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The formation of a peroxide accretion product (ROOR) has recently been shown to be a significant channel
in self- and cross-reactions of peroxy radicals (RO,) in the gas-phase. Here, we examine the formation of
this accretion product in the self- and cross-reactions of RO, derived from the OH-initiated oxidation of
propene, cis-2-butene, and methylpropene in the presence of ethene. We measure the formation rate
coefficient of the various accretion products in each system relative to the formation rate coefficient of
the ethene-derived ROOR, which was measured in our previous work. We find that the accretion
product forms in all of the studied self- and cross-reactions. The measured ROOR formation rate
coefficient for the self-reaction decreases by approximately an order of magnitude with increasing
substitution, with average rate coefficients of 4.7 x 10~ cm® molec™ s~ for primary hydroxy peroxy

1 3

radicals, 2.7 x 10™* cm® molec™ s~ for secondary hydroxy peroxy radicals, and 8.0 x 107* cm

molec™! s~ for the tertiary hydroxy peroxy radical. The cross-reaction rate coefficients of secondary and
tertiary peroxy radicals with primary peroxy radicals are both higher than the corresponsing self-
reactions, and also decrease with increasing radical substitution. We estimate the branching fraction to
the formation of the ROOR for these peroxy radical self- and cross-reactions and find that branching

Received 4th September 2025 fractions range from 0.03-0.33, with self- and cross-reactions of primary peroxy radicals having the

Accepted 9th October 2025
highest branching fractions. Finally, we compare the reaction and ROOR formation rate coefficients of

DO!: 10.1039/d5ea00106d self- and cross-reactions of small RO,, and determine that the arithmetic mean of self-reaction rate

rsc.li/esatmospheres coefficients provides a suitable method for estimating cross-reaction rate coefficients.

Environmental significance

Organic peroxy radicals (RO,), formed in the oxidation of volatile organic compounds (VOCs), play a crucial role in processes that affect the formation of
atmospheric pollutants, including particulate matter and ozone. Reactions of these RO, can propagate or terminate the radical cycle, with each fate yielding
distinct atmospheric impacts. The structural diversity of peroxy radicals in the atmosphere necessitates the study of the relationship between these reaction
pathways and RO, structure, especially for accurate air quality and climate modeling. In this work, we quantify the formation rate coefficients for the formation
of low volatility accretion products (ROOR) in the self- and cross-reactions of three small alkene-derived hydroxy peroxy radicals. We find that accretion products
form in all the systems studied here and that the formation rate coefficients exhibit a decrease with increasing peroxy radical substitution. These results suggest
that ROOR, which could play a role in the formation of particulate matter, can form for a variety of precursors, especially in the reactions of primary peroxy
radicals.

addition of O, to form peroxy radicals (RO,)." The radical
cycling and ultimate fate of these RO, has significant implica-

1 Introduction

The oxidation of anthropogenic and biogenic hydrocarbons is
one of the primary drivers of tropospheric chemical processes.
After emission to the atmosphere, oxidation of these hydro-
carbons is generally initiated by OH, O3, or NOj3, followed by
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tions for, among other important processes, the formation of
ozone and particulate matter.>* In polluted areas such as urban
centers, where nitrogen oxides (NO, = NO + NO,) tend to be
high, RO, primarily react with NO.>® This reaction proceeds
through either a radical recycling channel, in which NO, and an
alkoxy radical (RO) are formed, or through the formation of an
organic nitrate (RONO,).”® The former propagates the radical
cycle that leads to ozone formation, while the latter can lead to
the formation of secondary organic aerosol (SOA) and/or
transport of NO, to regions removed from the original source.’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In regions where NO, is low, RO, will undergo unimolecular
reaction’ or bimolecular reactions with (primarily) HO, or
other RO,.”"* This chemistry is important in remote regions and
is even becoming important in urban areas as NO, continues to
decrease due to emission regulations."** The reaction of RO,
with HO, can, similarly to the reaction with NO, lead to radical
propagation (Reaction 1b and 1c) or radical termination
(Reaction 1a) via the formation of a hydroperoxide (ROOH).”

RO, + HO, — ROOH + O, (1a)
—RO + OH + O, (1b)
_>R,H:O + H02 + OH (1C)

While Reaction 1a is the dominant pathway for most alkyl
peroxy radicals, Reactions 1c and 1b have been observed to play
an important role in the reactions of oxygenated peroxy radicals,
including B-hydroxy peroxy radicals." Although the reaction
rate coefficient of RO, with HO, and the branching to products
remains uncertain for many peroxy radicals, structure activity
relationships suggest that the rate coefficient of the RO, + HO,
reaction largely depends on the number of heavy atoms in the
peroxy radical and exhibits little dependence on substitution or
structure.™

The reaction of RO, with R'O, (the cross-reaction, Reaction 2)
or with itself (the self-reaction, Reaction 2 with R’ = R) proceeds
primarily via three reaction pathways: the formation of two alkoxy
radicals (Reaction 2a), the formation of an alcohol and a carbonyl
(Reaction 2b and 2c), or the formation of a peroxide accretion
product (Reaction 2d).”**

RO, + RO, - RO+ RO+ 0O, (2a)
—R'OH + R 3=0 + O, (2b)
—ROH + R'_ =0 + 0, (2¢)

—ROOR' + O, (2d)

Generally, when R’ = R, the rate of Reaction 2 decreases as
the substitution of the peroxy radical increases, and increases
with the addition of a hydroxy or acyl substituent.**> Although
this trend has been observed for self-reactions, the relationship
between the kinetics of cross-reactions (R # R’) and self-
reaction rate coefficients of the constituent peroxy radicals
(RO, and R'O,) remains poorly characterized.

