0-0T'0 v's 4 9LT “1002) 6l set 967

€00 FS€C 79°'0-60°0 06 (44 L9T “1000) LTt 44 96¢

700 F9€C 69°0-9T°0 T6 (4 60°€ “1202) €01 0st 967

€0°0 F 6€°C ¢ [eqO[D

200 F 0¥'C LL'0-ST'0 YL 11 oL'C “1000) 06 0S¢ €LT

SO0 F LET ¥8°0-8T'0 6'9 1 00T “1002) €8 002 €LT
(1S (—9nd30WL (g—wrd d[nd3[0W (;—uId andvjow (;-9smd ,_uwo (;—urd d[nd3[ow JT0sanddxd (;—s W) L3190 (oH ‘u101) 4 DL
SO o 01) (1) »0T) d8uey ["1] w071) °[10] [ur) dduan[y »0T) [T0sIn2314] woye [ Mmo[y Tedury

JI9se[ SISA[010Yd
s19jowrered 331nos woje [D
‘uonoear (71 “S(FHONSY O Y HD)IS|OISH(FHD)) SUBXO[ISLIIN[AYISWIRISP + [D 9} 10 JI0M SIY) UI PIUIRIGO SIUSIOLIS00 )1 PUL SUONIPUOD [RIUSWLIDAX? Jo Arewiwing | € HTAV.L

219 of 231



‘13110 ayy 03 paxyy 3daoarur Ayl yim Jaselep Py-(1)y paurquiod ayj jo (uorsoaid og) 11y sarenbs-jsea] Jeaul] [8qo[D
*(Py) JUSIOIIF0D d1er SSO] punoiSyoeq aY) 0 3os 3dodIojul A} Y3 S31J sarenbs-1sea] Teaul] pojySrom-uou oy} Jo uoIsIoard og aIe SanUIe}IddUN PAIONY,

20°0 ¥ 08°C o [eqO[D

SO0 F8LT 29°'0-60°0 s 81 8T'T 1000) [48 SLT €5¢

100 F 28T L9°0-T0°0 6'8 sz €'l “1200) v'LI set €g¢

€0°0 F €8T 61'0-S0°0 0’6 9C or'l 1000) 68 14! €5¢

200 F+8°C ¢ [eqO[D

€0°0 F €8T ¥9°0-01°0 8L (014 8S°T 1000) LT SLT 8¢¢

00 FS8C ¥9°0-0T°0 T8 (44 ST “10200) 991 set g€

€0°0 F98°C ¢ [eqO[D

¥0°0 F 8T 79'0-81°0 LL 81 oLt “10202) (A1 SLT (343

Y00 F¥8°C 9L'0~€T'0 it 9z LLT “1200) 'Sl szt €ee

20°0 F ¥8'C ¢34 T8q01D

€0°0 F €8T 69°0-ST°0 14! €C or'c 10002) 601 0ST 96¢C

200 F+8°C 82°0-90°0 V'L 4! 86°C “1000) '8 745 96¢

¥0°0 F 8T 89'0-S0°0 it LT 95T “1200) 701 SLT 967

S0°0 ¥S8°C 09'0-ST°0 ot LT 65T 1000) T'el 14! 96¢C
(1S (—9nda[0WL (g—wd dnod[ow (;—urd anoafowx (;-9smd ,_wo (;—urd oo J0sandaxd (;—S wo) £310019A (PH ‘1x01) 4 oD L
LU0 o1 0T) (L) »0T) d8uey [*1] no1) °[10] [ur) souadngy »10T) [10sanoaad] wole D MOTJ Tedur]

1ase] sisA[ojoyd

mHOuOE&H&Q 9J3INn0S woje 1D

‘uonoeal (57 “S(CHDISEOY*HD)IS]OISE(*HD)) dueXO[IseIuadAY19URIapOp + [D Y} 10J YI0M SIY} Ul PAUTRIO SIUSIONJO0D 9181 PUB SUONIPUOD [RIUSWILIRdXS Jo Arewiwing | ¢ ATIV.L

