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Abstract

Recent, direct studies have shown that several reaabibstabilized Criegee intermediates
(SCI) are significantly faster than indicated by eaiiglirect measurements. The reaction of
SCI with SO, may contribute to atmospheric sulfate production, buethez uncertainties in
the mechanism of the reaction of the@iegee intermediate, GBO, with SO..

The reactions of C CH0O0, and G, CH:CHOO, Criegee intermediates with Skkave
been studied by generating stabilized Criegee intermedigitieser flash photolysis (LFP) of
RI2/O2 (R=CH or CH:CH) mixtures with the reactions being followed by photoictizea
mass spectrometry (PIMSIPIMS has been used to determine the rate coefficignthé®
reaction of CHCHI with Oy, k = (8.6 + 22) x 102 cm® molecule! st at 295 K and 2 Torr
(He). The yield of the £Criegee intermediate under these conditions is 0.86} @l errors
in the abstract are a combination of statistical at kh level and an estimated systematic
contribution.

For the CHOO + SQ reaction, additional LFP experiments were performed
monitoring CHOO by time-resolved broadband UV absorption spectroscopyVAS). The
following rate coefficients have been determined at rtemperature ((295 * 2) K):

CH.00 + SQ: k=(3.74 £ 0.43x 10 cm® molecule! st (LFP/PIMS),
k = (3.87 = 0.45) x 18 cm® molecule! s (LFP/TRUVAS)
CH;CHOO + SQ: k= (1.7 £ 0.3 x 10 cm® moleculée! s* (LFP/PIMS)
LFP/ PIMS also allows for the direction observatioil€éfxCHO production from the reaction
of CHsCHOO with SQ, suggesting that S theco-product. For the reaction of GAO with

SO there is no evidence of any variation in reaction mesha with [SQ] as had been



suggested in an earlier publication (Chhantyal-Pun &@CP, 17, 3617, 2015 mean value
of k= (3.76 + 0.14) x 18 cn?® molecule s? for the CHOO + SQ reaction is recommended
from this and previous studieIhe atmospheric implications of the results are briefly

discussed.



Introduction

Gas phase Criegee intermediates,@8 (where R = H or alkyl radical), can be formed in the
atmosphere from alkene ozonolysis and can act as atnoadtioxidant to OH and ozone
Methods of generating and directly observing Criegee irgéiates have recently led to a
number of studies (e.g. @ of Criegee species with atmospherically relevantpmmds
These studies have showratimany rate coefficients are significantly higher thanlier,
indirect studies had indicatﬁdCriegee chemistry has recently been reviewed in several

articleg?{®®[There is particular interest in the reactions aé@ze intermediates with S®ince

these may act as additional oxidation processes fdatsulformation, especially in
environments with high biogenic alkene emissions, and heno#icagt concentrations of
Criegee intermedtesEIWelz et alT_?”IutiIized the laser flash photolysis (LFP) of £H(R1) in

the presence of oxygen to generate@8 and monitored its removal via photoionization mass
spectrometry (PIMS). At the low pressures used in theseriexpnts, reaction R2a dominates

CHzl consumptiop®+*

CHalz + hv — CHal +1 (R1)
CH.l + O, — CH,00 + | (R2a)
CHal + 02+ M — ICH20; + M (R2D)

A room temperature (298 K) rate coefficient, (3.9 + 0.7) x 18' cm® molecule* s, was
determined for the reaction of GBIO with SQ at pressures of ~4 Tﬁr‘l’his determination

of ks was orders of magnitude greater than that reported bgreiadirect studies.
CH200 + SQ — HCHO + SQ (R3)

Subsequently, Stone eﬁlused the same method to generate@®} but followed
the reaction by laser induced fluorescence of formaldel@elO over the pressure range 50
- 450 Torr of nitrogen. A pressure independent valuesof K3.40 + 0.41) x 10! cn?
molecule! s was determined at 295 K which was in good agreement with engueis where
CH.OO removal was directly monitored via PIMS at a presaird.5 Torr. The good
agreement between rate coefficients determined by HCH@itonimg and PIMS studies of

CH-OO0 removal suggests that HCHO, and hence, &@ products of reaction RRecently,



Wang et aﬁlhave reported the direct observation o3 the dominant product of reaction
R3 in flash photolysis studies, confirming its potential agpheric importance in sulfate
production. Further studies on reaction R3 have beenddyikiu et aEI monitoring CHOO
via laser induced fluorescence of OH, produced from the decdtiopaxf CH.OO (ks = (3.53

+ 0.29) x 10" cm® molecule' s1), and by Sheps who monitored €O directly via time-
resolved UV absorption spectroscopy & (4.1 + 0.3) x 18! cn® molecule! s‘l)IT_EI Both
studies used reactions R1 and R2 to genera®OHand were able to monitor reaction R3
over a wide range of pressures at room temperature confirneangdasurements of both Welz
et al. and Stone et al.

Recent studies have raised questions about both the releMamaetions of Criegee
intermediates with trace atmospheric species anandwehanism of the reaction of @BIO
with SG. Whilst the rate coefficient for the reaction of &3 with water appears to be too
slow to contribute to CHDO loss in the atmosphere, studies where@®icould be monitored
at high pressure (and hence highesQf, have shown a quadratic dependence of the rate
coefficient forCH>OO removal with [HO] indicating reaction with the water dimer rather than

monomeft~*%|The value of the rate coefficient with water dime2@5 K k= (4.0 +1.2 x 10

12 cm?® moleculet s‘lﬂ suggests that thiseaction should dominate GBO removal under
atmospheric conditions and, if applicable to higher Criegesrmediates, would limit the
overall impact of Criegee chemistry in the atmosphdosvever, G Criegee intermediates can
exist in two conformers, as shown in Figure 1, with aificant barrier of ~160 kJ mdlto
interconversioEﬂ The anti- conformer reacts rapidly with water or wateneti via the
formation of a ring structure involving the O and H atomshensame side of the conformer,
but the syn- conformer reacts much more slowly and fieresyn-G+ Criegee intermediates

may be available to react with trace atmospheric s;ﬁcies

syn-conformer anti-conformer
co .O
\O \O
)\ 160 kJ mol™ )\
HsC H H CH,4

Fig. 1 Syn and anti-conformers of the Criegee intermediate.