The branching to the various products of Reaction 2 remains
uncertain and has been the focus of substantial recent research.
Most notably, it was previously widely accepted that Reaction 2d
was negligible, as the resulting accretion products were not
observed in laboratory oxidation studies and the proposed
formation mechanism, involving an intersystem -crossing,
appeared unfavorable.”'*'” However, several recent studies have
reported the formation of dimers (compounds with approxi-
mately twice the carbon number of the original peroxy radicals)
in various oxidation systems. While some of these dimers are
esters formed in the particle-phase™ or via other gas-phase
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accretion mechanisms,"” several of these products observed
with chemical ionization mass spectrometry (CIMS) have
masses consistent with the formation of the ROOR and are re-
ported to form at appreciable rates that even approach the
collision rate.'®**** The formation of the ROOR is atmospheri-
cally significant both because it terminates the radical cycle (at
least temporarily) and because these products have low vola-
tilities and are likely to play a role in the formation of SOA. In
fact, these compounds have been observed in the remote
ambient environment in both the gas- and the particle-phase,
demonstrating the role that these dimers play in particle
formation.** Additionally, a possible fifth pathway for Reaction
2 leading to an alkoxy radical, carbonyl, and HO, was proposed
for the self-reaction of the hydroxy ethyl peroxy radical,* further
highlighting the need for additional study of the self-reaction
for a variety of peroxy radical precursors.

Recently, accretion product formation has been reported for
the self-reactions of ethyl peroxy,*® hydroxy ethyl peroxy,* and
propyl peroxy radicals,”” with branching fractions of 10(+5)%,
23(£5)%, and 10(£5)%, respectively. In each of these studies,
the identity of the dimers was confirmed to be the ROOR
formed in Reaction 2d by either gas chromatography or vacuum
ultraviolet (VUV) photoionization mass spectrometry. The
observation of significant branching to accretion product
formation in the self-reactions of these small peroxy radicals is
compatible with recent studies of the self-reaction of ethyl
peroxy radicals finding lower branching to alkoxy radical
formation than previous studies.?®?®

Despite these recent insights into the formation of accretion
products via peroxy radical self- and cross-reactions, these
studies have only been conducted for a limited number of
peroxy radical precursors. There have been few studies that have
systematically examined the relationship between the rate of
accretion product formation and peroxy radical structure.*
However, it is necessary to probe this relationship to predict the
formation rate of the accretion product for the wide variety of
peroxy radicals present in the atmosphere.

In this study, we begin to fill this gap by expanding on our
previous study of the formation of the accretion product in
ethene-derived hydroxy peroxy radical systems.* Specifically, we
show that the accretion product forms in a variety of small-alkene-
derived hydroxy peroxy radical self- and cross-reactions and
measure the formation rate coefficient of the ROOR in each of
these oxidation systems relative to the formation rate coefficient
of the ethene-derived accretion product. By measuring this rate in
the propene, methylpropene (isobutene), and cis-2-butene oxida-
tion systems, we examine the relationship between accretion
product formation and structure for these small hydroxy peroxy
radicals. Using literature values for the absolute rate coefficients
where available, we further estimate the branching to the accre-
tion product for the reactions examined here.

2 Methods

2.1 Experimental design

In this study our goal is to quantify the formation of the
peroxide accretion product for a series of small alkene-derived
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peroxy radicals. In each case, the peroxy radicals of interest are
formed by the addition of OH to the parent alkene, followed by
the rapid addition of O, to form the peroxy radical:

0,

R =R+ OH (OH)R —R'(0,) 3)

In all of our experiments, OH was generated by the photolysis of
H,0, (Reaction 4) viag the illumination of eight Sankyo Denki
G40T10 254 nm lamps for an average of 2 minutes. The
photolysis rate of H,O, under these conditions in our 800 liter
FEP Teflon environmental chamber is 3.0(0.5) x 10™* .

H,0,— " OH + OH (4)

In several of the experiments reported here, the fraction of
alkene reacted over the photolysis period was estimated by
simultaneously observing the formation of glycolaldehyde in
the reaction of ethylene glycol with OH (Reaction 5).

0O

HOCH,CH,0OH + OH

HOCH,CH(O) + HO, + H,0
(5)

The recommended value for the reaction of ethylene glycol
with OH is 1.45 x 10" cm® molecule " s (Alog k = 40.20).%
In experiments where ethylene glycol was used as a probe of OH
exposure ([OH] x At), 20-70 ppbv of ethylene glycol was injec-
ted. The OH exposure was then calculated using the measured
production rate of glycolaldehyde from a known concentration
of ethylene glycol. This calculation yielded estimated OH
exposures ranging between 0.4-6.0 x 10° molecules cm > s
across the various precursors and conditions used here. In these
systems, the OH exposure was also calculated using our
photochemical box model, and values agree within a factor of 2.
Therefore, in experiments in which no OH probe was used, the
photochemical box model was used to estimate the fraction of
reacted alkene.

We performed a suite of experiments at ambient pressure (P
= 753 £ 3 torr) and room temperature (T = 295.2 + 0.6 K) to
quantify the product of the self-/cross-reaction rate coefficient
(k,) times the branching fraction leading to accretion products
(azq) of several RO, + R'O, reactions relative to the value
measured for ethene in our previous work (kyozq = 5.5(£2.6) x
107" cm® molecule " s).** We oxidized mixtures of ethene
with propene, 2-methylpropene (isobutene), or cis-2-butene and
observed the formation of accretion products from all combi-
nations of the resulting RO, + R'O, reactions. To estimate k,aq,
experiments were performed under conditions where most
(>90%) of the peroxy radicals reacted with HO, via Reaction 1a
to form ROOH. Under these conditions, the ratios of the
observed concentrations of ROOH provide a constraint on the
ratios of the parent RO, concentrations (eqn (6)):

[ROZ]HC _ [ROOH]HCkl,Eala,E
[ROZ]E [ROOH]EkLHCala,HC

(6)
where HC = non-ethene hydrocarbon, E = ethene, k;r and

ki1 nc, are the rate coefficients of Reaction 1 for ethene and non-
ethene hydrocarbons, respectively, and oy, g and o4, ¢ are the
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branching fractions to ROOH. According to our photochemical
box model, eqn (6) is accurate to within 7% under the condi-
tions of our experiments.

To ensure that the [HO,]/[RO,] ratio satisfies the condition
that >90% of RO, react with HO,, we add sufficient concentra-
tions of methanol such that the reaction of OH with methanol
exceeds the reaction of OH with the alkenes, as has been
described previously.”® In the oxidation experiments performed
in this study, the relative concentrations of methanol and
parent hydrocarbon yielded steady state [HO,]/[RO,] ratios
above 2.0 (as estimated by our box model). Because the rate
coefficients for the reaction of RO, with HO, (k;) are generally
more than an order of magnitude faster than the rate coeffi-
cients of the self- and cross-reactions (k,) for the systems
studied here, the requirement that the peroxy radicals react
overwhelmingly with HO, is satisfied under these conditions.