International Journal of Chemical Kinetics, 2025

220 of 231




"u1S10 9y} 01 pax1y 1de0INUI 9Y) YI1M 19SBIRP Py-(1) PAUIqUIOD ) Jo (uoIsioa1d o) s1yy sarenbs-1sea] 1eaul] [eqO[D
*(Py) JUSIOTIF200 91eI SSO] punoISsoeq aY) 0 3os 3dooIaIUT ) YIIM S31J Sarenbs-1sea] Teaul] pojySrom-uou oy} Jo uoIsIoard og 9Ie SaNuIe}Iddun pajond),

S0°0 F 209 ¥4 18q01D

L0'0 ¥ S09 1-¢ro S'L 1 €0 D 86 Sv 0s €5¢

90°0 ¥ 009 YE1-€C°0 8t T8 980 D €L €L 00T €5¢

90°0 + 8¢S q¥d Teqord

80°0 F98°G S8'1-CI'0 vl 0¢ €L’0 D 6'S 8¢ 001 €Ce

80°0 F8L'S 9S'T-€T°0 €01 6¢ 290 o) 06 €S 0s 1343

80°0 + 88'S q¥d Teqord

610 F LT9 CT-LT0 L'8T €z I€°e “10200) LY - 0sT 967

80°0 F 619 8T T-¥C°0 T'LT 9¢ 99°C 1002) 8¢ - 0ST 96¢C

1°0 ¥ 509 CIT-61°0 €11 €C 80 D 6T (0 00¢ 96C

90°0 F95°S Y9'T-LT°0 96 6C 850 D €8 8t 0S 96¢

S0'0 ¥ 06'S 9T'1-21'0 T01 9! 660 D 29 Syl 001 96¢

LO'OFPL'S 9T’ 1-¢€°0 €Y S'L 80 D 9 Syl 001 96¢C

900 F 0£9 q¥d Teqo1D

LO0F €19 €V’ 1-€C0 179 TC 0S0 D L'L 0'S 00T €LT

S0°0 F 629 LLT-CT0 L6 53 SS0 D 9L Sy 0s €LT

Y0'0 ¥ 1¥'9 Y0 C—¥€0 19 68 10°T i) TL S’L 001 €LT
(;-S (—9[Mdd[owr (D AMIJ[OW (WD JA[NIJ[OWL (;-9snd ,_uo (g—wd d[nd9vow Josanoaxd  (;_S wd) AIO0[A  (_Wd d[nod[owr  (9H ‘MI0L) d oD
{W0 11 0T) (L)Y  ,01) d5uey [*q] w01 °[10] [w)dduanyy  ,01) [1osIndda1d]  wole D Mo[y Teaur | «01) °[*0] L

J9se] SIsA[0j0yd
sxgjourered 901nos woje D
"uonoeal (£q “‘![-O4(*HD)IS-]) suexO[ISINOAIAYIawexay + [ Y3 10] YI0M SIY) UI PAUTRIQO SJUSIOLIFS00 3jel PUB SUONIPUOD [ejuswiiiadxa jo Arewwing | § FTIV.L

221 0f 231



"uISH0 9y} 01 pax1y 1do0IUL 9Y) YIIM J9SBIRP Py-(1)y PAUIqUIOD ) Jo (UoIsioa1d o) s11y sarenbs-1ses] 1eaul] [eqO[D
*(Py) JUSIOIIFR09 3)eI $SO PUNO0IZNorq 3Y) 03 J3S JdAJIUT Y} YIIM $)1J SoIeNnDs-)sBa] JeAUI] PAIYSIOM-UOU ) JO UOISIOAId OF I8 SANUTRLIAOUN PAJONY),

