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ABSTRACT: Organic peroxy radicals (“RO,”, with R organic) are key
intermediates in most oxygen-rich systems, where organic compounds
are oxidized (natural environment, flames, combustion engines, living
organisms, etc). But, until recently, techniques able to monitor
simultaneously and distinguish between RO, species (“speciated”
detection) have been scarce, which has limited the understanding of
complex systems containing these radicals. Mass spectrometry using
proton transfer ionization has been shown previously to detect
individual gas-phase RO, separately. In this work, we illustrate its
ability to speciate and monitor several RO, simultaneously by
investigating reactions involving CH;0,, CH;C(0)0O,, c-C¢H,,0,,
and (CHj;);CO,. The detection sensitivity of each of these radicals was
estimated by titration with NO to between 50 and 1000 Hz/ppb, with
a factor from 3 to S of uncertainties, mostly due to the uncertainties in
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knowing the amounts of added NO. With this, the RO, concentration in the reactor was estimated between 1 X 10'* and 1 X
10*? molecules cm™. When adding a second radical species to the reactor, the kinetics of the cross-reaction could be studied
directly from the decay of the first radical. The time-evolution of two and sometimes three different RO, was followed
simultaneously, as the CH;0, produced in further reaction steps was also detected in some systems. The rate coefficients

obtained are (in molecule™ cm®s™): kemsozrcac(oyor = 1.2 X 107
kebuylozecHac(o)oz = 3.7 X 107", and Kehexylozstbuggioz = 1.5 X 107

11 -15 -13
s kcrzozeebuyioz = 30 X 1077, Ko hexyionscrzor = 1.2 X 1077,
'S, In spite of their good comparison with the literature and

good reproducibility, large uncertainties (X5/S) are recommended on these results because of those in the detection sensitivities.
This work is a first illustration of the potential applications of this technique for the investigation of organic radicals in laboratory

and in more complex systems.

B INTRODUCTION

Organic peroxy radicals (“RO,”, with R organic) are key species
produced during the oxygen-based (or “aerobic”) combustion
of organic compounds and thus ubiquitous in the natural
environment (atmosphere, surface waters, natural fires, etc),
technological processes (combustion engines, power produc-
tion) and even in living organisms. As their organic structure
strongly affects their reactivity, information on their individual
reactions is key to the understanding of such oxidation systems
and the prediction of their outcome (ozone formation in the
atmosphere, preignition in engines, etc). Unfortunately,
classical monitoring techniques for RO,, such as UV
absorption, electron spin resonance (ESR),"” and electron
paramagnetic resonance (EPR; with or without spin trapping),
cannot differentiate between different radicals. These techni-
ques thus require even the simplest radical system to be
analyzed with complex kinetic models, involving a number of
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assumptions, resulting, at best, in large uncertainties in the
results and, at worse, in overlooking important reaction
channels such as those identified over the past decade.’™” As
emphasized in reviews of the topic,” such technical limits have
been the main obstacle to the investigation of RO, reaction
kinetics even in laboratory. Techniques monitoring simulta-
neously and distinguishing between different RO, (“speciated”
detection) in more complex systems have also been lacking,
which has limited the progress of all the fields of research
mentioned above. In atmospheric chemistry, indirect techni-
ques have been developed to monitor the RO, in the
atmosphere, which consist in converting all the RO, into one
single species, which is monitored: reacting the RO, with NO
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and monitoring either the NO, produced by luminescence
(“PERCA”)® or the HO, radical (Froduced by laser-induced
fluorescence (ROXLIF” and FAGE'"); or reacting the RO, with
labeled **SO, to produce H,**SO,, which is measured by mass
spectrometry (ROxMAx'' or PerCIMS'?). While these
techniques are valuable, and the only tools providing
information on atmospheric RO, so far, they lose all
information on the individual radicals and provide an overall
RO, signal (or “XRO,”). This information is not detailed
enough to describe accurately the atmospheric radical cycles, as
shown by the discrepancies between measured and modeled
atmospheric radical levels."”'* Even the semispeciation
between saturated and unsaturated (alkenes and aromatic)
RO,s proposed with FAGE'® does not account for the orders of
magnitude of difference in reactivity within each class of
radicals (for instance, between (CH,);CO, and CH,C(0)0O,
among the saturated ones). Very recent works propose the
specific detection of CH;0, by conversion into CH;0, which is
then measured by LIF," but not of other RO,s.

Mass spectrometry (MS), when combined with a mild
ionization technique avoiding fragmentation, is intrinsically
speciated, because the ions produced are directly linked to the
molecules or radicals analyzed through their mass (or mass/
charge ratio, m/z). Numerous chemical ionization techniques
for RO, have thus been explored since the 1980s, but few were
found suitable to all types of RO,s or systems: electron transfer
with SF¢~, 0,7,'" or excited rare gas'® are only applicable to
low-pressure systems; reactions with I” or O3~ only work with
acylperoxyl radicals (R—C(0)—0,);'” reaction with O," leads
to some fragmentations of the radicals (75% for CH;0,)."”
More recently, chemical ionization with NO;~ was shown to
detect highly oxidized C10—C12 RO, radicals (“HOMs”) and
used to monitor them in smog chamber,”™** and also possibly
in the atmosphere,” although this was not confirmed. But this
technique does not detect smaller, more volatile RO,s that
control the atmospheric radical cycles (CH;0,, CH;C(0)O,,
etc). By contrast, proton transfer with H;O* and water clusters,
H;0%(H,0),, which is based on the following ionization
reaction:

RO, + H,0'(H,0),

- RO,H"(H,0),, + (n — m + 1)H,0 (1)
seems to be efficient with all the RO, explored so far (CH;0,,
C,H,0,, CH;C(0)0,, iso-C;H,0,, c-C4H,,0,)** > and does
not result in fragmentation. It is thus promising for application
to complex systems. While previous work has demonstrated the
detection of individual gas-phase RO, by this technique,”> ™’
the present work explores its ability to monitor simultaneously
different radicals and illustrates the advantages to be gained in
their investigation. The radical production system and flow
reactor conditions, which were similar to those in ref 30,
probably hold an advantage over the turbulent flow reactor
technique of Elrod and co-workers,”>~*’ by allowing for longer
reaction times and possibly larger radical production with the
UV lights.