A measurement of k,a,q for each alkene can then be ob-
tained from the measured ratio of the accretion product of
interest to the ethene-derived accretion product. For the self-
reaction of a given isomer of a peroxy radical derived from
a non-ethene hydrocarbon (in this case propene, methyl-
propene, or cis-2-butene), the k; pcoszq nc value is given by eqn
(7), where the ratio of the RO, concentrations is obtained from
eqn (6):

RO, ) ([ROOR]Hc) )

k27HCa2d1HC = k2,5a2d,E ([ROZ] [ROOR}
HC E

If the accretion product of interest is formed via the cross-
reaction of two different isomers of the same non-ethene
hydrocarbon (HC, and HGy,), this equation becomes:

f 4 RO, \ [ [RO,J, \[MROOR]yc,,
2,HC, , ¥2d,HC, , — K2 EQ2d.E [Roz]Hcﬂ [ROZ]HCh [ROOR}E

(8)

Finally, for determination of the k,a,q value for the cross-
reaction between an isomer of a non-ethene hydrocarbon and
ethene, eqn (7) reduces to:

RO, ) ([ROOR]HCHE) 9)

kanciroancie = ko paod g ([ROZ] [ROOR]
HC E

Using eqn (7)-(9), we calculate the ka4 values for all of the
self- and cross-reactions of the peroxy radical systems studied
here.

Our estimate of k,,q is particularly sensitive to k; and aq,. &
is estimated here using the structure activity relationship (SAR)
found in Wennberg et al.'* This rate coefficient has been
measured for the primary peroxy radical derived via the oxida-
tion of 2-methylpropene (k; = 1.5(£0.9) x 10~ ¢m?® mole-
cule™* s7')° and the secondary peroxy radical derived via the
oxidation of cis-2-butene (k; = 1.5(+0.4) x 10~ ecm® mole-
cule™" s7").> These measured values are the same as those
values predicted by the structure-activity relationship within

error (1.6 x 107'" em® molecule™ s™' at 295 K for both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds), and so the SAR values are used in all cases for
consistency.

Estimates of «;, were derived from the concentration of
ROOH formed in the high HO, experiments. In these experi-
ments, the amount of ROOH formed divided by the concen-
tration of the reacted alkene is approximately equal to the
branching fraction of Reaction 1a (eqn (10)).

A[ROOH]

-A[HC] (10)

= Q13 HC

According our photochemical box model, for the conditions
of our experiments, eqn (10) is accurate to better than 9%. There
is additional error induced by the estimation of the reacted
alkene used in the calculation of «y,. We assign the modelled
OH exposures, and by extension the fraction of reacted alkene,
an uncertainty of 50%. This is by far the largest source of
uncertainty in the estimation of «;,. Further, this error is much
larger than the uncertainties in the values of k;. Therefore, we
assign the oy, an uncertainty of 50% and the overall calculation
of k,a,q a corresponding uncertainty of 50%.

Finally, to assign elution temperatures to ROOR isomers in
the gas chromatograms, we performed experiments where we
did not add methanol. This maximized the fraction of RO,
undergoing self- and cross-reactions and thus the signal-to-
noise ratios of the resulting chromatograms. These experi-
ments are labeled ‘high RO,’ in the discussion below and
generally contained [HO,]/[RO,] ratios that were much less
than 1.

2.2 Instrumentation

All measurements in this study were conducted using the Cal-
tech gas chromatograph chemical ionization mass spectrom-
eter (GC-CIMS). This instrument has been described in detail
previously,*” but a brief description is given here.

The Caltech GC-CIMS uses a high resolution (m/Am ~ 3000)
time-of-flight mass spectrometer with CF;0™ reagent to ionize
and detect analytes. CF;0™ is produced by flowing CF;00CF; in
N, through a polonium-210 ionizer (NRD, LLC). In direct
sampling mode, the analyte gas is sampled at approximately
2000 sccm, and 180 scem of this sample passes through
a Teflon-coated metal critical orifice into a Teflon-coated glass
flow tube that is maintained at a pressure of approximately 35
mbar. Here, the sample is diluted with N, and turbulently mixes
with 380 scem flow of N, from the ion source. The analytes are
then ionized by reaction with the reagent ion. For most of the
compounds considered here, the analyte forms a cluster with
the reagent ion that appears at a mass-to-charge ratio (m/z) of
the molecular weight (mw) of the compound plus the mass of
CF;0™ (m/z = mw + 85). However, analytes may also undergo
a fluorine transfer reaction, thus appearing at a mass-to-charge
ratio equal to the molecular weight of the analyte plus the mass
of fluorine (m/z = mw + 19). Although fragmentation in this
ionization scheme is minimal compared to the fragmentation
observed in other chemical ionization schemes, some
compounds still lead to characteristic fragments. For example,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic hydroperoxides characteristically form fragment ions at
m/z 63 (FCO,™) and m/z 81.***® The ionized analytes are then
directed into the mass spectrometer through a pinhole and
a conical hexapole ion guide, where they are subsequently
detected. Signals were collected for mass-to-charge ratios
between m/z 19 and m/z 396.

The metal-free, low-pressure gas chromatograph consists of
a 2 meter fused silica column (Restek RTX-1701) that is cooled
via the expansion of liquid CO, and heated with resistance
heaters. During GC sampling, the analyte gas was sampled at
approximately 1200 sccm and diluted by a factor of 2-6 via the
addition of dry nitrogen flow. A fraction of the diluted sample
flow was passed through a small trap upstream of the column,
where analytes were collected. Trapping temperatures (—10 °C,
—20 °C, or —30 °C), trapping times (2-10 min), and dilution
factors were chosen to maximize the concentration of analyte
trapped while avoiding the trapping of water. After trapping, the
temperature was increased to 130 °C at a pre-determined
temperature program with 5 sccm of nitrogen flowing through
the trap and column. The effluent was then directed into the
flow tube with a 200 sccm pickup flow of nitrogen and detected
by the CIMS. The CIMS automatically switches between
sampling from the GC and sampling directly from the chamber.
A complete list of the temperature ramps and trapping condi-
tions used in these experiments is given in the SI. For each
experiment, a background chromatogram was taken prior to the
initiation of oxidation and three chromatograms were taken
after the oxidation period.

