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ABSTRACT: Criegee intermediates (Cls), mainly formed from gas-phase ozonolysis of alkenes, are considered as atmos-
pheric oxidants beside OH and NO; radicals as well as ozone. Direct ClI measurement techniques are inevitably needed
for reliable assessment of CI”s role in atmospheric processes. We found that Cls from ozonolysis reactions can be directly
probed by means of chemical ionization mass spectrometry with a detection limit of about 10*- 10° molecules cm. Results
from quantum chemical calculations support the experimental findings. The simplest Cl, CH,OO, is detectable as adduct
with protonated ethers, preferably with protonated tetrahydrofuran. Kinetic measurements yielded k(CH,OO + SQO,) =
(3.3 £ 0.9) x 10 and k(CH,OO0 + acetic acid) = (1.25 = 0.30) x 10® cm® molecule™ s* at 295 + 2 K in very good agreement
with recent measurements using diiodomethane photolysis for CH,OO generation. Cls from the ozonolysis of cyclohex-
ene, acting as surrogate for cyclic terpenes, are followed as protonated species (CI)H* using protonated amines as reagent
ions. Kinetic investigations indicate a different reactivity of cyclohexene derived Cls compared with that of simple Cls,
such as CH,OO. It is supposed that the aldehyde group significantly influences the CI reactivity of the cyclohexene de-
rived Cls. The direct Cl detection method presented here should allow to study the formation and reactivity of a wide

range of different Cls formed from atmospheric ozonolysis reactions.

1. INTRODUCTION

The gas-phase ozonolysis of alkenes in the atmosphere
forms thermalized Criegee intermediates (Cls), which
further react via unimolecular steps or bimolecular reac-
tions with water vapor and trace gases."* Cls are believed
to play a significant role as atmospheric oxidants, espe-
cially for the oxidation of SO, forming H,SO4.2° Due to
the complexity of the ozonolysis reaction, the determina-
tion of reaction parameters, such as Cl formation yields
and rate coefficients, is very challenging.? Kinetic meas-
urements based on indirect methods lead to rate coeffi-
cients of Cl reactions, which are in most cases affected
with high uncertainty.®

A breakthrough in the kinetic measurements has been
achieved by using diiodomethane photolysis for CH,OO
generation coupled with direct Cl probing by means of
synchrotron photoionization mass spectrometry. For
CH,00 + SO, a rate coefficient of (3.9 + 0.7) x 10! cm?
molecule? s at 293 K was obtained being orders of mag-
nitude higher than reported before.” A series of following
kinetic studies, using the same approach for CH,OO gen-
eration but with different spectroscopic detection tech-
niques, confirmed this large rate coefficient.® The diio-

doalkane photolysis technique has been successfully ap-
plied for CH;CHOO and (CH3),COO studies as well.%°
However, it remains questionable whether this approach
will be applicable for a wide range of Cls due to the lim-
ited availability of the corresponding diiodoalkanes.

While the direct observation of CH,OO from ethylene
ozonolysis for high reactant concentrations was ex-
plained" and a few CI trapping methods are available,??
direct CI detection from ozonolysis reactions for close to
atmospheric conditions has not been reported so far. The
mass spectrometric and spectroscopic methods, as used
for the Cl measurements in the photolysis experiments,’#
seem to be not sensitive enough for this task. For alkene
ozonolysis, steady-state Cl concentrations are expected
on the order of 108 molecules cm or (clearly) smaller
depending on the chosen reactant concentrations, see
below.

Here we report on a direct and sensitive CI measure-
ment technique based on atmospheric pressure - chemi-
cal ionization mass spectrometry that meets the require-
ments to probe Cls from atmospherically relevant ozonol-
ysis reactions. Selected kinetic measurements were car-
ried out to demonstrate the usability of this technique.
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Quantum-chemical calculations provided the needed
proton affinities for a series of compounds as given in
Table 1 and information on cluster stabilities.

2. EXPERIMENTAL

2.1. Free-jet flow system. The experiments have been
conducted in a free-jet flow system at a pressure of 1 bar
purified air and a temperature of 295 * 2 K.®® The reaction
time was 7.9 s in all experiments. This set-up allows the
investigation of oxidation reaction for atmospheric condi-
tions in absence of wall effects.