In this work, CH;0, CH,C(0)0,, (CH;);CO,, and c-
C¢H,,0, were first produced individually in a flow reactor, and
their spectra were characterized. CH;0, and CH;C(O)O, were
chosen for their relevance in the atmosphere, and (CH;);CO,
and c-C4H;,0, were selected to explore more complex
mechanisms and very slow kinetics. Various amounts of NO
were then added to the reactor to titrate the radicals and
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estimate their detection sensitivities. Finally, a second radical
was added periodically to each radical system, and the kinetics
of their cross-reactions was investigated, for the first time, from
the decays of the individual radicals. In particular, the rate
coeflicients for the cross-reactions between CH;0, and
CH,C(0)0,, and between CH;0, and (CH,);CO,, which
are known in the literature, were remeasured to validate the
method used in this work.

B MATERIALS AND METHODS

Flow System and Radical Generation. The radicals were
generated and reacted in a cylindrical glass reactor (inner
diameter: S cm, length: 120 cm, Figure 1) disposed vertically, in
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Figure 1. Schematic of the experimental setup.

an air flow (2—4 sLm, standard temperature = 273 K and
pressure = 1 atm) near atmospheric pressure (0.6—0.9 atm).
Typical residence times in the reactor were thus between 30 s
and 1 min. Reynold’s numbers for the flows were between 100
and 150, thus well in the laminar regime, with a mixing length
of ~25 cm. The organic precursors, CH,, CH;CHO,
CH(CH,);, or c-C¢H,,, each from 1 X 10" to 1 X 10'
molecule cm™, and Cl, (2 X 10" molecule cm™) were mixed
into the air flow and introduced in the reactor through the top
inlet. As this inlet was situated 10 cm above the reactor itself,
this ensured that all the gases were mixed within the top 15 cm
(~10%) of the reactor. The radicals were produced by
irradiating the reactor over 280—400 nm with four fluorescent
lights (Philips TL12, 40 W) placed symmetrically at 2—3 cm
around it. This led to the formation of CI atoms:

Cl, + hv — 2Cl @)

which, then, reacted with the organic precursors to produce
each RO, radical. For CH;0,:

Cl + CH, — CH, + HCI (3)

CH; + 0, + M - CH;0, + M 4)
For the CH;C(0)O, radical:

Cl + CH;CHO — CH3C(O) (5)

CH,C(O) + O, + M — CH,C(0)0, + M )
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Irradiation tests performed on CH;CHO and in the absence of
Cl, in the reactor showed that this compound was not
photolyzed by the UV lights.

For the (H;C);CO, radical:

Cl + (HyC);CH — (H,C),C + HCl (7)

(H,C),C + O, + M —» (H,C),CO, + M (8)
And for the ¢-C¢H,;0, radical:

Cl + «-CH,, — c-C4H;, + HCl (9)

«-CH,;; + O, + M —» ¢-CH;,0, + M (10)

Different configurations were used in the experiments: either
the reactor was irradiated over its entire length or only on the
bottom 50 cm (the top part being covered with aluminum foil).
Although the second configuration made the production and
observation of the radicals slightly easier to control, both gave
similar spectra and kinetic results and were thus not
differentiated in the results presented here.

Sampling and Detection. A schematic of the experimental
setup is presented in Figure 1. The gas mixtures and RO,
radicals present in the reactor were sampled for analysis into a
quadrupole mass spectrometer built for this project and similar
to the one described in refs 30 and 31. But, while in the
previous setups with this type of instrument, the output of the
reactor was directly inte%rated to the ionization region of the
mass spectrometer,”” " in this work the sampling was
performed through a line (~10 cm, diameter 1/4 in.)
connecting the bottom outlet of the reactor to the ionization
region of the mass spectrometer and equipped with a valve to
keep the pressure in the ionization region independent from
that in the flow reactor. This ionization region was a cylinder
(Delrin, S cm of diameter X S cm in length) operated at a total
pressure from 10 to 15 mbar. Flowing small concentrations of
water (<10%) in a flow of N, (20—40 sccm) through a source
maintained at high voltage (typically +800 V) produced a
distribution of reagent ions, H;0*(H,0), with n = 1 to S. The
typical ion drift time in the ionization region was ~0.3 ms.

Depending on the conditions in the ionization region
(temperature, relative humidity), the most abundant ions
were for n = 2 (m/z = S5) or n = 3 (m/z = 73). These ions
were accelerated toward the entrance of the mass spectrometer
chamber by the voltage difference between the source (+800 V)
and the spectrometer entrance (+20 V). The sampling flow
from the reactor (typically 30 sccm) was introduced into the
ionization region radially, at approximately two-thirds of its
length, so that the sampling flow and the beam of reagent ions
mixed efficiently. The signal intensities for various compounds
in the spectra varied roughly between 100 and 1 X 10° Hz, with
background signals between 1 and 100 Hz. Mass spectra were
recorded with 0.1 amu increments.