2.3 CIMS calibration and GC collection and transmission
efficiencies

The sensitivity of the CIMS to most compounds in this study
was estimated via calculation of their ion-molecule collision
rates relative to that of ethylene glycol, for which we have
extensive calibration data. This procedure is described in detail
in previous work,? but is briefly summarized here. The CIMS
instrument used in this work implements a transverse ioniza-
tion scheme that results in a short interaction time (approxi-
mately 5 ms) between the analyte and reagent ions. In this
configuration, the sensitivity of the analyte is approximately
proportional to the ion-molecule collision rate, after accounting
for the fraction of these collisions that result in ionization of the
analyte, the transmission efficiency of the resulting ions, and
any fragmentation of the analyte in the ionization process.
Further, this sensitivity also depends on the total number of
reagent ions (which includes CF;0™ and its clusters with H,O
and H,0,). Since the fraction of reagent ions reacting with
analytes is small, we can normalize the analyte signals to the
total reagent ion signal. Specifically, to remain in a linear
counting regime, we normalize our signals to the sum of the
signals of the isotopic analogues of the reagent ions (m/z = 86,
104, and 120). The resulting signals are then proportional to the
concentration of the analyte in the sample. In prior work, we
measured a sensitivity of 2.5(+0.2) x 10~* normalized counts/
pptv of the CIMS to ethylene glycol.*

Environ. Sci.. Atmos., 2025, 5, 1312-1325 | 1315
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CF;0 binds strongly to multifunctional organic
compounds,® such that the fraction of the analyte that
undergoes ionization generally depends on the ion-molecule
collision rate. For analytes that form weakly bound clusters
(such as H,0,), not every collision results in the formation of
a stable ion cluster. Such analytes are identified by probing the
relationship between sensitivity and temperature and humidity,
as the sensitivity of these compounds tends to exhibit a negative
dependence on temperature and often a complex dependence
on water concentration.’” The efficiency of cluster formation
following collision may decrease due to fragmentation of the
product ion and/or subsequent ligand exchange reactions. In
our previous work on the ethene-derived peroxy radical self-
reaction, we found that the clusters of the resulting RO, prod-
ucts with the reagent ion were well bound and exhibited little
fragmentation. Due to the similar sizes and chemical structures
of the compounds studied here and those probed in the prior
study, we assume that the compounds considered in this study
are similarly well-bound, and thus that sensitivities scale with
ion-molecule collision rates. The sensitivities of the compounds
measured in this study are estimated by calculating their ion-
molecule collision rates relative to ethylene glycol and using
this scaling factor to obtain the sensitivity from the measured
ethylene glycol sensitivity. The calculated ion-molecule collision
rates relative to ethylene glycol are given in the SI and are ob-
tained using the methods outlined in Su et al.*® and quantum
calculations of the conformer-weighted dipole moments and
polarizabilities of the relevant compounds.** The calculated
rates vary by +9% for the molecules of interest here.

The GC elution efficiency, which encompasses the combined
effects of collection and transmission efficiencies, was deter-
mined for each compound by comparison of the sum of the
total GC signal to the average CIMS signal obtained in direct
sampling without chromatographic separation. These values
were determined for a variety of trapping temperatures, and
thus a variety of collection efficiencies. The measured elution
efficiencies ranged between 10% and 100% - the lowest values
generally reflect small ketones and alcohols for which the
trapping was inefficient. The average elution efficiencies of each
of the relevant compounds are given in the SI.

2.4 Isomer distribution and peak fitting

The calculations of the self- and cross-reaction rate coefficients
for the individual isomers of the peroxy radicals studied here
required separation of the resulting RO, products in the gas
chromatograph and the subsequent quantification of their
concentrations. The relative concentrations of each of these
isomers was determined by fitting each peak using a modified
open-source MATLAB peak-fitting function.”” The GC peaks
from our instrument were fit with exponentially-broadened
Gaussian peak shapes with variable peak widths and exponen-
tial time constants. The peak widths and time constants that
minimized the total error for these fits were determined by
performing a bootstrap best-fit procedure in which 1000-10000
trials were performed with the parameters randomly varied to
within +50% of the initial guess. The resulting best-fit
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parameters, which are provided in the SI for the experiments
discussed here, were then used to calculate the area under each
chromatographic peak.

To account for elution efficiencies less than unity in the GC,
we did not calculate the concentration of each isomer directly
from the integrated GC signal. Rather, the relative proportions
of the isomers of each compound were calculated using the
ratio between the fitted peak areas. These proportions were
subsequently multiplied by the total CIMS direct-sampling
signal to determine the concentrations of each isomer. In this
calculation, we implicitly assume that the direct-sampling
signal represents the total concentration of a given set of
isobaric isomers and that the trapping and transmission effi-
ciencies of these different isomers are the same.

2.5 Reagent preparation

H,0, (30% by mass, Macron Fine Chemicals) was measured by
weight into a pre-weighed three-way glass vial and injected into
the chamber by evaporating this weighed sample with dry air
flowing at 20 SLM. The glass vial was reweighed following
injection to ensure complete evaporation of the sample.
Ethylene glycol (Sigma-Aldrich) was injected in a similar
manner, with the glass vial partially immersed in warm water to
ensure evaporation of the sample.

Ethene (=99.5%, Sigma-Aldrich), methanol (=99.9%, Sigma-
Aldrich), 2-methylpropene (99%, Sigma Aldrich), cis-2-butene
(=99%, Sigma Aldrich), and propene (=99%, Sigma Aldrich)
samples were measured into 500 mL glass bulbs via a mano-
metric apparatus in which the bulb was attached simulta-
neously to a vacuum/N, system and to the reagent source. The
desired concentration of the relevant hydrocarbon was then
obtained by serial dilution with pressure measurements con-
ducted using pressure sensors (MKS 1000 and 10 Torr baratron
pressure transducers). The purity of the samples and the
concentrations measured using manometry were confirmed by
taking IR spectra in a 19 cm pyrex FTIR cell with CaF, windows
and fitting the resulting spectra to cross sections obtained from
the PNNL IR Database.** The measurements taken with
manometry and the concentration calculated from the FTIR
spectra agree to within 30%.