Reaction R3 is probably the most well characterise@ri@gee intermediate reaction
and is potentially fast enough to compete withh OB removal by the water dimer, but recent
measurements raise some controversy as to the mechanisaction. In 2015 Chhantyal-Pun
et aEGI directly monitoed CH.OO and, at high concentrations of 88 7 x 132 molecule
cm®), determined a value fog kn good agreement with other recent studies. Howeverwat o
concentrations of S{< 7 x 132 molecule cr¥), where CHOO reacted under mixed first and
second order kinetics, an enhancedG@ removal was observed compared to the expected
removal based on the rate coefficient determined at[Bi@b] and theCH.OO self-reaction
Chhantyal-Pun et al. attributed this observation to a aexripkming process of GO with
SO which increases the observed rate coefficient by neddgtor of twdo ks = (7.46 £ 0.29
x 10* cm?® molecule! st. Liu et al?_’l have recently studied reaction R3 using the indiret LI
method. The rate coefficient determinée = (3.88 + 0.13) x 1& cm® molecule! s?, is in
good agreement with previous measurements, but no measureveeatsade below [SP~
5 x 13 molecule cr.

In this current work, studies using LFP obR&k (R = CH and CHCH) to generate
Criegee intermediates, and PIMS or UV absorption spsmipy to monitor Criegee
intermediates (and, where possible, products), havedagdgad out in order to addred®se
issues. Earlier studies from this laboratory on the imacf CHOO with SQ have been re-
visited, particularly focusing on extending measurementsowo doncentrations of SO
Depending on atmospheric conditions, reaction R3 maypertant in atmospheric oxidation
processes ang important in interpreting chamber studies, particularlgiarnow humidity

conditions.

As discussed above, syn-Criegee intermediates may be available to react wite tra
atmospheric species and therefore we have measuredab®faecaction of CECHOO with
SO, monitoring the removal of GEHOO and additionally following the time dependence of
the producCHs:CHO. CHCHOO is generated from GBHI, via an analogous mechanism
CH.0OO0 and additional studies have been carried out to qua&ZHEZHOO production both

in terms of the kinetics of the reaction of &HHI with O and the | atom (and hence

CH3CHOO) yield. The PIMS apparatus in this sftifffloperates with a fixed photoionization

energy, 10.5 eV, which ionizes both conformers of th€flegee intermediate. The tuneable

photoionization apparatus used by Taatjes Erva'hs able to selectively monitor the two
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conformers showing that the syn-conformer is predominafotigned in the reaction of
CHsCHI + O, (~90%). Thus the results obtained in this study refera@csyn conformer and
can be compared with those of other conformer sjgestifidies such as those based on selective

observations by time resolved UV absorption spectrosco@hbps et @

Experimental and Data Analysis

The studies were carried out at room temperature ((295 4 ByiKg laser flash photolysis
(LFP), coupled to either photoionization mass spectroscép§) or time resolved
broadband UV absorption spectrosco@R(UVAS). The LFP/PIMS apparatus has been
described before in detm Radicals were generated by laser photolysis at 248 nm
(Lambda Physik Compex 102, 10 Hz, typically 8 x!®1photons crd) in a flow tube
maintained at a total pressure of 2.5 Torr of helium. Mixtures of di-iodo precurs(i-10 x
10" molecule cri¥), oxygen(1-10 x 162 molecule cri¥, BOC 99.999%,)S0; (Sigma-Aldrich,
99.9%) and helium (BOC, 99.999%ere premixed and introduced into the flowbe.
Substrate and helium flows were controlled through cagdratass flow controllers (MFC).
Di-iodo compounds can be lost in the MFC andwspe introduced from a thermostatted
bubbler, located after the MFC, delivering a known helilow to the bubbler, and controlled
by a needle valve. Concentrations of the di-iodo spetere determined from known vapour
pressures at the bubbler temperature. Criegee intermediatesgenerated via reactions R1
and R2 (or the & equivalents). Based on values presented above, thealtyjitial
concentration of Criegee intermediates is estimatde to =1.6 x 108 cn?, photon flux = 8

x 10 photons cm, [CH2lz] = 1 x 13° molecule cri¥) ~1.3 x 162 molecule crif. Oxygen
concentrations were maintained such that Criegee inteabesdivere generated on a timescale

that was fastrh~ 5 x 10° s)compared to their removal.

Reaction mixtures were sampled through a 1 mm holeeisitte of the flow tube into
alow pressure photoionization chamber where the mixture wasiphzed by 118 nm light
(equivalent to 10.5 eV). lons were focused into a time ghtlimass spectrometer (ToF-MS,
Kore Instruments). 118 nm light was generated by focudiitgnm radiation generated from
a Nd-YAG laser (Continuum Precision I, 10 Hz, 25 mJ pYiseto a glass cell containing 50
Torr of Kr and coupled directly into the photoionizatiometber through a MgRwindow.