100 +9T'T o3 [8qO[D

100 ¥ 8T'T L8°0-90°0 1T 9¢ 13 40] “1002) goc — o¢l 1393

100 ¥ ST'T 9L'0-80°0 (084 6¢ L0 “1000) 8'1¢ — 0ST €6¢

100 FST'T q¥d Teqord

100 FST'T 67 T-0T°0 0T ST vEY “1002) SL — set €z

100 ¥ ST'T OT'T-L0°0 [4s [4s 9L°0 “1002) LT — 001 1 %43

100 F€I'T ¢ [8qO[D

100 +9T'T 9T'T-80°0 6'¢ 8¢ SLO “1000) 01 — 0ST 96T

00FCIT -0 09 6¢ 181 1000) (44! 79 (198 96T

100 ¥ CI'T €€'1-8T°0 49 0¢ €6°0 “1000) (44! — 0sT 96T

100 F1I'T ¥0'T-80°0 [4s €C LL'O e} 8l G's SL 96T

100 +ST'T 20'T-ST'0 TL 1C 1€°0 D 80T v SL 96T

100 ¥ 9T'T II'T-110 g's 53 1¢°0 D 6'61 9°¢ 0S 96T

100 ¥ 8T'T LO'T-8T°0 LS (43 1€°0 D 8l — 0s 962

100 ¥ 0CT'T 90°'T-€T'0 8¢ (43 1€°0 D 8’6l — 0s 96T

00+ 91T o3 [8qO[D

100 ¥ ST'T STT-60°0 ¢ (14 €L°0 “1002) 9°¢lL — el €LT

100 F6I'T 98°'0-L0°0 LS 54 'l “1000) 891 — 0stT €LT
(1S (—9Mdd[ow  (_td AMII[OW (WD JA[NIJ[OW (;-9smnd ,_uwo (g—wd d[nd9ow Josanoard  (;_S wd) AIOO0[A  (_Wd d[nod[owr  (9H ‘MI0L) d oD
W0 5;-01) (L) 01) d3uey ["a] w01 °[10] [w)dduanyy  ,01) [1osIndd91d]  wole D Mmofy Teaury «07) °[*0] L

J9se] SIsA[0j0yd
sxdjourered 991nos woje D
‘uonoeal (Y ‘"[-04(*HD)IS-]) auex0[Ise13a)0AdAYIdWEIN0 + [D Y} 0] JI0M SIY} Ul PIUTEIQO SJUSIOLFI00 d)el PUL SUOHIPUOD [BIUSWIIAAX? Jo Arewwing | 9 FTAVL

International Journal of Chemical Kinetics, 2025

222 of 231



“uISHo 3y} 03 paxy 1dA0IIUL AU YIIM J3SBIEP Py-(1)Y PAUIqUIOD ) JO (UoIstoa1d o) s11 sarenbs-1ses] 1eaul] [BqO[D
*(Py) JUSIOIIFR09 eI $SO] PUNOIZNORq Y} 03 338 JdOdIAUT oY) YIIM $31J SoIeNnDs-)sea] Jeaul] pAIYSIoM-UOU 1) JO UOISIAId 07 I8 SAUTELIAOUN PAJONY),

100 F89°1 q¥d Teqord
200 F 891 98'0-60'0 €1 (44 LTt “1002) el - set 353
00F2ULT 79'0-60°0 29 81 or'l “1002) 7’81 - 41 1393
00 FL91 90°'T-+¥T'0 €Y 144 00’1 e} 8 9'8 001 €5¢
100 F LT q¥d Teqord
00FHLT 860-0T°0 (4 L1 8’ “1002) LL - 74! (343
SO0FPLT ST'T-61°0 TL [4s 69°0 D 9 ot 0ST €Ce
T00F€ELT €C'1-0T°0 96 61 S9°0 D 9°¢ 96 0ST €Ce
100 +2LT q¥d Teqord
20°0 ¥ SLT ¥8'0-¢T°0 6'¢ (114 65T “1002) €01 - 74! 96T
€00 F¥L'T TrT-80°0 LT 7 08'C “10200) S - 002 96T
TO0FELT IT'T-€T'0 ST T6 yIe “1002) 6L - szt 96T
200+ 0LT 96'0-C1'0 8'8 174 88°0 D €9 '8 001 96T
1000 ¥ SL'T CrT-61°0 LT 14! 0€0 o) 88 0’6 001 96T
100 F€L'T 6C1-9C°0 ¥'C 91 o e} 01 €6 0S 962
1000 F99°1 S6°0-¢1'0 L9 8T S0 D 7'y (]} 00T 96T
00+F¢LT ¢} [8qO[D
200 ¥ SLT 06'0-¥1°0 14! 114 e “1002) TTI - 41 €LT
€00FILT 8L°0-TT'0 (084 81 SL'T “1002) LS - 4! €LT
100 F €L'T 61'T-1C°0 18 ST 18°0 D 9°¢ S'6 41 €LT
(1S —9[Mdd[ow  (_UId JMII[oW (WD J[NId[oW (;-9smnd ,_uwo (s—d JrnddoW Josinoaxd  (;_S W) AI00[PA  (;_wd d[ndd[owr  (SHLIOL) d D
D o 0T) (L)  +;01) 98uey [*a] 70D °[10] [ur) souangy »10T) [10samda1d] wole D MOTJ TedUr] «01) °[%0] L