3 Results and discussion
3.1 2-Methylpropene

The expected products of the NO,-free OH-initiated oxidation of
2-methylpropene are shown in Scheme 1. Two peroxy radical
isomers, a tertiary peroxy radical (tMP) and a primary peroxy
radical (pMP), are formed via the major and minor OH addition
reactions, respectively. Hydrogen abstraction by OH has been
found to account for <5% of the overall reaction of 2-methyl-
propene and is therefore neglected in this analysis.»** Repre-
sentative chromatograms of the major accretion and
hydroperoxide products are given in Fig. 1.

Two isomers of the ROOH product are expected to form: that
derived from the primary RO,, pMP-ROOH, and that derived
from the tertiary RO,, tMP-ROOH. In experiments with high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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. HO,
HO,/RO, ratios
RO,

> 2) , the distribution of these products

is expected to reflect the ratio of the production rates of the pMP
and tMP due to the lack of other competitive loss channels, i.e.
all RO, react with HO, to form ROOH.'* We expect the observed
ratios of the ROOH products to match those measured in Teng
et al., which were measured under conditions where RO, self-
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reaction chemistry was negligible and are taken here as an
accurate measurement of the relative production rates of the
peroxy radical isomers (21(£2)%/79(£2%) for pMP-ROOH/tMP-
ROOH).*” In the high HO, experiments presented in this study,
the average distribution of pMP-ROOH/tMP-ROOH is 16(+1)%/
84(+1)% (Fig. 1c). This is within 5% of the distribution found by
Teng et al., confirming that the primary loss of RO, in these
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Fig. 1 Representative chromatograms of ROOH (a and c) and ROOR (b, d, and e.) products formed in the oxidation of 2-methylpropene in
experiments with high RO,/HO, ratios (top row) and high HO,/RO; ratios (bottom row). Experiments represented in the bottom row also
included ethene. The experimentally measured signal is given as dark gray dots, while the colored lines are the bootstrap best fits of the
chromatographic data. The corresponding structures are the assignments of these peaks. Below each chromatogram are plots of the residuals of
the best fits given as fractions of the maximum peak value.
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experiments is reaction with HO, (although some loss due to
RO, self-reaction chemistry is still expected).

HO
In the high RO, regime (R02 < 1) , the fraction of ROOH as
2

PMP-ROOH is significantly lower than that observed in the high
HO, condition, with an average distribution of 3(+1)% pMP-
ROOH and 97(+1)% tMP-ROOH (Fig. 1a). Under these condi-
tions, the distribution of pMP-ROOH and tMP-ROOH is signif-
icantly altered by the loss rates of tMP and pMP RO, due to self-
and cross-reaction chemistry. The dramatic decrease in the
production of pMP-ROOH relative to tMP-ROOH when RO, self-
and cross-reactions are prominent is consistent with previous
observations that the rate of self- and cross-reactions of primary
peroxy radicals are rapid compared to the self-reactions of
tertiary peroxy radicals.'

Under the high RO, condition, three isomers at the mass of
the accretion product (m/z 263) are observed, consistent with
the expected products outlined in Scheme 1. Therefore, we see
that the accretion product is formed at appreciable rates in all
three of the possible self- and cross-reactions in this oxidation
system. The isomeric distribution of the methylpropene-derived
accretion product formed in Reaction 2 is influenced by the
competing factors of peroxy radical abundance and reaction
rate. Although the branching to the formation of tertiary peroxy
radicals in the OH-initiated oxidation of 2-methylpropene is
approximately 80%,** and therefore tMP will be more abundant
than pMP, the self-reactions of tertiary peroxy radicals are
generally several orders of magnitude slower than those of
primary peroxy radicals.”"*

These competing factors are evident in the distribution of
the ROOR isomers under varying conditions, as shown in Fig. 1.
The peak assignments given in Fig. 1 follow the observation
that, in the Caltech GC-CIMS instrument, compounds with
primary -OH groups elute at higher temperatures than those
with tertiary -OH groups due to the corresponding decrease in
interaction strength between the analyte and the column.* The
ROOR produced in the cross-reaction of pMP and tMP (p,t-MP-
ROOR) is produced in the highest proportion under high RO,
conditions, constituting on average 69(+4)% of the total
concentration of methylpropene-derived accretion products
(Fig. 1b). t,t-MP-ROOR constitutes 23(+3)% of this signal, with
7(£2)% of the signal on average attributed to the peroxide
formed in the self-reaction of pMP (p,p-MP-ROOR) (Fig. 1b).
Clearly, the cross-reaction between pMP and tMP is favored as
a sink of tMP over the self-reaction. However, pMP reacts
quickly, such that the steady state concentration of pMP is quite
low, as demonstrated by the low proportion of pMP-ROOH
relative to tMP-ROOH. Therefore, a significant concentration
of t,t-MP-ROOR is formed despite the slow self-reaction of
tertiary peroxy radicals. These observations are further quanti-
fied and discussed in the section on ROOR formation rate
coefficients below.

In experiments with high HO,/RO, ratios, 2-methylpropene
and ethene were oxidized together to measure the relative
production rates of the ethene- and methylpropene-derived
accretion products, as described in the Methods section.
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Under these conditions, the proportion of t,t-MP-ROOR
decreases appreciably to between 0-5% of the total
methylpropene-derived ROOR concentration (Fig. 1e). The signal-
to-noise ratio of this peak is very low, with the peak indistin-
guishable from the noise in some cases - therefore, significant
uncertainty is assigned to this fitted peak area. On the other hand,
the concentrations of p,p-MP-ROOR and p,t-MP-ROOR are
comparable, with average proportions of 37(+1)% and 61(£2)%,
respectively. Further, two compounds are observed at m/z 235,
consistent with accretion products formed in the cross-reactions
of 2-methylpropene and ethene-derived peroxy radicals (E,pMP-
ROOR and E,tMP-ROOR, Fig. 1d). These compounds are
produced in unequal proportions, with a distribution of 78(£3)%/
22(+3)%. We assign the less prominent peak to E,tMP-ROOR by
comparison to the elution temperature of the accretion product
formed in the oxidation of t-butanol in the presence of ethene (see
Fig. S3). This assignment also aligns with previous observations
that isomers with primary OH groups elute at warmer tempera-
tures than isomers with more substituted OH groups. The
prominence of E,pMP-ROOR suggests that the formation of the
accretion product in the cross reaction of the ethene-derived
peroxy radical (pE) and pMP is quite fast. These observations
are discussed further in the section on ROOR formation rate
coefficients.