As the humidity in the ionization region affected the
detection sensitivity for the RO, (see ref 30 and next section)
the ratio of the signal intensities for the two main water
clusters, S-3/Sss, was used as a proxy for these conditions and as
a variable when describing the detection sensitivities. Note that
all the analyses presented in this work (calibrations, kinetic
studies), are based on the ratios of the radical signals to the
total reagent ion signal (or “water signal”) instead of absolute
signals (in Hz) to account for potential changes in the
detection sensitivities during the experiments. The detection
sensitivities reported in this work (in Hz/ppb) were thus
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calculated for a total reagent ion signal of 1 X 10° Hz. However,
the water proton signals (especially S5 and S,3) often exceeded
the linear range (for count rate) of the electron multiplier; thus,
the sensitivities reported in this work cannot be compared to
theoretical sensitivities, nor can they be converted into
equivalent ion—molecule rate coeflicients.

Determination of the Radical Concentrations and
Rate Coefficients. The method used in this work to
determine the RO, concentrations and detection sensitivities
was similar to the one used in our previous study,’’ and it is
illustrated in Figure 2: various concentrations of NO (typically
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Figure 2. Determination of the detection sensitivity by titration with
NO for CH;0, (m/z = 84, experiment of Sept 30, 2015). (A)
Evolution of Sgp, with time upon addition of different levels of [NO]
and determination of rpo.no and ASgg,. (B) Determination of the
detection sensitivity from the slope of ASpp, vs A[RO,].

0.05 to 2 ppb) were added to the reactor, alternating cycles
with ON on and NO off. The decrease in RO, concentration,
A[RO,], upon adding NO, observed by the decrease in signal
ASpo,, was then assumed to result from the consumption of
each RO, by 1 equiv of NO. The detection sensitivity,
Sens(RO,), was thus given by the ratio

ASpon _ ASpon

Sens(RO:) = TR0 = O]

(11)

However, in our work, the added (or initial) [NO] could not
be determined precisely from the instrument settings, because
it was introduced in very small flows and because of significant
losses of NO (and conversion to HONO) to the walls of the
system. Instead, added [NO] was determined from the initial
decay rate of RO,, rzoyno (s7'; Figure 2A), divided by the
corresponding rate coefficient, kpoyno (molecule cm® s7'),
taken from the literature:

DOI: 10.1021/acs jpca.7b06456
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[NO] = TRO2+NO
kroz+N0

(12)

assuming that NO was well-mixed at the level of the reactor
where the measurements were made. The accuracy in this
method and in the resulting radical detection sensitivities
depended on the accuracy in measuring the decay rate rpoy,n0,
thus in correcting for or ruling out potential contributions of
the instrument dynamic response, wall losses, and mixing
effects. In addition, both the accuracy in measuring the decay
rate and the equivalence between ASpn, and added [NO]
implied that both the decay rate and ASyq, resulted only from
the reaction between RO, and NO and were not impacted by
other reactions, such as the self-reactions of the RO,, and their
reactions with HO, or other RO, in the system. The potential
contributions of instrument response, wall losses, and mixing
effects to the measured rpoy,no Were eliminated by adding
different levels of NO in the system and confirming that
rroz+no varied proportionally with [NO]. In particular, this was
expected to eliminate potential biases due to mixing effects, as
NO was added in very small flows in the reactor, and the flow
and mixing patterns in the reactor were thus not expected to
depend on [NO]. The component of ASyn, not varying with
[NO] was thus assumed to be free from mixing effects, and the
sensitivity, Sens(RO,), was determined from the slopes of
ASgo, versus [NO] (Figure 2B), instead of the ratio in eq 11.
The potential contributions of the self-reactions and reactions
with HO, or other RO, to the measured rpgy,n0 and ASgo,
will be discussed in the Results section.

The rate coeflicients for the cross reactions were determined
with a similar method: producing one radical, R;0,,
continuously in the reactor and producing the second one,
R,0,, periodically by switching the flow of the corresponding
precursor on and off. Monitoring both radicals simultaneously
allowed determination of the rate coefficients for their cross-
reactions, ko directly from the initial decay rate of R;0O,,

1

TR102+R202 (5

_ R102+R202

cross [Rzoz] (13)

As in the titration with NO, this method requires the
equivalence between [R,0,] and A[R;0,], thus that each R,0,
is consumed by one equiv of R,0,, with no contribution of
other reactions. A[R;O,] was, in turn, obtained from the
corresponding signals, ASg;c,, and the detection sensitivity
obtained from the titration experiments, Sens(R;0,). Potential
contributions of instrument response, wall losses, or mixing to
the measured ry;,,p20, decays were also eliminated by varying
[R,0,] in the reactor. As with NO, flow patterns and mixing
times in the reactor were not expected to vary with [R,0,], as
the organic precursors were introduced in small flows
compared to the total flow. For all the radicals and over the
range of concentrations studied, r;0,,r20, Varied proportion-
ally with [R,0,]; thus, k.. was determined from the
component of rg;05,r20, Varying with A[R;O,], rather than
from the ratio in eq 13. To validate this method two rate
coeflicients already known in the literature, namely,
kcrsoascsc(o)o2 and kCH302+t-buty102) were remeasured in this
work.

Chemicals. High-pressure gas mixtures of acetaldehyde and
cyclohexane, each ~1% in N,, were prepared by injecting
known amounts of the pure liquids (typically, ~6 mL of
acetaldehyde, >99.5%, Fluka, and 10 mL of cyclohexane >99%,
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Merck) in evacuated 6 L cylinders, measuring the resulting
pressure change (typically, 300—500 mbar) and pressurizing
the cylinders with N, to a total pressure between 50 and 100
bar.

All the other gas mixtures were purchased from manufac-
turers: N, quality 4.5, synthetic air 80/20, Cl,, 1% in N,, CH,,
1% in N,, isobutane, 1% in N,, all Linde. NO, 1% in N,, Air
Liquide.

