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In this study we revisit one of the simplest RO, + RO, reactions: the self-reaction of the ethene-

derived hydroxyperoxy radical formed via sequential addition of ‘OH and O, to ethene. Previous
studies of this reaction suggested that the branching to ‘accretion products,” compounds containing
the carbon backbone of both reactants, was minimal. Here, CF;0~ GC-CIMS is used to quantify
the yields of ethylene glycol, glycolaldehyde, a hydroxy hydroperoxide produced from RO5 + HO5,
and a C4O4H ¢ accretion product. These experiments were performed in an environmental chamber
at 993 hPa and 294 K. We provide evidence that the accretion product is likely dihydroxy diethyl
peroxide (HOC,;H4O0C,H4OH = ROOR) and forms in the gas-phase with a branching fraction of
23 £ 5%. We suggest a new channel in the RO5+RO5 chemistry leading directly to the formation
of HO; (together with glycolaldehyde and an alkoxy radical). Finally, by varying the ratio of the
formation rate of RO, and HO5 in our chamber, we constrain the ratio of the rate coefficient for
the reaction of RO; + RO to that of RO, + HO5 and find that this ratio is .22 +.07, consistent
with previous flash photolysis studies.
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1 Introduction _ . . : : .
ing effects on atmospheric chemistry and air quality. In environ-

ments with elevated NO, RO}, react to form alkoxy radicals (RO")
(Reaction 1a) and alkyl nitrates (RONO,) (Reaction 1b). Reac-
tion la generally propagates the radical chemistry leading to the
formation of ozone (Reaction 2) +>:

Non-methane hydrocarbons are emitted to the atmosphere by
both anthropogenic and biogenic processes at a rate of approx-
imately 1.5 gigatons per year, making their chemistry an essential
driver of tropospheric composition!. In the atmosphere, these
compounds are oxidized by reaction with ‘OH, NOj3, or O, of-

ten followed by addition of O, to form organic peroxy radicals RO, +NO" — RO+ NOj, (1a)

(RO3) 1-4, RO; undergo a myriad of bimolecular and unimolec-

ular reactions, including reactions that lead to radical termina- — RONO, (1b)

tion or radical propagation. Some RO;, reactions lead to the for-

mation of highly oxidized organic molecules (HOMs) and subse- NO) ;g, NO" 40, @
2

quent particle formation and/or growth. To predict the effects of
peroxy radical reactions on tropospheric chemistry, accurate mea-
surements of the rates and products of their uni- and bimolecular
reactions are required.

The diverse RO;, reaction pathways yield products with differ-
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In low NO, environments, RO; undergo unimolecular® or bi-
molecular reactions with HO;, or other RO;,. For -hydroxyperoxy
radicals, reaction with HO;, leads to the formation of hydroperox-
ides (ROOH) (Reaction 3a) or other products such as RO" (Reac-
tion 3b) or a carbonyl, which in the case of the title reaction will
be an aldehyde (R ;=0) (Reaction 3¢)*:

RO} + HO, — ROOH+ 0, (3a)
— RO+ OH + 0, (3b)
—R_y=0+HOj + OH (30)

The RO;, self- and cross-reactions include both radical propagat-
ing channels (4a,4b) and radical terminating channels (4c,4d).
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Reactions 4a, 4c, and 4d have been observed or proposed previ-
ously#, while Reaction 4b is proposed here to explain the excess
yield of R ;;=0 relative to that of ROH, even in the absence of O,:

RO, +RO, — RO+ RO’ + 0, (4a)
— RO +R_y=0+HO, (4b)
—ROH+R_y=0+0, (40)
— ROOR + 0, (4d)

The rates and products of Reaction 1 in simple peroxy radi-
cal systems have been studied in detail and are generally well
known*, while those of Reaction 3 are more uncertain. Reaction
3a is the dominant channel for most simple organic peroxy radi-
cals reactions. In more substituted ROj, other channels, such as
Reaction 3b and Reaction 3c, become non-negligible. 7.

The dynamics of Reaction 4 are complex as these pathways
require significant electronic rearrangement and/or hydrogen
shifts®. The proposed mechanism of Reaction 4d requires an
intersystem crossing (ISC)8 and was previously believed to be
unimportant to the chemistry of the troposphere 1'* (See SI Ap-
pendix A). Recent studies utilizing chemical ionization mass spec-
trometry (CIMS) techniques, however, have detected compounds
with molecular weights matching the expected products of Reac-
tion 4d, generating renewed interest in quantifying the formation
of these peroxides (one of several compounds known as accre-
tion products) 19,10 p fact, several studies have found that for
some RO;, Reaction 4d may proceed at rates approaching the
collision rate, suggesting a drastic shift from previous assump-
tions %11, [While this manuscript was under peer-review, Yue
et al. reported !2 that a peroxide is produced in the RO; + RO;
chemistry following H-abstraction from ethane at approximately
10% yield, using VUV photoionization mass spectrometry at 266
Pa and 298 K].