The time-resolved mass signals (e.g. m/z = 46 or 60O and CHCHOO) were
detected using ToF-MS and tracked with an oscilloscope @ye@®iave-Runner), which then
captured and integrated the signal. For each individualriexpet a time-resolved scan
consisting of 200 to 500 data points was collected over ad¢ee of 1-10ns These kinetic
traces were averaged 10-20 times to increase the sgnalse ratio of the data. The inset to
Figure 2 shows a typical example of a Criegee interrteediecay. The traces comprise of a
fast rise in Criegee signal due to a combination of chelmpioduction from reactions R1 and
R2 and effusive transport, followed by a decay, attributedaittios with SQ. Each individual
trace was analysed using OriginPro graphical softwarejghaldrom the mass spectrometer

was fitted using equatiorsl-3, using reaction R2 and R3 as an example.

_ (Scineight X k2 X Kegf) (E1)
! (K's — k'3)
e—k’zx [_e—keffx t e—k,3>< t—e_keffx t (E2)

M2=

(kefr— k'2) (kefr— k'3)

Here S is the time-resolved Criegee intermediate signédiegnt is the maximum height of
i, k2 is the rate coefficient for Criegee intermediatenfation from reaction R’z is the
total loss rate coefficient of the Criegee intermedvaterek’s is the sum of the pseudo-first
order rate coefficient for reaction RZ[&O;]) and kwes; the other Criegee intermediate loss
processes (wall loss, self-reaction gig)is the rate coefficient for gas effusion through the
pinhole (ki was determined in previous Wﬁrand held constant during data analysis,
ket = 20000 3); tis time; and & represents the background signal measured for the individua
data traces. Further details on the analysis and theleditn of ks« can be found in the SI
(Section 2), Baez-Romero ebr Taatjeﬁ Plots ofk '3 vs [SO;] as shown in Figure 2 give
the bimolecular rate coefficients kas the gradient andr as the intercept. Not all the
contributions to &ner are pseudo-first ordand hence constant for the different traces used to
compile Figure 2. However, both experiments and simula(eees S| Section 1) have shown
that the contribution of second order processestte ik negligible and a constant value for

Kother iS @ good approximation



The absorption experiments were carried out using our rewistructed multiplexing
absorption kinetics spectrometer coupled to laser flastolylses at (295 + 2) K and 50 Torr
(N2). Full details about the setup can be found in a recentcatjblﬂ The essential details
are as follows: the output from a laser driven xenon |@amergetiq, LDLS EQ-99X) was
multi-passed 7 times through the 1.5 metre reactioracellconfigured such that the probe
beam was overlapped for (443 = 21) cm with the 248 nm exciser keeam that passed along
the central length of the reactor. The probe beam was directed via a fibre optic into a
spectrograph (Jobin Yvon CP140-103) where the signals at wgtlede250- 850 nm were
simultaneously detected using a CCD image sensor (Hamamatsu $zZ68thinned FFT-
CCD) with wavelength resolution of 1.54 nm (FWHM) at 313 nn248 nm long-pass edge
filter (248 nm RazorEdge) was used to prevent laser radiattenirenthe fibre optic. Signals
at all wavelengths were recorded for 1 millisecond intenals ftotal of 2000 millisecongds
where the excimer laser was fired akdf000 milliseconds. These data were transferred in real
time to a PC via a PCI interface board operating at 1 kHs (tletermining the 1 ms time
resolution of the experiment). These data were processe8Gyusing a custom built LabView
program before the next photolysis laser pulse; the exdaser was fired at 1/6 Hz to ensure
minimal photolysis of reaction products from the previougglisis pulse (residence time in
the reactor is 4 s). At each wavelengtithe signal recorded at 1000 points before the excimer
laser pulse were averaged and assigned(9 (intensity of the probe light), anelachlo(A)
wascompared to each of the wavelength-time points afeeexicimer laser fired, A(t). The
program calculated\l/lo for each wavelength and time pgirgiving the time-resolved

absorption signal for each wavelength.

The observed time-resolved absorption spectra (exangpl@gich can be seen in
Lewis et aﬁ obtained following photolysis of GH/O./N> contained contributions from the
CHo2l> precursor (contributing a constant and negativewing to its depletion on photolysis),
CH200 and 10 (generated by secondary chemistry). At long froassphotolysis (> 200 ms),
contributions from CHOO were minimal owing to remaV of CH,OO from the system
(primarily via R3), and the observed spectra containedibatibns from only CHl, and 10.
At wavelengths above 400 nm, the observed spectra at long piost-photolysis were thus
dominated by 10 absorbance, and a reference spectrum ford Obtained for the wavelength

grid and resolution of this experiment. This reference specivas then scaled to the observed



IO absorption peaks in the wavelength region 410-440 nm atchstdal from each absorption
spectrum recorded at 1 ms intervals throughout the readtiaming time-resolved spectra
containing contributions to the absorbance from only.l€ldnd CHOO. The CHOO
spectrum was subsequently obtained in a similar manner to swtbael by Ting et ﬁ i.e.
by subtracting an 1O-subtracted absorption spectrumaedime point (200 ms) following
photolysis (which contains only the @klcontribution owing to complete removal of &b
through bimolecular reactions) from an IO-subtracted rgitem spectrum at an early time

point (5 ms) following photolysis (which contains both £L+and CHOO contributions).

While absolute CBDOO absorption cross-sections can be determined in these
experiments, for the kinetics experiments reported gwtork, absolute concentrations are not
required. The normalised absorption spectra for.@B, CHl> and 10, determined as
described above, were fitted to the observed time-resalvsorption spectra between 300 and
420 nm at each time point following photolysis to deterntieechange in the GO signal,
which is then normalised to the maximuinl for CH,OO at ~340 nm for that particular

experiment.