B RESULTS AND DISCUSSION

Different series of experiments were performed in this work to
characterize different aspects of the RO, reactivity, which are
presented in sections (a) through (d) below. The complete list
of experiments is given in Table S1 of the Supporting
Information.

a. Radical Identification and Monitoring of All RO,s in
the System. The first step of this study was to make sure that
the radicals produced in the reactor had the expected mass
spectra (main peaks) and to determine potential interferences
from other compounds on their masses. The ionization reaction
1 implies that a peroxy radical of molecular weight M produces
ions of mass M+1, M+19, M+37, etc. Peaks corresponding to
these masses were thus sought for in the mass spectra obtained
when irradiating the reaction mixtures. However, the radicals
reacted rapidly in the reactor, producing many stable products,
following the generic reactions:™

RO, + RO, — 2RO (16)
—ROH + R'CHO (17)
—ROOR + O, (18)
RO + O, — R'CHO + HO, (19)
RO, + HO, - ROOH + O, (20)

As proton transfer is sensitive to most oxygenated molecules,
all the products underlined above were detected and resulted in
much more intense signals than the radicals in the spectra.
Thus, to isolate the RO, signals, NO was introduced
periodically into the reactor, to remove the RO, rapidly,
according to the reaction:

RO, + NO — RO + NO, (1)

The RO, spectra were thus obtained by subtracting the
spectra of the reaction mixtures obtained in the absence and in
the presence of NO. The results are presented in Figure 3.
CH,0, displayed almost exclusively an ion peak at m/z = 84 (n
=2 in eq 1, Figure 3A), although occasionally, under very dry
conditions, the peak at m/z = 66 (n 1) was observed.
CH,C(0)0, was mostly observed at m/z =94 (n=1lineq 1,
Figure 3B) but occasionally also at m/z = 112 (n = 2).
(CH;);CO, displayed two strong peaks at m/z = 108 (n = 1)
and m/z = 126 (n = 2; Figure 3C), the relative intensity of
which depended on the conditions in the reactor and ionization
region; c-C¢H; O, was the easiest radical to observe and
displayed usually the most intense peak at m/z = 134 (n = 1 in
eq 1, Figure 3D) but also significant ones at 152 (n = 2) and
170 (n = 3). In all cases, the peaks at n = 0 (m/z = 48 for
CH,0,, m/z = 76 for CH;C(0)0,, m/z = 90 for (CH,),CO,,
and m/z = 116 for c-C¢H,;0,) were either not observed or
strongly impacted by other species.

However, because NO was added at the top of the reactor,
together with the organic precursors, it not only reacted with

DOI: 10.1021/acs jpca.7b06456
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Figure 3. Mass spectra of the peroxy radicals: (A) CH;0, (experiment
of Sept 05, 2016); (B) CH;C(O)O, (experiment of Dec 06, 2016);
(C) (CH,);CO, (experiment of May 10, 2017); (D) c¢-C¢H;,0,
(experiment of June 14, 2016).

the RO, but also modified the product distribution. Thus, the
major products formed in the absence of NO, such as ROOH,
ROH, and ROOR, were also often visible in the difference
spectra shown in Figure 3. Because ROOH is only 1 amu away
from RO,, variations of the corresponding signals Syooy and
Sroz were compared to check that Sy, was not impacted by
ROOH. This was especially important for CH;C(O)O, (Figure
3B), because the two peaks were not always entirely resolved.
Typical Spoon versus Sy, plots are presented in Figure S2 and
show that, while these signals followed similar trends (as might
be expected), they varied distinctively from each other and thus
corresponded to distinct species (different signals correspond-
ing to the same species would have appeared perfectly aligned).

In addition to the RO, produced directly by the precursors,
the technique allowed for the detection of all other peroxy
radicals present in the reactor. CH;0, was thus observed in all
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the mixtures where CH;C(O)O, was present, which was
expected, as it is produced rapidly by its self-reaction:>

2CH,C(0)0, — 2CH,C(0)0 + O, (22)
2CH,C(0)O+M —» CH, + CO, + M (23)
CHy;+ 0, + M - CH;0, + M (24)

CH,0, was also observed in the mixtures where (CH,);CO,
was present, as it is also produced by its self-reaction:

2(CH;),CO, — 2(CH,);CO + O, (28)
—(CH,),COOC(CH,); + O, (26)
(CH,),CO + M — CH,COCH, + CH, + M @7)

followed by reaction 24 producing CH;0,.

Thus, in the investigation of the cross-reactions, where a
second radical was added periodically to each radical system
(see details in section d, below), up to three different RO, were
observed simultaneously (Figure 4).

Occasionally, small amounts of other radicals due to
contamination were observed in the reactor. For instance,
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o
0
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5E-04 t t t } t
16.2 16.4 16.6 16.8 17 17.2
Time (h)
2.E-01
NO NO
B off on
_ 2E-02 4
i
2
(%)
=
o
o
(%)
2.E-03 A
2E-04 } } t } } + + t
17.3 175 17.7 17.9 18.1 18.3 185 18.7 18.9
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Figure 4. Simultaneous monitoring of three different RO, with the
CIMS technique: (A) Real-time evolution of the signals for CH;0,
(black, m/z = 84), CH,C(O)O, (red, m/z = 94), and (CH,),CO,
(blue, m/z = 108) upon periodic addition of CH;CHO to a system in
which isobutane is present continuously (experiment of June 7, 2017).
Note that the apparent decay of CH;C(O)O, upon addition of
CH;CHO is due to a change in the total signal; (B) Real-time
evolution of the signals for CH;0, (black, m/z = 84), (CH;);CO,
(blue, m/z = 108) and c-C4H,,0, (red, m/z = 134) upon addition of
various levels of NO in a system where both isobutane and c-hexane
are present continuously (experiments of June 8, 2017).
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small amounts of c-C¢H;;O, were observed up to 2 d after
performing experiments with cyclohexane. This had small
impacts on the concentrations of the main radical studied, but
the ability to detect unexpected radicals in the system
confirmed the advantage of the chemical ionization mass
spectrometry (CIMS) technique and its ability to investigate
RO, chemistry in complex systems.