3.2 Cis-2-butene

The simplified mechanism of the NO,-free OH-initiated oxida-
tion of cis-2-butene is given in Scheme 2. Stable products that
are observed via clustering with CF;O™ in the Caltech GC-CIMS
are boxed and labeled with the corresponding m/z. The H-
abstraction pathway is expected to be negligible (<5% of the
total reaction with OH). In contrast to the 2-methylpropene
system, the symmetry of the parent molecule yields only one
structural isomer of the peroxy radical. However, four stereo-
isomers of the peroxy radical (two diasteromers, with accom-
panying enantiomers) are possible, and these will react to form
distinct ROOH, ROOR, and diol products that have the potential
to be chromatographically separated (for simplicity, stereoiso-
mers are not distinguished in Scheme 2). Representative chro-
matograms of the resulting peroxide, hydroperoxide, and diol
products are given in Fig. 2.
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Fig.2 Gas chromatograms of severalimportant compounds produced in the oxidation of cis-2-butene by OH in the presence of O, and ethene,
including (a) ROOH, (b) diol, (c) ROOR formed in the self-reaction, and (d) ROOR formed in the cross-reaction with ethene. (a) and (d) are
chromaograms from a high RO, experiment, and (b) and (c) are chromatograms from a high HO, experiment. Experimentally measured signals
are given in gray dots, while the bootstrapped best fits to these peaks are given in colored lines. The provided structures correspond to the
assigments of these peaks. Below each chromatogram the residuals of the best fits are plotted as a fraction of the maximum peak signal. The
chromatograms in (a) and (b) are corrected for significant tailing — this correction is described in the SI.

Two diasteromers of the peroxy radical are formed, the
reactions of which are expected to produce multiple stereoiso-
mers of the resulting products (B-ROOH, B-ROOR, and 2,3-
butanediol). In agreement with this expectation, two closely
separated peaks are observed in the chromatogram at m/z 175,
the mass-to-charge ratio at which 2,3-butanediol appears in the
CIMS, with a distribution of 34(£8)%/66(+8)% in the high RO,
(10

[RO,]
matogram with those of meso and R,R-2,3-butanediol standards
confirms the identity of these peaks as the stereoisomers of 2,3-
butanediol (see Fig. S1). The elution temperature of the minor
peak is consistent with a mixture of the enantiomers (R,R and
S,S), while the major peak is consistent with the meso
compound (Fig. 2). The observation that the entatiomers
contribute a smaller fraction to the overall butanediol concen-
tration than the meso compound is consistent with theoretical
calculations suggesting that, due to stronger hydrogen bonding
in the intermediate alkoxy enantiomer complex, the meso
compound has a faster hydrogen shift rate than the enantiomer
pair.** In contrast, multiple peaks are not observed at the
masses associated with B-ROOH and B-ROOR. Some of these
chromatograms exhibit a larger peak width than other
compounds that elute at similar temperatures (Table S8),

<1) experiments (Fig. 2b). Comparison of this chro-

© 2025 The Author(s). Published by the Royal Society of Chemistry

suggesting that this is likely due to a lack of chromatographic
separation.

As in the analysis of the 2-methylpropene system, high HO,
[HO, |
[RO,]
ethene and cis-2-butene to directly compare the formation rates
of the accretion products. The distribution of the stereosiomers
of butanediol does not change (within error) under this condi-
tion, with an average distribution of the enantiomers to the
meso compound of 31(£6)%/69(+6)%. Without chromato-
graphic separation of the stereoisomers of B-ROOH, it is diffi-
cult to draw any definitive conclusions from this observation of
the butanediol isomeric distribution. In these experiments,
accretion products formed in the cross reactions between the
ethene- and cis-2-butene-derived peroxy radicals (m/z 235) were
observed alongside accretion products resulting from the cor-
responding self-reactions (m/z 263), as shown in Fig. 2¢ and d,
respectively. The measured formation rate coefficients of these
compounds is discussed in the section on ROOR formation
rates.

experiments ( >2) were performed with a mixture of

3.3 Propene

The mechanism of the OH-initiated NO,-free propene oxidation
system is given in Scheme 3. Two structural isomers of the
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Scheme 3 Reaction scheme for the oxidation of propene by OH in the presence of O,. Stable products that can be observed with the CFzO™
GC-CIMS are boxed and color-coded such that products that are derived from the primary peroxy radical are in blue, those derived from the
secondary peroxy radicals are in red, and products formed from the cross-reactions of the primary and secondary peroxy radicals are in green.
Each product is labelled with the m/z of that product in our CIMS, which is equal to the molecular weight + 85. In the presence of O,, the alkoxy
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propene-derived hydroxyperoxy radical are generated in the
reaction of propene and OH: a primary peroxy radical (pP) via
the minor addition pathway and a secondary peroxy radical (sP)
in the major addition pathway. Similarly to the methylpropene
system, at sufficiently high HO,/RO, concentrations

HO
(ROZ > 2) the distribution of the ROOH isomers (that derived
2

from the primary peroxy radical, pP-ROOH, and that derived
from the secondary peroxy radical, sP-ROOH) is expected to
match that of the relative formation rates of pP and sP. This is
consistent with the measured isomer distribution in the high
HO, experiment, with an observed distribution of 35%/65% for
pP-ROOH/sP-ROOH (Fig. 3c), which is within 5% of the distri-
bution measured in Teng et al (40(£3)%/60(+3)% for pP-
ROOH/sP-ROOH).*?

This distribution diverges from the relative production rates
of the peroxy radical isomers in experiments with high RO,/HO,

ratios (ROZ < 1) , exhibiting a distribution of 16%/84% for pP-
2

ROOH/sP-ROOH (Fig. 3a). The change in the distribution
demonstrates, as expected, that pP undergoes self- and cross-
reaction more quickly than sP. However, the perturbation is
smaller than that observed for the distribution of pMP-ROOH
and tMP-ROOH, suggesting that the difference in self- and
cross-reaction rates between the tertiary and primary peroxy
radicals is larger than that between the secondary and primary
peroxy radicals. This is consistent with previous observations
that the reactivity with respect to self- and cross-reaction
decreases with increasing peroxy radical substitution.