The free-jet flow system consists of an outer tube
(length: 200 cm, inner diameter: 15 cm) and an inner tube
(outer diameter: 9.5 mm) equipped with a nozzle. Ozone
premixed with the carrier gas (5 L min* STP) is injected
through the inner tube into the main gas stream (95 L
min STP), which contains the second reactant (ethylene
or cyclohexene). Large differences of the gas velocities at
the nozzle outflow (nozzle: 15.9 m s*; main flow: 0.13 m s
1) and the nozzle geometry ensure rapid reactant mixing
downstream the nozzle. Gas sample taking was carried
out from the centre flow. The diffusion processes at 1 bar
air are too slow to transport a significant fraction of the
reaction products out of the centre flow toward the walls
within the reaction time of 7.9 s.

Ozone was produced by passing 2 L min* (STP) air
through an ozone generator (UVP OG-2) and blended
with carrier gas to a total flow of 5 L min (STP) taken as
the feed for the inner tube. The ozone concentration after
reactant mixing was followed at the tube outflow by
means of a gas monitor (Thermo Environmental Instru-
ments 49C). The concentration of cyclohexene was de-
tected using a proton transfer reaction mass spectrometer
(lonicon, PTR-MS 500).* Initial ozone concentrations
were in the range (7.1 - 67.4) x 10° molecules cm?, eth-
ylene: (4.3 - 4660) x 10" molecules cm and cyclohexene:
(1.0 - 12.2) x 10*? molecules cm-?

2.2. Chemical ionization mass spectromentry. Cl de-
tection was carried out using a CI-APi-TOF mass spec-
trometer (chemical ionization - atmospheric pressure
interface - time-of-flight; Airmodus, Tofwerk) sampling
the centre flow from the flow system through a sampling
inlet (Iength: 28 cm, inner diameter: 1.6 cm) with a rate of
10 L min (STP).2 Used reagent ions XH* were protonated
ethers, i.e. X = tetrahydrofuran or diethylether, or proto-
nated amines, X = n- or tert.-butylamine or diethylamine.
The reagent ions were produced in a 35 L min (STP) flow
of purified air containing (8.4 — 30) x 10" molecules cm
of the corresponding reagent ion precursor X. The relative
humidity of the air was held at about 1 %. lonization was
carried out with the help of a 2!Am source. Formed rea-
gent ions were guided into the sample flow, 10 L min!
(STP), by an electric field. Reaction time for the ion-
molecule reaction was 200 - 300 ms.

Normalized signals were obtained by dividing the
measured signals of the protonated CI, (CI)H*, or the

adduct with the reagent ion, (CI)XH*, by the sum of the
signals of the reagent ions XH* and X;H".

The mass spectrometer voltage settings were optimized
for low fragmentation in order to achieve maximum sig-
nal intensity of the desired cations. Mass to charge values
are given using the Thomson unit (Th) where 1 Th =1 u/e.

2.3. Kinetic analysis. The measureable concentration
of thermalized Criegee intermediates (CI) under condi-
tions in the absence of the ClI self-reaction and bimolecu-
lar CI reactions with other reaction products is governed
by its formation step and the unimolecular decomposi-
tion:

O; + alkene - yiCl + ... ®

Cl - products ()]

The value y; stands for the CI formation yield. In the pres-
ence of an additive X, the Cl is additionally consumed by
the reaction with this species.

Cl+X - products ?3)

The solution of the resulting differential equations for
pathways (1) — (3) leads to the expression:

[c] = =Gt LDy, K, 0] [alkene] ()

The ratio of the CI concentration (or the CI signal) in
presence and absence of the additive X for otherwise
constant reaction conditions is given by equation (l1):

kp 1—exp(=(kz+ k3[X]) t)
ky+ k3[X] 1-exp(—kj t)

[Cl]x/[Cllx=0 = (n

For t > 3/k, equation (II) becomes independent of t for
practical application and can be simplified in accordance
with the steady-state approximation for ClI:

1
k3
1+ E[X]

[Cl]x/[Cllx=0 = (1

2.4. Determination of reacted ethylene and cyclo-
hexene. The reaction conditions in the free-jet experi-
ments (reactant conversion: << 1%) did not allow to
measure the amount of converted hydrocarbon. Concen-
trations of converted ethylene and cyclohexene from the
ozonolysis reactions were calculated from the measured
reactant concentrations and the reaction time t according
to:

A[ethylenE] = kl,ethylene X [03] X [C2H4] x t (lV)
Afcyclohexene] = Kicyclohexene % [O3] x [c-CeHio] x t (V)



The rate coefficients at 295 K were taken from the litera-
ture®: (unit: cm?® molecule?® s1) kiethylene = 1.58 x 1078,
kl,cyclohexene =7.46 x 10",

2.4. Quantum-chemical calculations. Proton affini-
ties and selected ion-molecule binding enthalpies were
computed using ®B97X-D/aug-cc-pVTZ*® geometries and
thermal enthalpy contributions together with CCSD(T)-
F12a/VTZ-F12" single-point energy corrections. ®B97X-D
calculations were performed using Gaussian 09 Rev.
D.018, while the coupled-cluster calculations were per-
formed using Molpro 2012.1°. See the SI for full computa-
tional details including the configurational sampling
approach.

3. RESULTS AND DISCUSSION

3.1. CH,00. Beginning with CH,OO, the primary idea
was to detect the ClI as protonated species (CH,OO)H*
formed via XH* + CH,O00 — (CH,OO)H* + X. Due to
CH,00QO’s relatively high proton affinity (PA) of 850 -
855 kiJ/mol a reagent ion precursors X with an accordingly
high PA can be applied to ensure a selective ionization
process (Table 1).2%% (Only substances with a PA higher
than that of X can be protonated.)

Table 1. Calculated proton affinities (298.15 K) for the
studied species and available literature data.

Species Proton affinity, ki/mol
Tetrahydrofuran (THF) 826.5; 822.1%
Diethylether 824.8; 828.4%
CH00 855.7; 850.6 20
Formic acid 742.3; 74202
Dioxirane 657.3
n-Butylamine 921.4; 92152
tert.-Butylamine 932.7; 934.12
Diethylamine 951.8; 952.42
syn-OHC(CH,).CHOO 970.5
anti-OHC(CH,).CHOO 987.1
OHC(CH,),COOH 884.7
Ce-Dioxirane 849.5
syn-/anti-SOZ 774.7 1 *
cis-VHP 850.1 or 867.2 8
trans-VHP 833.20r 882.38

* anti form decomposes after protonation

§ for explanations see the SI

Tetrahydrofuran, PA = 822 - 826 ki/mol, was found to
form the reagent ion XH* = (THF)H* with good purity
under our reaction conditions. The experiments revealed

that the reaction (THF)H* + CH,OO predominantly yield-
ed the adduct (CHOO)(THF)H"*. The formation of this
adduct and of the protonation product (CH,OO)H"* with a
ratio of ~45 strictly followed the expected CH,OO genera-
tion and was not influences by adding propane as OH
radical scavenger (Figure 1).

It is assumed that the signal at nominal 47 Th exclusive-
ly stands for (CH,OO)H* since the isobaric reaction prod-
ucts formic acid and dioxirane cannot be protonated due
to their distinctly lower PAs (Table 1). The binding en-
thalpies of formic acid and dioxirane to (THF)H* are also
significantly weaker than that of CH,OO (see the SI),
implying that other adducts than (CH,OO)(THF)H*, if
formed at all, are unlikely to be efficiently detected by the
instrument.
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Figure 1. Measured ion traces at the nominal mass of
47 Th, (CH,O0)H*, and at 119 Th, (CH,OO)(THF)H*, as a
function of different reactant conditions. A measurement
cycle comprises 60 s signal accumulation. Reactant con-
centrations are: [O3] = 6.6 x 10%; [CoH4] = 1.0 or 4.6 x 10%;
[CsHg] = 8.6 x 10% molecules cm3,

We experimentally tested the possible detectability of
formic acid by means of (THF)H* as the reagent ion. Nei-
ther a significant signal of the protonated formic acid nor
a signal of the adduct with (THF)H* was observed for
formic acid concentrations in the reaction gas of up to 1.9
x 10" molecules cm (SI Figure Sl). This finding supports
the chosen ionization scheme as a selective way for the
detection of CH,OO in line with the theoretical calcula-
tions.

In a few experiments, diethylether with almost the same
PA, was taken for the reagent ion production instead of
THF. The non-cyclic ether was found to work in a similar
way for CH,OO detection as shown for THF. No further
reagent ions were tested.