b. Time Evolution of the Radicals: Decays with HO,
and “Intensification Effects” at Low [NO]. Observing the
evolution of the signals for the individual RO,s as a function of
time (or “Single Ion Mode”) with a resolution of a few seconds
revealed several kinetic effects, which gave some indications on
the reactions controlling the RO, steady-state concentrations in
the reactor and decay rates. One of these effects was that, for all
the radicals studied except CH;C(O)O,, after stopping NO or
switching the lamps on, [RO,] displayed a sharp increase
followed by a fast decay, relaxing into a steady-state level after a
few minutes (Figure SA for c-C4H;;0, and Figure S3 for
CH,0, and (CHj3);0,). None of the stable reaction products
monitored at the same time (ROOH, ROH, etc.; Figure SA)
displayed such decays, which ruled out flow or mixing effects, or
changes in the detection performance as the explanation for
these decays. The contrast between these fast decays and the
steady profiles for the stable products (Figures SA and S3)
further confirmed that the signals had been correctly attributed
between radicals and stable compounds. The sharp initial
increase of [RO,] was attributed to the nearly instantaneous
production of the radicals by irradiation and reactions of Cl
with the organic precursors, and the following fast decay to
their self-reaction and buildup of other species, in particular,
HO,, in turn reacting with the RO,. Thus, for radicals such as
CH;0, and ¢-C¢H;,0,, producing HO, in their self-reaction
(eq 19), the decays and steady-state concentration was
expected to be controlled by their self-reaction or/and by
their reaction with HO,. For (CH;);CO, and CH;C(O)0O,
(eqs 22—24 and 25—27), which do not produce HO, in their
self-reaction but CH;0,, the decays and steady-state concen-
trations were expected to result from the self-reactions (mostly
for CH;C(0)0,), cross-reactions with CH;0,, and reactions
with the HO, produced by CH;0,. With CH;0,, (CH;);CO,,
and c-C4H,,0,, the formation of stable products, in particular,
of ROOH was observed over the same time scale as these
decays (Figures SA and S3), confirming that the RO, + HO,
reactions took place. With CH;C(O)O, no decays were
observed, suggesting that they were too fast to be monitored
(>0.2 s7"). The rate coefficient for the reaction of this radical
with HO, being identical to that of other radicals,” this
reaction could not account for such very fast decays. The
decays and steady-state concentration of CH;C(O)O, in the
reactor were thus expected to be controlled by its self-reaction
(which is the fastest known self-reaction of RO,) and/or by its
cross-reaction with CH;O,.

Another interesting kinetic effect was that, for all the radicals
studied except CH;C(O)0,, adding very small amounts of NO
to the reaction mixture resulted in larger RO, concentration
than with [NO] = 0 (“intensification effect”, Figure SB for
(CH;);CO, and S4 for the other radicals). Only for larger
amounts of NO the RO, started to be consumed. The
intensification effects were attributed to NO consuming first
(i.e., reacting faster with) the species acting as main sink for the
RO,s in the reactor, thus presumably HO,. The net reduction
of [RO,] observed at larger [NO] was attributed to the
consumption of all HO,, leaving only RO, to react with NO.
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signal in the reactor upon addition of [NO]. (A) Real-time decay for c-
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The absence of intensification effect with CH;C(O)O, at low
[NO] was consistent with the fact that HO, was not a
significant sink for this radical and that CH;0,, its expected
main sink, did not react faster with NO than CH;C(O)O,
itself.

To verify these hypotheses and quantify the contribution of
the different reactions to the radical concentrations in the
reactor, [RO,] was calculated and compared to the experi-
ments. Details on these zero-dimensional (0D) calculations are
given in Section SS, and the rate constants used are given in
Table S6A. Briefly, they included a source term, F (molecule
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cm™ s7'), accounting for the production of the RO, by
irradiation and reaction of Cl with the precursors, first-order
losses to the walls and in the exit flow (mathematically
indistinguishable), the RO, self-reactions and reactions with
HO,, CH;0,, and NO, and an additional source term specific
to the presence of NO, F'yo (molecule cm™ s7'), accounting
for the potential recycling of HO, into HO, in turn producing
rapidly RO,. Because, at that point of the analysis, the absolute
concentrations of RO, were not known, the comparisons with
the experiments were based on the relative signal change
ASr0y/Sroz = ([RO,], — [RO,],)/[RO,],, where [RO,], and
[RO,], are the radical steady-state concentrations in the
absence and in the presence of NO, respectively. Note that,
here, “steady-state” defines concentrations that are constant in
time, due to the equilibration of the different contributions
listed above (thus including source and exit flows, in addition to
chemical terms). The values for k., F, and F'yg were adjusted
so that the calculated ASyp,/Spo, matched the observed ones
(Figure SC for (CH,;);CO, and Figure S7 for the other
radicals), which provided values for these constants (given in
Table S6B). The observed ASgq,/Sgo, were well-accounted for
with F = 1 X 10® molecule cm™ s™* for CH;0, and 1 X 10’ for
the other radicals, consistent with the much smaller reaction
rate of Cl with CH, than with the other precursors. k,,; was
found to be identical for all RO,s, with a value of ~0.01 s~
The corresponding residence time, 100 s, was of the order of
the residence time resulting from the flow rate in the reactor
(30 s™! min), thus suggesting that the exit flow was a large
component of k. The calculations also showed that, for
CH,0,, (CH;);CO,, and c¢-C¢H;,0,, the self-reactions and
reactions with HO, contributed relatively little (<20%) to the
steady-state concentrations and that, unlike what was expected,
the suppression of HO, at low [NO] did not account for the
observed intensification effects (ASge,/Sros < 0 in Figures SC
and S7). To account for these effects it was necessary to
introduce an additional source F'yq, corresponding to the
recycling of HO, into OH, in turn producing more RO,. As a
confirmation, the observed ASpn,/Spo, were best accounted
for by scaling F'o with [HO,]. For CH;0, and ¢-C¢H,,0,,
[HO,] and F'yo varied inversely with [NOJ], and with
(CH;);CO,, even more strongly (see Section SS). These
additional sources thus resulted in an increase of the RO,
sources by a factor of 2—S5 over a very small range of very low
[NOJ. The threshold [NO] at which these effects disappeared
and [RO,], started to decrease compared to [RO,], were
estimated for each radical: 0.04 ppb for CH;0,, 0.3 ppb for
(CH;);CO,, and 0.1 ppb for c-C¢H;;0, (Table S6B).