As in the methylpropene oxidation system, the isomer
distribution of the propene-derived accretion products (p,p-P-
ROOR, p,s-P-ROOR, and s,s-P-ROOR) is influenced by the

1320 | Environ. Sci.: Atmos., 2025, 5, 1312-1325

competing effects of the peroxy radical distribution and the self-
and cross-reaction rate coefficients. However, the differences in
these quantities across the peroxy radical isomers are smaller in
the propene system than in the 2-methylpropene system. In
experiments with high RO,/HO, ratios, the accretion product
formed in the cross-reaction of the primary and secondary
peroxy radicals is most prominent, and is present in an average
proportion of 56% (Fig. 3b). On the other hand, the p,p-P-ROOR
and s,s-P-ROOR compounds are present in similar proportions,
with an average distribution of 26%/18% for p,p-P-ROOR/s,s-P-
ROOR.

In the high HO, system, the proportion of the total ROOR
signal that is composed of s,s-P-ROOR decreases to 11(42)% on
average. This is an effect similar to that observed in the high
HO, regime of the 2-methylpropene system, in which the frac-
tion of t,t-MP-ROOR dramatically decreases due to the reaction
of tMP with ethene-derived peroxy radicals. This suggests that
sP also preferentially reacts with ethene-derived peroxy radicals
over reaction with pP or sP, although this difference between
reactivity in the cross-reaction versus the self-reaction is less
pronounced than that observed for the tertiary peroxy radical.
Further, two peaks are observed at the mass of an accretion
product formed in the cross-reaction of ethene-derived peroxy
radicals and propene-derived peroxy radicals (m/z 221). These
are produced with an average distribution of 63%/37%. We
assign the more prominent peak to pP,E-ROOR (the accretion
product formed in the self-reaction of pP with ethene-derived
peroxy radicals). The production rates of these and other
products are quantified and discussed further in the next
section. Similarly to the cis-2-butene system, we expect ROOR
compounds from combinations of propene-derived RO, to be
composed of several stereoisomers, as each contains two chiral

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Gas chromatograms of several important compounds produced in the oxidation of propene by OH in the presence of O, and ethene,
including the ROOH (a and c), the ROOR formed in the self-reaction (b and e), and the ROOR formed in the cross-reaction with ethene (d).
Chromatograms in the top row (a and b) are from experiments with high RO,/HO ratios, while those in the bottom row (c, d, and e) are from
experiments with high HO,/RO, ratios that also included ethene. The bootstrapped best-fits of the relevant peaks are plotted in colored lines on
top of the GC traces, and structures are given for the assignments of these peaks. Below each chromatogram the residuals of the best fits are

plotted as fractions of the maximum peak signal.

centers. However, we only observe a single peak for each
structural isomer, which may indicate our inability to separate
these species.

3.4 ROOR formation rate coefficients

3.4.1 Self-reactions. The formation rate coefficients of the
accretion products in these alkene oxidation systems (kyozq)
were measured relative to the formation rate coefficient of the
ethene-derived accretion product, as described in the Methods
section. The resulting k,a,q values for the self- and cross-
reactions of the peroxy radical isomers formed in the 2-m-
ethylpropene, propene, and cis-2-butene oxidation systems (and
the relevant cross-reactions with ethene-derived peroxy radicals,
PE) are given in Table 1.

In Fig. 4, the measured k,a,q values for each of the self-
reactions are plotted in circles as a function of the sum of the
total number of heavy atoms in both of the participating peroxy
radicals (C + O — 4) and color-coded by peroxy radical substi-
tution. The formation rate coefficient of the accretion product
in the self-reaction decreases by approximately one order of
magnitude for each additional increase in peroxy radical
substitution, with the formation of the ROOR being the fastest
for primary peroxy radical self-reactions (on the order of 10
cm® molecule™ s7') and the slowest for the tertiary peroxy
radical self-reaction (on the order of 10~ ** cm® molecule ' s™%).
This observation is consistent with the general observation that
the overall rate of the self-reaction decreases with increasing

© 2025 The Author(s). Published by the Royal Society of Chemistry

peroxy radical substitution”* and suggests that, at least for
small alkene-derived hydroxy peroxy radicals, k,a,q depends
primarily on peroxy radical substitution.

Of the systems studied here, the self-reaction rate coeffi-
cients for the reactions of the sB,”> pMP,**® and tMP peroxy
radicals*®* have been measured in prior studies. For these
systems, we use the k,a,q measured in this work and the liter-
ature value for the rate coefficient (k; meas in column 4 of Table
1) to estimate a,q, the branching fraction to the formation of the
accretion product. These values are given in column 6 of Table
1. We can further estimate a,q4 for the propene-derived peroxy
radical isomers using measured rate coefficients for peroxy
radicals with similar structures - these estimates are given in
Table 1 as well (this is discussed in more detail below). The
estimated a,q values for C, peroxy radical self-reactions, which
encompass primary, secondary, and tertiary peroxy radicals,
have significantly overlapping uncertainties. However, these
values suggest that a,q decreases with increasing radical
substitution. This trend is also observed for C; peroxy radicals,
but with only two points this trend is uncertain. Clearly, further
studies are needed to explore the relationship between structure
and a,q4. The substitution trend observed here is opposite that
reported in a recent study of small alkyl peroxy radicals, which
suggests that the branching fraction to accretion product
formation increases with increasing alkyl radical substitution.*
Future work should explore the relationship between peroxy

Environ. Sci.. Atmos., 2025, 5, 1312-1325 | 1321
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Table 1 The measured k,a,q values for each of the systems in this study. Peroxy radicals are colored by subtitution as in Fig. 4