3.1.1 Steady-state concentrations and detection lim-
it. We measured the CH,OO adduct signal with (THF)H*,
(CH,O0)(THF)H*, as a function of reacted ethylene by
varying either ethylene for a constant ozone concentra-
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tion or vice versa. For an ethylene conversion < 108 mole-
cules cm3, both measurement series gave a joint straight
line indicating the absence of significant bimolecular
steps for CH,OO consumption (SI Figure S2). CH,OO
concentrations for these measurements series were calcu-
lated according to equation (I) for [X] = 0 taking into
account a CI formation yield of 0.40%, the reaction time
of 7.9 s and kachz00 = 0.19 s B2 (Figure 2).
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Figure 2. CH,OO adduct signal, (CH.OO)(THF)H"*, as a
function of calculated CH,OO steady-state concentration.
Open symbols stand for a series using a constant ethylene
concentration of 1.04 x 10® molecules cm® and variable
ozone concentrations of up to 6.1 x 10" molecules cm?.
The closed symbols represent results for a constant ozone
concentration of 6.55 x 10" molecules cm and ethylene
concentrations of up to 1.04 x 10® molecules cm-.

A CH;OO0 detection limit of better than 10° molecules
cm can be stated for a 10-minute integration time con-
sidering a measureable change of the normalized CH,OO
adduct signal of about 105

Furthermore, from the slope, normalized CH,OO ad-
duct signal vs. [CH,OQ] in Figure 2, a calibration factor f
= (4.8 £ 0.2) x 10° molecules cm? can be obtained;
[CH,O0] = f x normalized adduct signal. The calibration
factor f is defined according to equation (VI), where K is
the rate coefficient of the ion-molecule reaction (IMR), t
the IMR reaction time and the term fi,e considers the
sample loss in the sampling tube.

f=1/(kxtxfiner) (v

With t = 200 - 300 ms and fine: = 0.88 %, the rate coeffi-
cient of the ion-molecule reaction, (THF)H* + CH,OO, k
= (7.6 - 12.4) x 10° cm?® molecule™ s* is calculated from the
experimentally observed calibration factor f. This k-value
is close to the collision limit of typical ion-molecule reac-
tions.?

On the other hand, further increase of the ethylene
conversion up to 4 x 10° molecules cm by increasing the
ethylene addition leads to a distinct curvature of the
CH,0O0 adduct signal due to the rising importance of the
CH;0O0 self-reaction and other CH,OO consuming reac-
tions with oxidation products or ethylene itself (SI Figure
§3).%24 This experiment demonstrates the self-limiting,
steady-state Cl concentrations from ozonolysis reactions
resulting in a maximum CH,OO concentration of about
3 x 108 molecules cm3 in this case.

3.1.2. CH,OO0 Kkinetics. Kinetic measurements of the
reactions of CH,OO with SO, and acetic acid have been
conducted under conditions of an ethylene conversion
< 10® molecules cm?, i.e. in absence of unwanted bimo-
lecular CH,OO steps (Figure 3). Hence, the CH,OO con-
sumption was governed by the unimolecular decomposi-
tion and the reaction with the additive according to
pathways (2) and (3). The reaction of CH,OO with the
additives was followed by monitoring the CH,OO adduct
signal, (CH,OO)(THF)H", for rising concentrations of the
additives.
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Figure 3. Kinetic measurements: (CH,OO)(THF)H* ad-
duct signal as a functions of added SO, or acetic acid. The
lines represent the best-fit results of data analysis.

Applying kzchzoo = (0.19 £ 0.07) s ¥ and the reaction
time t =7.9 s, the rate coefficient k; was determined from
the decreasing CH,OO signal for rising additions of the
additive X according to equation (Il). Nonlinear regres-
sion analysis for the determination of k; was carried out
with Kacre0o = 0.19, 0.12 and 0.26 s in order to take ac-
count the uncertainty of the input parameter kycrz200 for
the determination of ks. In the regression analysis the
value [Cl]x=o in equation (Il) was set as free parameter.
The results of the data analysis are summarized in Table
2. The stated final value of k(CH.OO + SO,) represents a
mean value and the given uncertainty comprises the
whole range of uncertainties as obtained from the range
of kZ,CHZOO- The value k(CHzOO + SOz) = (33 + 09) x 101
cm?® molecule™ st is in good agreement with the results of
direct CH,OO detection methods using diiodomethane
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photolysis for CH,OO generation, which span a range of
(3.3 - 4.1) x 10" cm® molecule? s* at room temperature
with individual uncertainties of up to 18%.72 For the reac-
tion with acetic acid we measured k(CH,OO + acetic acid)
= (1.25 £ 0.30) x 10° cm® molecule® s being in good
agreement with the literature data of (1.2 = 0.1) x 10° or
(1.3£0.1) x 10 cm® molecule* s1.°