For CH,C(0)0,, the calculations showed that the self-
reaction and cross-reaction with CH;0, were the main
contributions to the steady-state concentration, resulting in a
weak variability ASge,/Sro, with [NO] (Figure S7B). As the
concentration of HO, was significant in this system, some
recycling of HO, into OH and intensification effects could not
be excluded, but the calculations showed that they would occur
over a range of [NO] too low to be explored experimentally
(<0.01 ppb, Figure S7).

Above the threshold [NO] at which the intensification effects
disappeared, most HO, was consumed, and the recycling
sources became negligible. Thus, these recycling effects had no
impact on the radical concentrations over the range of [NO]
used in the determination of their detection sensitivities (next
section).
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The calculations allowed to determine the correction factors
to apply to the observed ASyo, to ensure equivalence with
added [NO] in the titration experiments. Details are given in
Section S5, and the results are presented in Table S6C. For the
range of [NO] used in the titration experiments (next section),
these corrections were mostly significant for CH;0, (X0.4) and
CH,C(0)0, (x0.15) and much less (x1) for (CH,),CO, or c-
C¢H,,0,. For all the radicals, they resulted mostly from the wall
losses and reactions with CH;0, (for CH;C(0)0,).

In addition to the experiments where NO was added to
systems containing one or two RO, an experiment was
performed where NO was added periodically to a system
containing three different RO,s: CH;0,, (CH;);CO,, and c-
CgH,,0, (Figure 4B). The mixture was similar as in the study
of the cross-reaction between (CH,);CO, and c-C4H,,0, (see
section d), except that both isobutane and c-C4H;, were
introduced continuously in the reactor. The objective was to
examine the evolution of each individual RO, upon addition of
NO. Figure 4B clearly shows that, over a certain range, [NO]
had opposite effects on the different RO,s: small amounts of
NO (~0.3 ppb) resulted in intensification effects for all three
radicals (last three cycles on the right-hand side), intermediate
amounts (~0.7 ppb, first four cycles) consumed (CH,);CO,
but increased the concentrations of CH;0, and c-C4H;;0,.
Finally, larger amounts of NO (~1.4 ppb, cycles S and 6)
consumed all three radicals. Although expected, such opposite
effects of NO on RO,s have, to our knowledge, not been
observed directly before. This is mostly because indirect and
conversion techniques monitor the sum of the RO,
concentrations, in which opposite effects compensate each
other. Such effects are yet likely to occur in complex mixtures
such as in smog chambers or the atmosphere, which underlines
the interest of the present technique for the monitoring of
RO,s.

c. RO, Detection Sensitivities. As described in the
Materials and Methods section, the detection sensitivities for
the RO,s, Sens(RO,), and RO, concentrations were
determined by titrating the radicals with NO and measuring
the decrease of [RO,]; compared to [RO,],. This required to
use NO concentrations larger than the threshold reported
above for the intensification effects: ~0.1—0.5 ppb for CH;0,,
0.01—0.05 ppb for CH;C(0)O,, and 0.5—2 ppb both for
(CH;);CO, and c-C¢H;O,. In addition, the contributions to
intensification effects and HO, reaction were kept minimal by
reducing the RO, concentrations in the reactor, by limiting
either the amount of Cl, in the reactor or irradiation (only one
set of lamps on). As explained above, Sens(RO,) was obtained
from the observed change in signal, ASpy,, and the
corresponding change in steady-state concentration, A[RO,],
assuming equivalence between A[RO,] and added [NO].
[NO] was, in turn, determined from the rate of decay of the
radical, rgoy.n0 (eq 12). To eliminate potential contributions of
wall losses and mixing effects, different [NO] were added to the
reactor to confirm that both rggyno and ASpo, varied
proportionally with [NO] (Figures 2B and S8 for all the
titration experiments performed) and Sens(RO,) was obtained
from the slopes of ASyp, versus [NO] rather than eq 11. In
addition, the ASpq, measured for CH;0, and CH;C(O)0O,
were corrected by the factors calculated in the previous section
to ensure equivalence between A[RO,] and added [NO]. The
resulting sensitivities, calculated for a total reagent ion signal, S,
= 1 X 10° Hg, are presented in Figure 6 and Table S9. They
varied between 50 Hz/ppb for CH;0, under humid conditions
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Figure 6. Detection sensitivities for the radicals as a function of the
relative humidity in the ionization region, represented by the proxy,
S;3/8ss. Black = CH;0,, m/z = 84; red = ¢-C¢H,,0,, m/z = 134; blue
= (CH,);CO,, m/z = 126; green = CH;C(0)0,, m/z = 94.