Bimolecular rate coefficients were obtained by plottifigys [SOy] as shown in Figure
3 where the bimolecular rate coefficient is the gradinhe plot and the intercept accounts
for loss processes of the Criegee intermediate teahdependent of substrate (wall loss rate,

decomposition, reaction with precursor).

Results and Discussion
a) Determination of the rate coefficient for the reaction@Bl+ SQ

The bimolecular rate coefficients for reaction R3irthis study, typified by the data shown
in Figures 2 (PIMS) an8 (TRUVAS) using two different techniques, are presented rieTa
1. The errors presented in Table 1 are a combinatiorhefstatistical errors from the
bimolecular plot at thedllevel in combination with an estimated 10% systematior €from
uncertainties in flow rates, MFC calibrations etc). €basistency of the results obtained over
a range of conditions (varying total pressure, differenttfines and flow tube coatings for the

PIMS studies) suggests that variations in these experineatameters do not influence the
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reaction. Over time, the wall loss rate in the PIMPeziments has been reduced making it
easier to identify the enhancement of2O loss due to reaction with $@nd hence allowing
the use of lower concentrations of S@veraging the determinations of experiments 1-5 for
the bimolecular rate coefficient for reaction R3 gikes(3.74 + 0.43 x 10! cn?® molecule!

st for the PIMS studies. Under the substrate and radicalesdrations used in these studies,
ks can be extracted using conventional pseudo-first-orderysasialthe potential for
complications from secondary reactions is investigate&edction 1 of the Supplementary
Information. This value fordds in good agreement with many of the recently meastalegs

of ks as shown in Table 2.

Table 1: Rate coefficients, k for the reaction of CH,OO with SO, obtained from this
study at (295 = 2) K

Experiment  [SO;/molecule cri? Flow tube ks (10 moleculet cn?® s1)?
1 (0.5-9.0)x 10" Coated 3.62+0.52
2 (0.5-11.0)x 10*® Uncoated 3.60 £0.41
3 (0.5-11.0)x 10" Coated 4.02 +0.61
4 (2.5-17.0)x 10" Coated 3.78 £0.40
5 (0.5 7.5)x 102 Coated 3.70 £ 0.42
5a (0.5-2.5)x 103°¢ Coated 3.65 +0.41
5b (0.5— 1.5)x 10%3° Coated 3.46 + 0.39
6 (0.1- 1.1 x 108 TRUVAS 3.87+0.46

a Errors are a combination of statistical uncertainty fronbihmlecular plot at thed. level and
an estimated 10% systematic uncertaihtialocarbon wax, c These are the rate coefficients
determined from a bimolecular plot using datarflexperiment 5, but over different [gi®ocusing
on lower concentrations.
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Fig. 2 Bimolecular plots of the CH¥DO + SQ reaction (R3) at 295 K and a total pressure of 2
Torr He using the PIMS metho@he main figure shows data with [gQup to ~8 x 18
molecule cri¥. The red line is a weighted linear fit to the date=(R.73+0.13)x16* cn?®
molecule! s?); the green lines aresonfidence bands; the error quoted is the statistioal.e
The upper inset shows typical @PO temporal profiles at different [S{Qblack 0, blue 1.5 x
103, green 6.4 x 1§ molecule cri¥) and the lower inset shows a bimolecular plot to higher
concentrations of S{ks=(3.78+0.11)x16* cn® molecule* s?).

Figure 3 shows a bimolecular plot obtained from the TRUVét8dies with
concentrations of SOranging from (0.1- 1.1) x 10'® molecule cri# with an example of a
typical absorption profile shown in the inset. The resulivalue of the weighted bimolecular
rate coefficient, k= (3.87 + 0.4% x 10*! cm® molecule! s? (where the error represents a
combination of the statistical error and an estimaystesatic error of 10%), is in agreement
with the LFP/PIMS studies and includes the low Jp@here Chhantyal-Pun et al. observed
enhanced reactivity. The error reported in these stuslsdmbination of the statistical error
(10) in the bimolecular plo¢6%) combined with an estimated 10% systematic uncertdmty.
addition to a bimolecular analysis, we have also performgdbal analysis, treating the data

either as a mixed order decay with a contribution froenGhiegee self-reaction, or as a first
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order process. For the mixed order analysis, the retualads/for k(3.49—- 3.56 x 161 cm?
molecule! st) were insensitive to the value chosen for the rate cosfficif the Criegee self-
reaction which was varied from-1100 x 10" cm® molecule' s!, demonstrating that, as
expected, the self reaction was not contributing atadhecbncentrations of Criegee radicals
used in our TRUVAS experiments ([GBO]o = 1- 5 x 13! molecule crr).

600 ~

500 -+

< 300- '
o S 5
-, ™ oL
< o 3
200 - g
L =2
oL
gs
<
100 -
] T X
0 10 20 30
Time / ms

4 T T T Y T ! T Y T 4 ]
0.0 2.0x10"™” 4.0x10" 6.0x10" 8.0x10" 1.0x10™ 1.2x10™
5
[SO,] / molecule cm

Fig. 3 Bimolecular plot for reaction R3 obtained using lafi@sh photolysis coupled with
TRUVAS detection of CEDO. The resulting bimolecular rate coefficient is (3180.22 x
10 cm? molecule! st where the errors represent the statistical €fikgrfrom the bimolecular
fit (~6%). The inset shows a typical decay profile where thestrapresents the Criegee signal
determined from fitting spectra for GH, IO and CHOO to the observed time-resolved
absorption spectra between 300 and 420 nm, normalised to thenmeggde@bsorption at ~340
nm, as described in the main text. For this tracez][S&.5 x 10> molecule cri.
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Table 2: Literature values forsdetermined with a range of experimental techniques.