Table 2. Results of data analysis from the Kinetic
experiments of the reaction of CH,OO with SO, or
acetic acid

ka,cH200 ks = k(CH,00 + SOy)
(1) (cm? molecule! s)
higher initial 0.19 (3.16 £0.16) x 101
CHO0
0.12 (2.71+£0.12) x 10"
0.26 (3.69 £0.21) x 10!
lower initial CH,OO0 0.19 (3.43+0.15) x 101
0.12 (2.91+0.11) x 10"
0.26 (4.02+0.19) x 101
average (3.3+£0.9) x 101
ks = k(CH,0O0 + acetic
acid)
(cm3 moleculetst)
0.19 (1.23+0.10) x 1010
0.12 (1.04 £ 0.09) x 1010
0.26 (144 +0.11) x 100
(1.25+0.30) x 1010
3.2. C» and Cs;Criegee intermediates. The

CH3;CHOO, (CH3),CO0 and CH;CH,CHOO Criegee In-
termediates were found to have proton affinities around
40-80 kJ/mol higher than CH,O0. However, their clusters
with (THF)H* were found to be significantly less stable
than (CH,OO)(THF)H* (see the SI). No experimental
effort was undertaken for a selective probing of the C; and
Cs Cls.

3.3. Cs-Criegee intermediates from the ozonolysis of
cyclohexene. Next, we turned to the detection of Cls
arising from cyclic alkenes, such as from the terpenes a-
pinene and limonene, selecting cyclohexene as the sim-
plest surrogate. Again, the idea was to probe the Cls as
protonated species (C)H*, XH* + CI —» (CDH* + X. Ex-
pected Cls from cyclohexene ozonolysis are the syn- and
anti-conformers OHC(CH_),CHOQO?% with a calculated PA
of 970.5 and 987.1 ki/mol, respectively. A series of amines,
i.e. n- and tert.-butylamine and diethylamine with PAs in
the range of 921 - 952 kJ/mol, appeared to be well-suited
precursors for the reagent ions XH* (Table 1).

The exceptionally high  proton  affinity of
OHC(CH,)4CHOQO is related to strong electrostatic inter-
actions between the aldehyde-group oxygen and the

Criegee-group carbon in the OHC(CH_)4,CHOOH" cation,
as illustrated in Chart 1. This 7-membered ring stabilizes
the cationic form by several tens of ki/mol.

Chart 1. Lowest-energy structures of the neutral (left) and
protonated (right) anti-OHC(CH.),CHOO Criegee inter-
mediate. The distance between the aldehyde-group oxy-
gen and the Criegee-group carbon is given in Angstrom.

A linearly rising signal with increasing cyclohexene con-
version was observed at nominal 131 Th for protonated
Cls, (ChHH*, using the corresponding aminium cations
XH* generated from of the chosen amines (Figure 4).
Almost identical signal strengths emerged for n- and tert.-
butylammonium while for diethylammonium the signals
were substantially weaker. It can be speculated that in the
latter case merely a fraction of the Cls, maybe the anti-
conformer only, was efficiently protonated due to the
relatively high PA of diethylamine. For n- and tert.-
butylammonium, however, the good agreement of the
signal intensities points to an overall probing of both
conformers by each amine. Isobaric C¢H10O3 products like
the aldehyde group containing acid (OHC(CH,)s.COOH),
the dioxirane, possible secondary ozonides (SOZ) or vinyl
hydroperoxides (VHP)? cannot influence the (CI)H* sig-
nal due to their relatively low PAs, which do not enable
protonation under the chosen conditions (Table ! and
explanation in SI).
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Figure 4. Normalized signal of protonated Cls, (CI)H*, at
nominal 131 Th, syn- and anti-OHC(CH_),CHOO in total,
as a function of reacted cyclohexene. Reagent ions are
different protonated amines.