to ~5000 Hz/ppb for CH;C(O)O, under dry conditions.
These results can be compared with the radical theoretical
sensitivity, calculated as in our previous work:*

TS = k,t;S, (29)

where k, is the rate coefficient for the reaction between the
radical and the reagent ion H;0*(H,0),, t, is the ion drift time,
and S, is the total ions signal, assumed equal to 1 MHz here. In
our setup, for a drift length of 5 c¢m, a mobility of 130 cm/V
and a voltage difference of 600 V, t; & 3 X 10™* 5. In our
previous work,”” k, was estimated to 2 X 10~ molecules cm™
s! for c-C¢H;,0, and decreasing with the radical molecular
weight. This gives a maximum TS of 180 Hz/ppb for the RO,s
in the present work. Comparing with the sensitivities obtained
experimentally thus suggested uncertainties of a factor 3 for c-
Cg¢H;;0, and (CH;);CO,, and of approximately a factor S for
CH,0, and for most values obtained for CH;C(0)0O, (if
ignoring the measurement at 5000 Hz/ppb). Of these
uncertainties, up to approximately a factor 2, can possibly be
attributed to the water proton signals exceeding the linear range
of the electron multiplier, leaving the remaining uncertainties
on the determination of [NO], thus the measurements of the
decay rates. Both types of uncertainties can be improved in the
future by reducing the total proton signal and by using a
sensitive technique to monitor directly the small amounts of
[NO] added to the reactor.

In spite of these large uncertainties, the results indicate a
decrease of sensitivity with water vapor for all radicals (Figure
6), consistent with the one reported previously for CH;0,.*

Using these calibrations gave estimates for the RO,
concentrations in the flow reactor between 1 X 10 and 1 X
10'* molecules cm ™. A typical background signal of 100 Hz in
the instrument implied a detection limit between 1 X 10° and 1
X 10° molecules cm™ for the radicals, similar to previous
studies.”

d. Kinetics of Cross Reactions. As explained in “Material
and Methods” the cross-reactions between different radicals
were investigated by producing one radical, R,0,, continuously
in the reactor and producing the second one, R,0,, periodically
by switching the flow of the corresponding precursor on and
off. For the first time, these cross-reactions could be observed
directly by monitoring in real-time the decrease of R;0, upon
addition of R,0, (Figure 7), and the rate coefficient k., could
be determined from the corresponding decay rate rz;05,r202
(s™') instead of having to extract the individual information
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from complex signals, as with nonspeciated detection
techniques. The concentration of added [R,0,] was obtained
from the signal change ASg,o, and the detection sensitivity for
R,0, obtained in the previous section. As in the titration
experiments, various [R,0,] were added to the reactor to verify
that rp 02.m002 varied proportionally (Figure S10), and kg
was determined from the slope of ry; o, versus A[R;0,] (Figure
S10) rather than eq 13 to eliminate contributions of wall losses,
mixing, and any other processes not varying with [R,0,].

As in the reactions with NO, the radical concentrations had
been lowered in the reactor to minimize the secondary
reactions. In addition, to ensure equivalence between A[R;O,]
and added [R,0,] in the analyses, the correction factors to
apply to the measured ASy;o, were determined by performing
similar calculations as for the titration experiments (Section
S11): ASp102/Sri0s Was calculated for various values of added
[R,0,] and compared with the experimental data. The results
are presented in Figure S12. Very good agreements were
obtained in all cases when using the constants determined in
the previous calculations (k,, and source term F). The
correction factors x to apply to the observed ASy; (s,
(ASg102)oby Were determined as in the titration experiments,
by calculating the ASg o, corresponding to equivalence,
(ASpi02)eq by excluding the contributions of all reactions
other than the wall losses (mostly, exit flow) and cross-
reactions of interest. The correction factors obtained are given
in Table S6C. For all the radicals and range of concentrations
used in these experiments, they were similar to the correction
factors used in the titration experiments (0.4 for CH;0,, 0.15
for CH;C(0)0,, and 1 for (CH;);CO, and c¢-C;H;,0,). This
was expected, as they resulted from the same reactions: wall
losses (exit flow) and reactions with CH;O,. In each series of
experiments, the average value for the rate coefficient was thus
first determined by applying a linear regression to all the
individual measurements of ry;o, versus corrected A[R;O,].
Then, compensating each measurement point for the slope and
intercept of these regressions gave series of individual
determinations for the same rate coeflicients, presented in
Table 1, which were used to estimate the statistical
uncertainties in the results. The average values for the two
coefficients that were already known, namely, kcu30z+crsc(o)oz
and Kci300+(crs)scor Were in very good agreement with those
recommended in the literature (see Table 1). In addition, the
17 individual measurements of kcuzoaicHsc(ojor and 11
individual measurements of Kcp3004(cus)scor Were within 20
and 35% of the literature values. Although the other rate
coefficients, Kcphexyio2+cH302 Kebutyloz+cHsc(o)o2 and
Ke hexyloz+tbutyloy have not been reported before, to our
knowledge, their average values were close to their expected
values of koo ® V(kwn X kwp),~ and the statistical
dispersion on their S to 7 individual measurements were of
50% or less. These uncertainties are surprisingly small
compared to the large uncertainties in the detection sensitivities
(x5/5) and can be possibly attributed to some compensation
between systematic errors, as shown by replacing eqs 11 and 12
in eq 13:

— AS/RIOZ
ASRIOZ

r.
R1024+R202
X

cross X kR102+NO

"R102+NO (30)

For instance, it was shown above that the correction factors
on the ASgq, were identical in the titration and cross-reaction
experiments because they resulted from the same reactions. It is
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Figure 7. Real-time evolution of the signals for the different RO,s in the cross-reactions experiments. Blue lines = R;O, continuously present; red
lines = R,0,, periodically added. (A) CH;0, (red, m/z = 84) + CH;C(O)O, (blue, m/z = 94), experiment of Oct 01, 2015; (B) CH;0, (red, m/z =
84) + (CH,);CO, (blue, m/z = 108), experiment of May 12, 2017; (C) CH;0, (blue, m/z = 66) + c-C¢H,,0, (red, m/z = 134), experiment of June
02, 2017; (D) CH;C(0)0, (red, m/z = 94) + (CH;);CO, (blue, m/z = 108), experiment of June 07, 2017; (E) c-C¢H,,0, (red, m/z = 134) +

(CH;);CO, (blue, m/z = 108), experiment of June 08, 2017.

possible that, for instance, the decay rates are also systematically
underestimated by not properly taking into account some
mixing effects, which would result in similar errors in the
titration and cross-reaction experiments, canceling each other
out in eq 30. However, direct measurements of [NO] in the
experiments and further model calculations, such as two-
dimensional fluid dynamics reactor analysis, would be needed
to identify the source of error in the current determinations of
the RO, sensitivities and quantify those in the decay rate
measurements. Until these uncertainties are identified and
quantified, we recommend the same uncertainties in the
reported rate coeficients as in the detection sensitivities, thus
XS/S.
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Bl CONCLUSIONS

This work illustrates the performance of the CIMS with proton
transfer for the speciated detection of RO, in complex systems.
Reported for the first time, two to three different RO, were
monitored simultaneously, and their cross-reactions could be
observed directly from the decay of one radical when a second
one was produced. The rate coefficients for these cross-
reactions were determined directly from the individual signals,
instead of being extracted from overall signals with kinetic
models, as with nonspeciated detection techniques. This opens
the possibility for important improvements in the investigation
of the kinetics of these species in the laboratory and ultimately
in the understanding of the radical cycles in the atmosphere and
other systems, by reducing the number of unknowns in the
observations. The main uncertainties in this work were those
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Table 1. Rates Constants for the Cross-Reactions Measured in This Work

R,0, m/z
CH,C(0)0,

S73/ SSS

CH,0, + CH,C(0)0, 0.6

Oct 01, 2015

June 06, 2017 0.07

94

June 07, 2017 0.13

CH;0, + (CH;),CO,
May 12, 2017

(CH,);CO,

108 0.25

May 16, 2017 126 15

CH;0, + ¢-C¢H,,0,
June 02, 2017

CH,0, 66 0.08

CH,C(0)0, + (CH;);CO,
June 07, 2017

(CH,),CO, 126 1

(CH,),CO, + c-C¢H,;0,
June 08, 2017

(CH,),CO, 108 0.17

Sensg,, (Hz/ppb)
750

750

5100

160

250

Keross (molecule™ cm® s71) lit values

142 x 1071
133 x 1071
1.14 x 107!
1.08 x 1071
1.01 x 1071
ave = 1.20 x 107!
8.70 x 107'2
1.53 x 1071
1.18 x 107!
1.66 x 107!
132 x 1071
ave 1.31 x 107"

1.02 x 107!

1.55 x 107"

5.53 x 10712

1.34 x 107!

8.56 x 10712

1.10 x 107!

1.03 x 107"

ave = 1.06 x 107 (1.1 £ 0.3) x 107" ref 33
2.71 x 1075
328 x 1071
3.79 x 1071
2.74 x 1071

3.00 x 107"
3.60 x 1071

ave 3.2 X 1071%
245 x 1075

193 x 107"

245 x 1075
438 x 1071
3.14 x 107'°

ave = 2.9 X 1071
8.94 x 107+
2.50 x 1071
8.96 x 107+
122 x 1078
6.17 x 1071

ave = 1.2 X 10713
3.08 x 107
2.76 x 107+
3.74 x 1074
3.75 x 107
5.09 x 107

ave = 3.7 X 107
3.10 X 107'¢
8.78 X 1071

1.80 x 107
3.53 x 1071%

1.05 X 1071

ave = 1.5 X 107%°

20

(3.0 £ 0.3) x 107" ref 32

10

on the detection sensitivities estimated for the radicals (X5/5),
which were mostly due to the difficulties in knowing the
amounts of NO added to the reactor and in the determination
of the radical decay rates. These uncertainties can be readily
solved by experimental changes, such as measuring directly the
small NO concentrations with a sensitive technique and by
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replacing time-dependent measurements by static methods,
such as using a movable injector to introduce one radical
precursor and measuring the changes in the steady-state
concentrations. Until the source for these uncertainties has
been identified, similarly large uncertainties (XS/S) are
recommended on the reported rate coefficients, in spite of
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their apparent good comparison with the literature and good
reproducibility.

One advantage of the technique used in this work was to
monitor in real time individual RO, radicals and their
nonsteady-state kinetic effects (fast increase and decays in
RO, concentrations). Another advantage was to monitor
simultaneously different RO,s and observe directly their
opposite behaviors (increase or decrease in steady-state
[RO,]) at low [NOJ]. Many such effects are likely to take
place in complex systems, such as the atmosphere, but are
currently undetected by the nonspeciated (conversion)
techniques. The CIMS technique would thus be a valuable
tool to study RO, in more complex mixtures than in flow
reactors, such as smog chambers, where it would greatly
improve the understanding of the radical mechanisms and
validation of models.
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