Reference Technique Pressure | [SO)/10% ks / 10
[Torr molecule crit | cn? moleculé' st

Johnson et al. 248 | GGFID® 760 (Air) | 1000 0.0004 + 0.0001
Welz et al. 203 LFP (248 nmyPIMS° 4(He) [0.4-45 3.9+0.7

LFP (248 nm)/LIE H.CO | 500 (\) | 20— 120 3.42 £0.50
Stoneetal. 201 ||y (248 nm)/PIMS 15 (He) | 1-9
Liu et al. 2017 LFP (351 nm)/LIEOH | 200 (Ar) | 0.1-0.9 3.53+0.29

LFP (266 nm) 41+0.3
Sheps 2013 ITRUVAS® 5(He) |0.5-3.0
Chhantyal-Pun et al 2-12 3.80 £ 004
2017 LFP (355 nm)/CRDS | 30(\N) | 246 + 0.99

LFP (248 nm) 30-756

- +
Huang etal. 208 | o © o (N2 2-12 3.57 +0.28
Liu et al. 2017 LFP (355 nm) /LIFOH | 10 (Ar) |0.6-2.5 3.88+0.13
This Study LFP (248 nm) /PIMS 2 (He) 0.5-17 3.74 £ 0.48"
: LFP (248 nm) .

This Study TRUVAS (N2) 0.1-1.1 3.87 +0.48

a GC-FID = gas chromatography with flame ionization detectimibFP = laser flash photolysis of
CHqlz in the presence of £c PIMS = photoionization mass spectrometry monitoring@®| d LIF =
laser induced fluorescence TRUVAS = time resolved ultra-violet absorption spectrosgopy
monitoring CHOO, f CRDS = cavity ring down spectrometry, monitoring 0. g Average of
LFP/PIMS studiesh Error is combination of statisticals) and systematic errors.

Two measurements in Table 2 standout from the remaindbe afata; the first is the
indirect study of Johnson et@and possible explanations for the low value xdétermined
in this study can be found in recent discusﬁihe second is that reported by Chhantyal-
Pun et at low [SQy] (1 x 102 moleculecm® < [SOy] < 7 x 102 moleculecni®), generating
CH.OO0O with a similar methodology as this work, but using 355 nmatiadi to photolyse
CHzl2, and monitoring the concentration of &BD in real time using cavity ring down
spectroscopy (CRDS). At high [SI(2 — 22 x 13® molecule crif), Chhantyal-Pun et al
repored ks= (3.80 + 0.04) x 18 cn?® molecule* stin excellent agreement with this and other
work (see Table 2). The authors attribute the enhancenlvetimf CH.OO at low [SQ] using
a complex forming mechanism. In this mechanism 8@y-catlysed reversible
isomerisation/intersystem crossing (ISC) reacti®, (R-4)is in competition with the CHDO
+ SOQ reaction (R3)

CH200 + SQ — HCHO + SQ@ (R3)
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CH00 + SQ = Intermediate + S© (R4, R-4)
Intermediate— Products (R5)
CH,00 — loss via #and 29 order processes (R6)

The impact this competition has on the overall reacdthemevas determined by invoking a
steady state approximatione. the rate of (R-4 + R5)>>R4p the concentration of the
intermediate product of this reaction. At high concemnatof SOp: k4[SO,] >> ks, therefore
the dominant loss mechanism of &0 under these conditionsR8. However at low $Oy],
k4[SOy] << ks, meaning that any of the intermediate formed will be quitddy via reaction
R5 and thus the reaction that forms the intermedidtesisate-determining step, R4. As a result
of this, the rate of reaction under low [§@ill be dependent uponkspecifically, the pseudo-
first order loss of CEDO is (ks + ks)[SOz] under such conditions. Thus the rate coefficient is
increased by4at low concentrations of SQOexplaining the augmentation in t6&,00 decay
observed by Chhantyal-Pun et al

As the concentration of SGn the atmosphere is generally of the order of 1 - EEIOpb
El(i.e. in the low [S@ region of the Chhantyal-Pun et al. study), it is impatrta verify this
enhanced reactivity. Before commencing our PIMS studieh@ioss of CHOO with low
concentrations of SO the decays of CHDO in the absence of any SWere carefully
examined. The decays were predominantly, but not purely fidgrosuggesting that second-
order CH,OO recombination kinetics were also making a minor doumtion to CHOO
removal. Analysing with a mixed first and second order Ipsscess allowed for a
determination of the minor second-order loss compongsihg an averaged value of 7.1 x
101! cn?® molecule! s*° 3T’E’]for the CHOO self-reaction allowed an estimate for the initial

concentration of CkDO, [CH.0OQ], to be calculated at 1.5202 molecule cri# (consistent

with our estimates from photon flux and precursor conagatr). Using the determined wall
loss rates and our estimated [{MD]o, variations in theCH.OO decays as a function of
concentration of S®Pwere simulated. These simulations showed that pseudeoridst
conditions were maintained down to [$© 4.5 x10'? molecule cri in the PIMS experiments.
There will be uncertainties in this value due to correfatio mixed order fits of the decays in

the absence of SGand uncertainties in the self-reaction kinetics, bhist éstimate provides a
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sensible lower bound for reliable extraction ofrkm the PIMS studies. Further details can be

found in the supplementary information.