JIase[ SIsA[0l0yd

s1ajowrered 90In0S WOIE [D

‘uonoeal (°q “[-0YtHD)IS-]) auexoiseiuado[oAo[AyIauredsp + [ Y3 10 JI0M SIYI Ul PIUTLIGO SIUSIOLJI0J )BT PUB SUONIPUOD [RIUSWLIRAX? Jo Arewwing | £ HTAVL

223 0f 231




“uISHo 9y} 03 paxyy 1d90ISIUL AU YIIM 13SBIBP Py-(1)y PAUIqUIOD ) JO (UoIstoa1d o7) s11 sarenbs-1ses] 1eaul] [BqO[D
*(Py) JUSIO1IJ209 d1e1 SSO] punoISoeq 9Y) 0 398 3dodIdIUT ) YYIM S31J SaIenbs-1sed] Teaul] PajySIom-Uou 3} JO UoIsIaId 07 918 SaNUIEIIdIUN PAJONY,

200 F 60T q#d TeqorD

€00 ¥ 80T 95°0-60°0 Ls 81 91 “1202) 0t sct €s¢

€00 F60C ¢S°0-11'0 9°¢ 1C 60T “1002) T01 A 1393

00 F 1T ¢ [eqO[D

700 +SIC 95°0-80°0 6'¢ 61 €8°0 “1000) S8 GLT 8¢€¢

100 F CI'C 7'0-01T°0 19 61 L1 “1002) LT 41 139

200 ¥ 9T'C qd TeqoID

100 F 8I'C 19°0-11'0 r'6 0z L8T “1002) r's SLT %43

€00 FE€IT $6°0-60°0 6 4 96'T “1002) 96 0SI 543

100 ¥ 61T q#d Teqo[D

100 F 61T 0S'0-L0°0 Sor €2 L8T “12002) L' 0sT 967

00 F6IC '0-50°0 S'L €C vel “1002) 9l 41 96T
(1S {—9[Md310W (s—wd drnddoW (;—uId 3[nd3jow (;-9smnd ,_uwo (s—d J[ndsow Jo0sanddad (;—s wd) £310012A (PH ‘1101) 4 oD L
U 1 0T) =(L)A +0T) aduey [°q] oD °[10] [ur) souanyy »0T) [10samoaad] wole D MOTJ Tedury

JI9se[ SISA[030Yyd
s19jouwrered 921nos woje [D
"uonoeal (°q “°[-OY*HD)IS-]) SUBXO[ISEXaYO[OAIAYIdWBIIPOP Y3 10J JI0M SIY) Ul PIUTRIGO STUSIOLF0D d)BI PUB SUONIPUOD [BIUSWILIRAXS Jo Arewuing | 8 HTAV.L

International Journal of Chemical Kinetics, 2025

224 of 231



(senunuo))
TO+67¢
¥'0F8¢ 094
[L1] sumo1g pue uoiy S0F6T AHN - - SINID-40L-¥d SS9~ € F L6T
o0+ YIT uanjoL,
[61] Te 10 BYI09D vE'0FTTT auardosy — — SN 401-41d- 99 09L~ TF 96T
J10Mm SIYL 610 F+8°C — 061 F ST 8I'0F0LT AY:d1d SLI-STL €6€-96¢C “1
T0¥7TC
TOFTT 094
[L1] sumorg pue woiy SOFET AN — — SINID-A0L-IY Sy~ € F L6T
PIOF €1 auanjog,
[61] Te 30 €YIRRD 6C0F 861 auaizdosy — — SIN A0L-91.d° Y 09L~ TF96C
JIom SIqL Cro+9¢7T - S F ¢y 910 +60°C AY:d1d 06Z-scl €0e—€LT e
SO0 FS8T
90°0 F LL'T 0494
[£T] sumoig pue uoiy SOF6T SIHIN — — SIID-J0L¥d St9~ € FL6C
910 + €1 duen[oL
[61] 'Te 30 eI0Rn €C0F9ST suoxdos] — — SIN A0L-Y.Ld¥Y 09L~ ¢ F96C
JIoMm SIUL 600 F€6'T — €9 F1 SI0F6S6T A4:d1d 0ST1-08 €S€-€LT o1
[81] 'Te 32 snrwsoid 610+ 00T — 9ET + 11 8€0°0 ¥ 9160 S “[[°D uaspnu®] 2000~ €9¢-¢€LT
[+1] Te 30 wosUIIV €O0F oV sueng-u — - [QEGOTIR: b oL~ TF L6T
SO0F vl
SO0 F 6€T 094
[£T] sumoig pue w0y SO+¢ST CTHN — — SIID-J0L ¥ S9~ €+ L6T
YT'0 +S6'0 auanjoy,
[61] & 30 eY322D IT0F 1€ suaxdosy — — SN 401-9.1d 949 09L~ TF96C
A IoMm STUL LOOFS8ST — 6vC F ¢ 0T0 F9¢'1 A d'1d 002-08 €9¢-¢LT “1
EALICRRIEN | (1S {—9[Md3[0W punodwod (L) 9/9 (1S [-9nod10UW Lpoylawr uonod_q (ax01) (6:)) SINd
U o1 0T) (I 962) 9oUdIdJI (M) U 1 01) gV ‘poyrow oAUy aInssaig aSuey I