It should be noted that besides the protonated Cls a
considerable signal at the adduct mass (CsHioO3)(X)H*
emerged for all aminium ions (X)H* as well. It was impos-
sible to get a measureable signal reduction by addition of
SO, or other CI reactants. Thus, other products than the
Cls must be responsible for these signals.

3.3.1. Kinetic experiments. The disappearance of the
total syn- and anti-OHC(CH_),CHOO signal, (CI)H*, was
measured for different additives using tert.-
butylammonium as the reagent ion (Figure 5).
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Figure 5. Kinetic measurements: Total signal of protonat-
ed syn- and anti-OHC(CH),CHOO, (CI)H*, as a func-
tions of added SO, acetone or acetic acid. Tert.-
butylammonium served as the reagent ion. The lines
represent the best-fit results of data analysis.

The data analysis has been perform using equation (I11)
and the value [Cl]x=o was set again as free parameter in
the regression analysis. The resulting rate coefficient
ratios are k(Cs-Cl + add) / ksce-ci = (8.0 £ 0.7) x 103, (3.8 £
0.5) x 108 and (5.7 £ 0.5) x 10** cm® molecule! for the
additives SO,, acetone and acetic acid, respectively. The
best-fit curves are able to describe the experimental data
very well in the whole measurement range. This fact indi-
cates that either the rate coefficient ratios of the syn- and
anti-conformer are similar or that one conformer domi-
nates the total amount of the Cls. The observed CI reac-
tivity order from these measurements is k(Cs-Cl + SO,) /
k(Cs-Cl + acetone) / k(Cs-Cl + acetic acid) =1/0.48 /
0.07 being clearly different compared with that of
CH,00, i.e. 1/0.01/ 3.7.78224 At the moment it is hard to
give a justifiable explanation for this discrepancy. The
calculations and measurements demonstrate that the
aldehyde group in the cyclohexene derived Cls has a large
effect on the proton affinity. It is thus not unreasonable to
suppose that it could also significantly influences the CI
reactivity toward various trace gases.

3.3.2. Detection limit. A rough estimate has been done
concerning the steady-state Cq-Cl concentrations, syn-

and anti-conformer in total, based on the measurements
with tert.-butylammonium taking account of a Cl yield of
0.03%125, The needed rate coefficient kscs.ci Was set at 125
s for both conformers based on available data for syn-
and anti-CH;CHOO.?8 According to that, estimated Cs-Cl
concentrations according to equation (I) for the meas-
urements given in Figure 5 are in the range of 10° - 10°
molecules cm3. Therefore, a detection limit of about 10*
molecules cm= or better can be assumed considering a
measureable change of the normalized (CI)H* signal of
about 10 for a 10-minute integration time. Such a detec-
tion limit is in line with the corresponding limits for other
organic compounds using a similar mass spectrometric
technique.®

4. Conclusion

In summary, we have experimentally demonstrated the
direct probing of thermalized Criegee intermediates (CIs)
formed from the gas-phase ozonolysis of alkenes for close
to atmospheric reaction conditions. The analysis has been
carried out by means of chemical ionization mass spec-
trometry using protonated ethers or amines as reagent
ions. A Cl detection limit of about 10 - 10° molecules cm
was estimated for the chosen examples. Results of quan-
tum-chemical calculations confirmed the experimental
findings and discovered structural features of ionized Cls.
While the calculations especially on Cl species are most
likely affected with larger uncertainties than experimen-
tally obtained PAs, the huge PA differences between the
considered Cls and their isobaric compounds of many
tens or even hundreds of kiJ/mol strongly indicate that the
species detected with the chosen reagent ions were in-
deed the CI. Similarly, the relatively weak binding of oth-
er isobaric CH,O, species to (THF)H*, and the lack of a
(HCOOH)(THF)H* signal in experiments with formic
acid, also indicate that the (CH,O,)(THF)H*adduct signal
detected at 119 Th is solely due to (CH,OO)(THF)H".

The direct CI detection method, as demonstrated here for
the simplest CI, CH200, and for the Cls arising from
cyclohexene, allows to study the chemistry of Criegee
intermediates for atmospheric conditions. This experi-
mental approach coupled with the needed theoretical
calculations should be applicable for a wide range of dif-
ferent Cls formed from atmospheric ozonolysis reactions.
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