The main bimolecular plot in Figure 2 shows for [SQ;] ranging from 5 x 18- 7.5
x 10"molecule crif using the PIMS technique (expt 5 in Table 1). From thistpéae appears
to be no variation in the rate coefficient with [$@nd the bimolecular rate coefficient
recorded, k= (3.70 + 0.42x 10 cn?® molecule! s?, is in agreement with other work in this
study (see inset in Figure 2 showing bimolecular plot to hi§®@], expt 4 in Table 1) and
with several other studies. Additionally, the datasetgehalso been analysed with a global
technique where all the decay traces are fitted sinmedtagly with a mixture of globa
parameters such as &nd ks, local parameters such as the signal height for dachy, and
local information such as the [S)dor each decay. Further details and example figure®ean
found in the supplementary information. Experiments Sh&mn(Table 1) show the results of
this global analysis for different concentration rangefs [SO;] focusing on lower
concentrations of [S€) There is good agreement with the results of thee@ational analysis
and no significant trend ot kvith [SGy]. The data onkfrom the PIMS studies are supported
by our TRUVAS studies which return a value efk(3.87 + 0.45x 10*! cm® molecule! st
for low concentrations of SOn the range — 12 x 13?molecule cri? molecule crif. Again,
the data from the TRUVAS show no variation in the catefficient, k, as a function of [Sg)
where the [SE] range covers the switch between the two conditidrikeoChhantyal-Pun et

al. mechanisms.

It is difficult to reconcile the data from this study @ivliconcentrations of [SPwith
the results of Chhantyal-Pun eTEhe high precision and quality of the data from Chhantyal-
Pun et al. is such that the small differences in the noxedr decays (predominantly second-
order at low [S@]) of CH20O0 could be reproducibly observed. However, simulations of the
data of Chhantyal-Pun et.d6ee Sl Section)3how that the changes in [@BIO] associated
with reaction R3 are small for a majority of the agd.e. most of the CKHDO decay at low
[SO,] is controlled by the self-reaction and the study ismsgive to kunder these conditions
(see Fig S6a). Differences in the simulated decays fiereint values of konly become more
significant (still less than 20%) at longer times (see $&p) where unknown complex
chemistry (e.g. reactions of Criegee intermediatel thi¢ products of the self-reaction or of

reaction R3) could be more prevalent and 0B8] is 30% or less of the starting value.
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Additionally, Chhantyal-Pun et al. note that their mechanis incompatible with the most
recent potential energy surface of Vereecken@aﬂi any intermediate, such as the singlet
biradical or dioxirane, would be lower in energy than @regee species thus making it
unlikely that the S@ catalysed isomerization (R4, R-4) will be in a stestife. However,
Vereecken et al. note that there are sigall.5 kJ motf) singlet-triplet splittings, e.g. close in
energy to the OCHDS(O)O biradical intermediate, and Chhantyal-Pun et al. stigge could

promote intersystem crossing to the triplet surfactempresence of SO

The combination of this work and other studies, which haeel aswide range of
detection methodologies, suggest that the mechanism ctfoedR3 is independent of the
concentration of sulfur dioxide and that at 29% Kean pressure independent value 10f k
(3.76 + 0.14) x 18 cm® molecule! s? (from the two determinations of this work, the high
[SO;] values of Chhantyal-Pun et al. and #é%'21926and where the error represents 95%
confidence limits), can be used in atmospheric modellingegudi

b) Yield of CHLCHOO from the reaction of G&HI with O, measured with LFP/PIMS

The G Criegee intermediate was formed by reactions analogous$e tused to generate
CH00:

CHsCHI2 + hv — CH3CHI + | (R7)
CHsCHI + O, — CH:CHOO + | (R&)
CHsCHI + O, + M — CH3CHIO2 + M (R®)

Monitoring | atom production (at m/z 127) in the presence asdrade of oxygen allows for
the determination of the Criegee intermediate yielthfreaction R8. In the absence of oxygen,
photolysis leads to the rapid formation of a constatbi signal (lower trace in the inset to
Figure 4); the corresponding | atom concentration shoeldedual in magnitude to the
concentration of CHCHI formed in the photolysis pulse. Addition of oxygendedo the
production of further | atoms from reaction R8a with tladm signal reaching a new, higher
concentration (upper trace in the inset to Figure 4). Onirtlesstale of our studies | atoms are
not lost via wall or recombination reactions. If reacti®8a accounted for 100% of GEHI

removal, then the | atom signal would double in the presehexcess oxygen. Analysis of the
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long time (>1 ms) | atom signal using a first order fitthe absence and presence of oxygen,
directly yields the branching ratio of Criegee intermedia reaction R8 which is determined
as 0.86 £ 0.11 at 2 Torr of helium. The earlier studfeStone et efEIto determine the yield
of CH.OO0 from reaction R2 used | atom resonance fluorescencertibtaml atom production
and hence were able to operate over a wider range of e$surd50 Torr). A Stern Volmer

analysis of CHOO production suggests a yield of @P close to unity at 2 Torr of H@llz

For reaction R8, it might be expected that, becausehefldrger size of the activated
CHsCHIO>* species formed in reaction R8 compared to 40# (formed in reaction R2), the
unimolecular rate coefficient for decomposition toCHOO + | should be slower than the
corresponding decomposition to &BD, allowing for more stabilization toward reaction R8b
Stone et al. estimated an 18% vyield of O at 1 bar and therefore it is possible that
biogenically active marine environments, where> Rmissions are significant, GEO
production may be relevant. However, by analogy, ourtesduld suggest that GBHOO
production would be less likely. Determinations at higher presswould be required to
guantify atmospheric yields of GBAHOO production.
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Fig. 4 Bimolecular plot of the CECHI + O.reaction and a weighted fit to the data. The error gliste
from statistical errors at thaslevel. The insert shows an example of an | atom experah@ace in

the absence (blue) and presence (purple) of oxygen (6.1 mde@cule cri).