9je1 ARy

s19jowered SNIUAYLIY

“SON[BA SINJRIANI] PUR JI0M SIY) UI PAUIRIQO SUONORAI (SINA) SUBXO[IS [Aypeutiad + [D Sy 10J SIUSIOYIS00 eI 3 967 PUE s19)owered sniuayiry ay) jo uostredwo) | 6 ATIIVL

225 of 231




FHOHO O HI*HD 12y3d [AYIRIP ‘09 FFHI“HI(0)DY(*HD)

QUO0IRY AR AW I “A1owondads SSeIN ‘SN ‘I9Jsuel], u0joid YId ‘AnoworoadS SSeJA UONBZIUO] [BdIWRYD ‘SINID YSIJ-Jo-own “JOJ, ‘90UuddSaIoN],] 20UBUOSNY ‘IY ‘SISA[0IOUJ I9seT pasind ‘d1d :SPOUIRA,
*SIOLId

O1JBUIA)ISAS PIJBWINISS SUIPN[OUT ST UTLIIdIUN N[0S dI. JI0M SIY) WOIJ (3 967) S UI SANUTEIIAOU( "SI UTId0UN O }10dal oYM T 19 BYISID Jewny eIpueyorIes 10J 1dooxa ‘oz a1e (3 967) Ul Sajure)aoun QINJINIT 4
‘8- SO[qE], Ul Blep [eyuswLIddxa 9y} Jo 31 sarenbs-)sea] 1eaur] pajySom Og € Woly paure)qo sidjowered SNIUSYILIY ,

LTOFTST auanjoL,
[61] Te 30 ey302D STOFI9T suaxdos] — — SIN AOL-¥Ld Y 09L~ T+ 96T
J10M ST, Yo F9Ie — TS FIL YroOF LT JA:d1d SLI-STT £5€-96¢ °a
T0¥F81
TOFST 0941
[£T] sumoig pue uoiy TOF8TI AN — — SINID-J0L°9Yd SH9~ € F L6T
SIOFITT suanjoy,
[61] Te 10 BYI®RD TTOF o1 suaixdosy — — SIN AOL-¥.Ld Y 09L~ TF96¢
JI0M STY, 600 F LT — sy F e 0T0 F 091 J9-d1d 002-0S €5E-€LT a
90°0 FOT'T
SO0 F6€T 0o4a
[£T] sumoig pue uoyy 800 F #I'T AN — — SINID-H0L Y SH9~ € F L6C
0¥ 680 auanjo,
[61] T 30 By309D 9T'0 FS0'T suoxdos] — — SIN AOL-¥Ld Y 09L~ TF96C
J10Mm ST, 90°0 F €I'T — (438 LOOFHIT JA:d1d 0S1-0S €5E-€LT 'a
S0°0 F 950
T0FS0 0941
[LT] sumoIg pue uoiy S0°0 F LSO SN — — SINID-H0LIY SH9~ €F L6C
S0°0 ¥ TS0 auanjog,
[61] Te 30 BY302D €10 ¥ 95°0 suaxdos] — — SIN A0L-¥.1d 09L~ TF 96T
JI0M STYT, 820°0 F 885°0 — OLY F 8L €00 F L0 J9:d1d 002-0S €5€-€LT ta
OUdIdJY (18 (—9nda[0WL punodwod w)a/a (;—S (-9nodT0W LPoylow uondd_q (1x01) (6:)) SINd
¢WID ;_0T) (31 962) 90U (YY) WD o1 0T) gV ‘poyrdw opduUTy aImssaid a8uey L,
ajer dAne[dY
s19jourered snIUdYLIY
(ponunuo)) | 6 ATAVL