Fptzq (x10719) k2 meas (X107 ") kpaf (x10719)

h 1 1 1

Reactants Type em® molec™" s~ cm® molec™" s~ cm?® molec™ s~ Implied ayq
Ethene
HOCH,CH,0, + HOCH,CH,0, p+p 5.5(%2.6)" 24(+10) 0.23(+0.05)
Propene
CH;3CH(OH)CH,0, + CH;CH(OH)CH,0, ptp 4.8 24° 0.20
CH3CH(0,)CH,0H + CH3CH(0,)CH,OH sts 0.35 5.0" 0.07
CH;3CH(0,)CH,0H + CH;CH(OH)CH,0, stp 2.6 15 0.17
CII3CII(OIN)CI, 0, + HOCH,CIL, 0, p+p 8.0 24 0.33
CH3CH(0,)CH,0H + HOCH,CH,0, S+p 2.5 15 0.17
Cis-2-butene
CH;CH(OH)CH(0,)CH; + CH3CH(OH)CH(0,)CHs sts 0.19 5.0(+1.1)° 0.04(+£0.03)
CH3CH(OH)CH(0,)CH; + HOCH,CH,0, stp 1.5 15(£8) 0.10(£0.05)
2-Methylpropene
(CH3)2G(OH)CH,05, + (CH3)>C(OH)CH,0, ptp 3.9 51(+34)° 0.08(+0.06)
(CH3)>C(02)CH,OH + (CH3)2C(0,)CH,0H t+t 0.0080 0.15(£0.05)" 0.05(+0.03)
(CH3),C(OH)CH,0, + (CH3),C(0;)CH,0H p+t 0.79 26(+19.5) 0.03(£0.02)
(CH3)>C(OH)CH,0, + HOCH,CH,0, ptp 12 38(£30) 0.32(+0.30)
(CH3)2C(02)CH,OH + HOCH,CH, 0, t+p 0.54 12(+6.4) 0.05(+£0.04)

“ All values in this row are from Murphy et al. 2023.2* ® Jenkin and Hayman 1995.° The value reported in Jenkin and Hayman is given as a range of
possible values between 3.9 x 10~ "> cm” molec ™" s™" and 6.0 x 10~ ** cm® molec™" s~*. A value in the middle of this range is reported here and used
to estimate «. ¢ Boyd et al. 1996.¢ ¢ Boyd et al. 2003.% ¢ Value estimated using measured self-reaction rate coefficient for ethene-derived hydroxy
peroxy radicals. / Value estimated using the measured self-reaction rate coefficient for cis-2-butene-derived hydroxy peroxy radicals. ¢ Cross-
reaction rate coefficients calculated using the arithmetic mean of measured or estimated k, values. " Substitution of the participating peroxy

radicals, where p = primary, s = secondary, and t = tertiary RO,.

radical functionalization and branching to accretion product
formation.

Although £k, for the propene-derived peroxy radicals have not
been measured to our knowledge, we estimate values for k, for
the self-reactions of pP and sP using those values measured for
other peroxy radical systems with the same substitution. We
assign a value of k, for the self-reaction of pP approximately
equal to that found for the ethene-derived peroxy radical self-
reaction (k, = 2.4 x 107> cm® molec™* s™'). For the self-
reaction of sP, we assign a value of k, equal to that found for
the cis-2-butene peroxy radical self-reaction (k, = 5.0 x 10 *3
em® molec™' s7'). This yields estimated branching fractions
(cpq) of 0.20 for the self-reaction of pP and 0.07 for the self-
reaction of sP using the ka4 values measured here.

3.4.2 Cross-reactions. Table 1 also reports the measured
kyaq values for the cross reactions of the studied peroxy radi-
cals. These values are plotted in Fig. 4 as squares, with each half
of the squares colored by the substitution of one of the
participating peroxy radicals. It is interesting to note that these
values are quite fast for cross-reactions involving ethene-derived
peroxy radicals as a co-reactant (Fig. 4). In general, the forma-
tion of the accretion product in the cross-reactions of secondary

1322 | Environ. Sci.: Atmos., 2025, 5, 1312-1325

or tertiary peroxy radicals with primary peroxy radicals is faster
than the formation of the accretion product in the corre-
sponding self-reactions. The relationship between k,a,q for the
cross-reactions and the corresponding self-reactions is explored
in Fig. 5 for the systems studied in this work (blue squares). The
same relationship between the self- and cross-reaction rate
coefficients is shown for data reported in Jenkin et al (red
circles).™

Fig. 5 shows that, for both the k,a,4 values measured in this
work and the total k, values given in Jenkin et al., the cross-
reaction rate coefficients correlate well with the arithmetic
mean of the corresponding self-reaction rate coefficients

(eqn (11)):

kz?R +k R
kz,R+R’.ar = fm (11)

This suggests that the arithmetic mean of the self-reaction
rate coefficients is a reasonable estimate of the cross-reaction
rate coefficients. There is a clear outlier in this trend, the
cross-reaction of the tert-butylperoxy radical (t-C,Ho0,) with the
methyl peroxy radical (CH30,). However, the recommended rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Measured values of kyapq for the self-reactions of the ethene,
methylpropene, propene, and cis-2-butene-derived peroxy radical
systems, plotted as a function of the sum of the number of heavy
atoms in the participating peroxy radicals and colored by substitution
of the peroxy radical. Dashed lines give the average value of koa,qy for
each of the primary, secondary, and tertiary peroxy radical groups.
Squares give kpapq Vvalues for the cross-reactions measured in this
work. All points are labeled with the participating peroxy radicals.
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Fig. 5 The relationship between the cross-reaction rate coefficients
and the arithmetic mean of the self-reaction rate coefficients (k) for
the peroxy radical systems given in Jenkin et al. 2019 (red circles), and
the same relationship between k,ayq4 values for the cross- and self-
reactions examined in this study (blue squares). The solid gray line
denotes the 1:1 line.

coefficient for this reaction is fairly uncertain (Alogk = 0.6),
with only two reported measurements.’>**®

Using the arithmetic mean of the measured/estimated rate
coefficients for the self-reactions (k, 5, in column 5 of Table 1),
we also estimate a,q for each of the cross reactions, and these
estimated values are shown in Table 1. Similarly to the kyaq

© 2025 The Author(s). Published by the Royal Society of Chemistry
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values, these values tend to lie in between the «,q4 values of the
corresponding self-reactions, with the notable exception of the
self-reaction of pP with E, which has a significant implied a,q4 of
0.33.

4 Conclusion

The formation rate coefficient of the accretion product depends
largely on the substitution of the peroxy radical and decreases
by an order of magnitude with increasing substitution. The
branching fraction to the formation of the accretion product
ranges between 0.03 and 0.33, and decreases with increasing
radical substitution for RO, of the same carbon number.
Further, the formation of the accretion product in the cross-
reaction systems yielded formation rate coefficients that are
well-described by the arithmetic mean of the corresponding
self-reactions. These relationships should be studied further
and utilized in the estimation of peroxy radical rate coefficients
in models of atmospheric chemical mechanisms.
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