The kinetics of reaction R8 were monitored in the PIMStesm by following the
production of | atoms at m/z = 127 in the presence of varywogss concentrations of oxygen
and the resulting bimolecular plot is shown in Figure 4 fite coefficient for reaction R8 at
~1 Torr was determined ask (8.6 + 2.2) x 10? cn® molecule! s*. Here the error represents
the statistical error (~15%) and a larger systematimr @f 20%. The | atom signals have a
long-time growth possibly due to 10 recombination (formederosdary chemistry following

CHsCHIO: recombination), which can be decoupled from the kineffi¢&8, but increases the

uncertainty of the analysis.

The rate coefficient for reaction R8 has only previolsgn measured by Sheps et
alﬁl who reported= (8.0 = 0.8) x 182cm® molecule! st in good agreement with the current
work. The value of the rate coefficient for the reatbf CHsCHI with Oz is significantly faster

than the corresponding:©CH:l reaction with Q@ (R2), CHzl + O — products; k= (1.67 +
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0.08) x 10* cn? molecule* s‘ﬂ (1.58 + 0.22) x 1¢? cn? molecule! s-lm (1.6 £0.2) x 10
12 e moleculét s‘llfland (1.40 + 0.35) x 1% cn? molecule! s‘ﬂ.

c) Determination of the rate coefficient for the reaction GyisCHOO + SQ

Figure 5 shows the bimolecular plot for the studZbtCHOO withSO, (R9) obtained using
LFP/PIMS with the same methods as for the LFP/PIM8ysbf R3

CHsCHOO + SQ — Products (R9)

As mentioned above, the PIMS system used in this studhalsleito differentiate between the
syn and anti-conformers of GAHOO, but the earlier work of Taatjes eﬂ&tyn:anti =9:1)
and Sheps et (syn:anti = 3:1) suggests that our €EHOO signal at m/z = 60 should be
dominated by the syn-conformer. The signal to noise ratithiese studies (~3:1, see Figure
6) was lower than for the study of R3 (~10:1, see inset to Fijuas the lowr volatility of

the CHCHI. precursor compared to GHmeans that it was difficult to get the same precursor
concentrations into the flow tube. The rate coefficeetiermined for reaction R9 at-12.5
Torr, k = (1.7 £ 0.2) x 18* molecule! cm® s, with the error quoted tocl is compared with

the literature values shown in Table 3.

Table 3: Recent evaluations of & from literature

13
Reference Technique Pressure [SOA/10 ) ke/ 10™ cr? st
[Torr molecule cri?

Taatjes et 4]

- +
2013) LFP/PIMS 4 (He) 1-5 24403
Smithetd®]  oroivA 15200 N) 155 - 600 20403
(2014)
Sheps et §f]

— +

(2014) LFP/TRUVA 20 (He) 0.8-4.8 2.9+0.3
This Work LFP/PIMS 2 (He) 2.9 17403

a— values are taken for the syn conformer if conformer fpeafata are availabld — Error is statistical error at

the I level combined with an estimate of systematic uacgies
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Fig. 5 A bimolecular plot of the reaction between {{HHOO and S@ The error quoted is
propagated using the random errors quoted from the expésiaiefic). An example of a
CHsCHOO decay trace is shown in Figure 6.

Our determination ofdkis slightly lower than that of either Taatjes eEIat Sheps et
aIF_gI but does overlap with the study of Smith eﬁ_’}a&ll determinations report a lower value
for the rate coefficient compared to &BD, but only less than ~factor of two, such that if the
rate coefficient for syl eHs:CHOO with water or water dimer is sufficiently slow, theyn-
CHsCHOO could possibly contribute to atmosphe3io,; oxidation. The conformer specific
PIMS studies of Taatjes et al. reported similar rate aoeffis for the reaction of the two
conformers with S@whereas the TRUVAS studies of Sheps adaport the anti conformer
reacting almost a factor of 10 faster. Our studies measumerall rate coefficient for both
conformers present; if there is a significant diffeeeirc conformer reactivity, our low value
for the rate coefficient suggests that §HsCHOO is the dominant conformer in our

experiments.
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From Figure 5 it can also be seen that the y-interdapelot is small (~150°9; the
y-intercept of the bimolecular plot (Figure 5) is equal t@athe G Criegee intermediate loss
processes, which includes wall losses, self-reaction andmpesition. Notably, this means
the rate of decompositiong, knust be less than 158;ghis is lower than the determination by
Newland et ﬁof (288+275) 3 for the syn-conformer although the large error barsveolap
with our current estimate. Moreover, by analogy with@&0OO0O studies, the wall losses in
the system are thought to contribute significantly tovidlae of the y-intercept ki = 50 s™.

If this evaluation of ki is accurate, it suggests that the rate of decompositishime less than
ks = 50 s?; this estimate is of the same order as an earlmuation of 3 < k(s') <30, made
by Novelli et a

The contribution of CECHOO to SQ oxidation in the atmosphere will depend on the
products of reaction R9. Reactions of Criegee intermesliatth SQ have been postulated to
proceed via the formation of an excited ozonide speclesvied by decomposition to SE?I
and the corresponding carbonyl the dominant route for {CCriegee intermediates, or

stabilization.
CHsCHOO +SO; — CH3CHO + SQ (R%)
CHsCHOO + SQ + M — Stabilized ozonide (R9