International Journal of Chemical Kinetics, 2025

226 of 231



24 4
22
20
18-
16
14+
12
10

k-ky (10°%7)

T T T T T T T
0 02 04 06 08 10 12 14 16 1.8

[Cyclic PMS] (10" molecule cm®)

FIGURE 4 | Rate coefficient data (k-kq) for the Cl atom + cyclic
permethylsiloxane (PMS) reactions measured in this work at 296 K: hex-
amethylcyclotrisiloxane ([-Si(CH3),0-]3, D3 (circles); octamethylcyclote-
trasiloxane ([-Si(CH3),0-]4, D, (squares), decamethylcyclopentasilox-
ane ([-Si(CH;),0-]5, Ds (triangles), dodecamethylcyclohexasiloxane
([-Si(CH3),0-]¢, D¢ (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 2o 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],. In addition,
rate coefficients obtained for L, and L; and D;, D,, and D5 (see
Tables 1, 2, 5, 6, and 7) using the Cl atom precursors (COCl), and
Cl,, with O, present in large excess, >4 X 10 molecule cm™,
agreed to within the measurement precision. Measurements
with the Cl, precursor in the absence of O, are discussed later.
Measurements using (COCI), with and without the addition of
0, yielded identical rate coefficient results. Preferred rate coef-
ficients were obtained using the (COCI), source, which showed
single exponential decay under all experimental conditions and
improved Cl atom sensitivity due to the absence of fluorescence
quenching by O,. The Cl1+ L,, L5, and D, reactions were measured
only using (COCI), as the Cl atom source.

The potential impact of excited spin-state Cl atoms, C1(*P,,,), on
the measured rate coefficients was examined in a few experi-
ments, see Table 1. SF, was added to quench any spin excited Cl
atoms to the ground state C1(*P5,) [37]:

SFq + Cl(*Py)2) — SFq + C1(*P; ;) 13

where k;; = 1.5 x 107 molecule cm™ s7! [38]. Under the
experimental conditions used, 99% of CI(*P,,,) would have been
quenched to CI(*P,,) within ~2 ps. Rate coefficients measured for
Reaction (1) with and without the addition of SF, were identical
to within the measurement precision. We assume that this applies
to all the other reactions studied.

Cl atom Signal

10" T+ * T T T T

0 2 4 s 6 8 10
Time (10" s)
FIGURE 5 | Representative Cl atom temporal profiles obtained for

the Cl+ hexamethyldisiloxane (HMDS) ((CH3);SiOSi(CHj3)s, L,) reaction
at 296 K and 100 Torr (He) with Cl, (~6.7 x 10® molecule cm™3) as the
Cl atom precursor, see Table Sl. L, concentrations from top to bottom
profile are (103 molecule cm™3): 0.0, 1.46, 2.75, 6.14, and 9.59. Profiles
are background corrected. Profiles obtained with L, 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 + L, 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 Cl, 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 Cl, + PMS product reaction pathway was
effectively minimized by the addition of O, to scavenge the PMS
radical products via peroxy radical formation, resulting in Cl
atom single exponential decay profiles. In experiments conducted
without added O, (see Table S1), the slower component of the
decay varied between 100 and 300 s~'. For the measurement
shown in Figure 5, [Cl,] > [PMS radical], the rate coefficient of
the Cl, + PMS radical reaction is estimated to be ~2.9 x 1072
cm® molecule™® s7! at 296 K. Figure 6 (upper) shows that [O,]
>10%, that is, ~15 times greater than the [CL,], is sufficient
to suppress the secondary Cl atom generation in the Cl +
hexamethylcyclotrisiloxane ([-Si(CH;),0-];, D) reaction.

The rate coefficient for the reaction of the D; radical product
with O, was measured in two separate experiments at 296 K
and 100 Torr total pressure (He bath gas). The D; concentration
was held constant and the O, concentration varied between 0.22
and 1.43 (10%) molecule cm~. The profiles shown in Figure 6
(upper) show an increase in Cl atom loss with increasing O,
concentration. A second-order plot of the PMS radical first-order
loss versus [O,] yielded k;,(296 K) = (1.80 + 0.14) x 1072 cm?
molecule™! s7! where the uncertainty is the 2¢ 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 Cl, precursor with increasing [O,].
Experimental conditions: Total Pressure = 100 Torr (He bath gas), 296 K,
[Cl,] = 9.20 x 10" molecule cm~3, Photolysis Laser Fluence = 9 mJ cm™~2
pulse™’; [Cl], = 5.6 x 10" atom cm™3; [D;] = 1.85 x 10" molecule
cm™3. [0,] from top to bottom profile are 0, 2.2, 3.9, 5.9 (10* molecule
cm™3). Lower: Second order plot, k’ versus [O,], from two independent
measurements (circles and squares), where k’ was taken from the 2"
(slower) decay obtained from a bi-exponential fit of the Cl atom profile.

The line is a least-squares fit to the combined dataset.

where Cl,/0, a source/scavenger method was used, the minimum
[0,]/[CL,] 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
temperature measurement (1 K), pressure measurement (1%), and
uncertainties in the measurement infrared cross sections of L,
(2%), Ly (2%), L, (3%), Ls (5%), D5 (2%), D, (3%), Ds (3%), and
Dy (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 107'° cm3 molecule™
s™) for the ClI + PMS reactions are:

L,k, (296 K) = (1.58 + 0.07)
L.k, (296 K) = (1.93 + 0.09)
L,k, (296 K) = (2.36 + 0.12)
Lk, (296 K) = (2.84 + 0.19)

D,k (296 K) = (0.588 + 0.028)
D,k (296K) = (1.13 + 0.06)
D.k, (296K) = (1.72 + 0.09)
Dgkg (296K) = (2.16 + 0.14)

where the quoted absolute uncertainties are 2o.

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 of methyl groups,
for example, L, and D;. This has been observed in previous
investigations for both the OH + PMS [10, 13,17, 19] and CI + 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) x 107! and (2.7 + 0.2) x 107! cm?® molecule™® s7!
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 = Z(NCH3 X kprim x F(X))

where Ncy; is the number of CH;-groups in the molecule, ki,
is the representative Cl + CH;- group rate coefficient, 3.5 x10™"!
cm?® molecule™ s7! [42], and F(X) is the enhancement factor
for the chemical environment, X. Although the CH;- groups
in the linear and cyclic PMSs have slightly different chemical
environments, all the CH;- 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, Fy;ps, for cyclic compounds accounts
for the smaller rate coefficients observed for cyclo-alkanes. We
have applied individual Fy;,, factors for the cyclic Dy 5 PMSs.
First, the linear compounds were fit with an F(X) value of 0.69.
The SAR fit reproduces the L, ; PMS rate coefficients to better
than ~11%, see Figure S10. Next, Fy;,, was optimized for each
individual cyclic PMS. Fy;,, values 0f0.41, 0.59,0.71, and 0.76 were
obtained for D3, D,, D5, and Dy respectively. The fits are shown
in Figure S11 reproduce the Cl atom rate coefficients obtained
in this work to within 5%, or better. Fy;,, increased, that is, less
ring-strain (see geometries given in Figure S1), with increasing
PMS ring size. The increase in Fy;,, 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 Fy;,, depend on the choice of k,y,, that is, a
lower value of k,,;;,, would lead to greater values of Fyy,,, 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 + L, reaction at temperatures between 273 and 363
K were also found to be temperature independent. Our measured
rate coefficients for Cl + L,, 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 + L, reaction, the reported rate coefficients are slightly
less than our work, but within the combined uncertainties of the
measurements; the Cl + L, 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 L,.

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 + D; 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 L,, L;, L,, Ls, D;, Dy, D5, and D¢ 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 2o 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
atom abundance has been attributed to local sources, for example,
in urban photolysis of chloramines (NH,Cl, NHCI, and NCl;)
[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 x 10* atom cm™, 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 L,, L;, L,, Ls, D;, D,, Ds,
and Dy, 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 x 10°
molecule cm™ [53]) and Cl atom reactive loss for L,, L,, Ly,
L, D;, D,, Ds, and Dg, 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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