A major advantage of using the PIMS set-up is that mellspecies may be monitored
simultaneously; whilst it is not possible to monitor &it&€&: or HCHO with our apparatus due
to their inaccessible ionization potentials (IP), we datect CHCHO (m/z = 44, IP = 10.22
e\m. Figure 6 shows the time dependence of the signals at Bz(CHCHOO) and 44
(CH:CHO). There is a small prompt signal at sz shortly following the photolysis laser
pulse, but thereafter the signals at m/z = 44 and 60 appearantibcorrelated in time. The
prompt signal could possibly originate from the reactiba small amount of C¥CH carbene
formed during the photolysis process and a subsequent fatbmeadith O, or from an
analogous reaction to the minor yield of HCHO +10 in thieespondingCHzl + O reactiovm
EIA global analysis of the GEHOO decays and GE&HO production yields a rate coefficient
for reaction R9of ko= (1.3 £0.3) x 10! molecule! cm?® s! with the large error(1c)
originating from a sensitivity of the fit to the prompt m¥/Z14 production. The objective of

product monitoring is not to determine a more precise or aecuade for k but rather to
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show that the data are consistent with direct produ@@nfrom reaction R9. Using higher
energy ionization photons at 13 eV, Taatjes Ervatre able to observe the direct production
of SGs in their LFP/PIMS study of reaction R9, consistenhwlite observation of acetaldehyde

in this work.
= m/z=44
; * m/z=60
6 1 —— fit, k' = (700 +/- 160) s™ |,
c 1 . fit, k' = (712 +/- 110) s™
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Fig. 6 A plot showingCHsCHOO decay (m/z = 60, blyand the simultaneous formation of a
species at m/z = 44 (redjtributed to acetaldehyde. [SJG- 3.2 x 16 cm® molecule! s

If reaction R9 occurs via a similar mechanism to the@®l + SQ reaction, then at
the low pressures of this study, one would expect 100% aekyald production (R9a) with
no stabilization component (R9b). Without a suitableatitn reaction directly linking
CHsCHOO and CHCHO and with uncertainty as to the initial absolute §CHOQ], it is not
possible to determine the yield of acetaldehyde accuratelyever from the following
arguments, we estimate that €HHO is the dominant product. In the absence o, SO

acetaldehyde was observed to form at rate equal to thegptén Figure 5, ~150's Assuming
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that acetaldehyde is only formed from the self-reactienqisd order kinetics) and not wall
loss (first order kinetics), then our approximately exptiaeproduction of acetaldehyde limits
the fraction of Criegee reacting via self-reaction to apipnately 30%. This is consistent with
a self-reaction rate coefficient of ~7 x#@m® molecule' s* (CHOO self-reaction rate), a
wall loss rate of 100°sand [CHCHOOL = 7 x 13* molecule crif. When a high [S€) (> 3 x
10" cm?® molecule' s?) is added to the system a greater fraction, ~75-90%, aC8B0
reacts with S@ The resulting acetaldehyde signal is approximately timeses greater than in
the absence of SOwhen only 30% of CECHOO generates acetaldehyde, consistent with a
majority of reaction R9 leading to acetaldehyde productiea &pplementary informatipn
section 5). This estimate of the dominanceCézCHO + SQ production at low pressures
would be consistent with the calculations of Vereeckeal (>80 % CHCHO + SQ
production at 4 Torr), however, Vereecken et al. show thatraispheric pressure 97% of the

secondary ozonide is collisionally stabilized

Conclusions and Atmospheric Implications

The kinetics of the reaction of GEO with SQ has been measured at (295 + 2) K using laser
flash photolysis to generate stabilized Criegee interrteediih the reaction being monitored
by both photoionization mass spectroscopy and time-resdedbsorption spectroscopy.
The rate coefficients determined using both methodsiagead agreement with a majority of
the literature data and there is no evidence of enhasgeai the rate coefficients under

conditions of low S@as proposed by Chhantyl-Pun efl.

The rate coefficient for the reaction of &FHI with oxygen is determined as % (8.6
+ 2.2) x 102 cm® molecule! s* and the yield of CECHOO is determined as 0.86 + 0.4t12
Torr of helium. The rate coefficientg, ks enhanced by a factor of ~4 from the equivalent C
reaction. The yield of | atom is lower than the equine@ process, as might be expected from
a larger system where stabilization of the Rl{@termediate is expected to be relatively more

efficient than | atom elimination.

The reaction of the £Criegee, CHCHOO with SQ, determined via LFP/PIMSs

slightly slower than the counterpart, in agreement with trends observed in sthdies:|*°
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The absolute rate coefficient for the reaction oBCHOO with SQ, ke = (1.7 +0.3) x 10*?
cn?® molecule! s?, is in agreement with the recent study of Smith Elahd close to that of
Taatjes et zEIand Sheps et W Direct comparisons are not always appropriate as differe
experiments will have variable sensitivities to different oomiers of the & Criegee
intermediate and there may be a pressure dependenaea€ton R9, a good correlation is
observed between GBHOO removal and C}HO production and C¥HO is estimated to

be the dominant product under our experimental conditions

In the atmosphere, for sypHsCHOO, reaction with either water dimer or monomer is
expected to be slow. The rate coefficient withh &Xlightly lower than the Gequivalent, but
is still fast enough that reaction R9 may still conttébto sulphate formation. For example,
under relatively cool and dry conditions (relative hutgidf 50%), reaction R9 could account
for ~5% of G Criegee removal, although reaction with water (monoonelimer) are still the
main processes for.{Criegee intermediate removal (see supplementary irfioom section
6, for further details). In addition to thirge discrepancies between modelled and measured
H>SQOy concentrations in a Finnish boreal forest imply an unebgoeincrease in Sxidation.
It has been postulated that this oxidation may be caused bgr@isced by monoterpene
ozonolysiﬂlndeed, one recent study suggests that on a regiota| g@impact that Criegee
chemistry may have on p8Qy] is significanF'_'gI and further work to investigate the kinetics,
products and mechanisms of higher Criegee intermediatesufsly at higher pressures, is

still required.
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