Investigation of the production of peroxides via Reaction 4d is
of additional importance due to their potential to form secondary
organic aerosol (SOA) 13. Organic aerosols play an important role
in climate forcing and have a negative impact on human health,
but many routes leading to their formation are poorly quantified.
Accretion products formed in Reaction 4d are much higher in car-
bon and oxygen numbers than the reactants and therefore have
much lower volatility, increasing the likelihood that they con-
dense from the gas phase to the particle phase®. In both labora-
tory and field experiments, compounds with masses assigned to
such accretion products have been observed in the aerosol and in
the gas phase 1:%10:13  confirming that their production can play
an important role in the formation and growth of SOA. However,
their identity and mechanism of formation remain unclear.

In this study, we revisit the self-reaction of the ethene-derived
hydroxyperoxy radical, HOCH,CH,O,". Previous studies have
suggested that the formation of accretion products in this re-
action is minimall*. In contrast, we find that the branch-
ing fraction, oyy, is 23 + 5%. Using H/D exchange experi-
ments, GC techniques, and synthesized standards, we provide ev-
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idence that the accretion product is dihydroxy diethyl peroxide
(HOCH,;CH,0O0CH,CH,0H). We propose a new channel leading
to direct HO;, production, Reaction 4b. Finally, we constrain the
rate coefficient for Reaction 4 from the ratio of products produced
in this reaction to ROOH produced via Reaction 3a.

2 Experimental

2.1 Experimental Design

Our goal in this investigation is to quantify the branching frac-
tions and constrain the rate coefficient for the self-reaction of
HOCH,CH,0;, radicals formed following the sequential addition
of "OH and O, to ethene:

C,H, + ‘OH 22 HOCH,CH, 0 (5)

In the presence of ethene, the production of "OH via photoly-
sis of H,O, in a 800 L FEP Teflon environmental chamber leads
to the production of ethylene glycol (EG), glycolaldehyde (GA),
dihydroxy diethyl peroxide (ROOR), and a hydroxy hydroperox-
ide, HOCH,CH, OOH. All experiments were performed at approx-
imately 993+10 hPa pressure and 294+1 K.

‘OH is produced via the photolysis of H,O,. Eight Sankyo Denki
G40T10 254 nm lamps illuminated for 2 min yield a mean pho-
tolysis frequency for Reaction 6 of 3.04+0.5x 10~* s~ !:

H,0, ™* ‘OH + 'OH (6)

To determine the fraction of ethene reacted, we measured the
‘OH exposure ([OH] x time) from the decay of 2,3-butanediol
during the oxidation period in several of our experiments. The
primary product of this reaction, 2-hydroxy-3-butanone, is not
made elsewhere in our reaction system. The rate coefficient for
the reaction of ‘'OH with 2,3-butanediol has been reported by
Bethel et al. using the relative rate method to be 2.4+£0.6 x 10~
cm® molecule ! s~! 15, Bethel et al. measured this rate coefficient
relative to that of ‘OH + n-octane, for which they assumed a value
of 8.67+0.17 x 10~'2 cm? molecule~! s~!.16 Current recommen-
dations suggest that the rate coefficient of ‘OH with n-octane at
298 K is somewhat slower (8.11 x 10~!2 ¢m3 molecule~! s~1)17
so we use 2.25+0.6 x 10~!! ecm? molecule~! s~! for the 'OH +
2,3-butanediol rate constant in this analysis. Approximately 500
ppbv of butanediol was injected during these experiments. When
2,3-butanediol was not injected, we used a photochemical kinetic
box model to determine the ‘OH exposure. For the experiments
with added butanediol, the modeled and measured "OH exposure
agree to within 30%. The total ‘OH exposure during our exper-
iments was between 0.8x10° - 4.3x10° molecules cm—3 s. To
minimize secondary chemistry, the lights were turned off before
10% of the initial ethene had reacted, usually after 2 minutes.
Specific experimental conditions for each experiment used in this
analysis are given in Appendix B of the SI (Table S1).

The branching fractions for Reaction 4 are determined from
the formation of the products. Note that in this study, we use
the following definitions, where j is the total number of possible
pathways of Reaction X, a,; is the branching fraction of pathway



i of Reaction X, and k, is the rate constant of a reaction X:

ky = Z ki

i=1:j

o = K
X1 kx
kxi = axikx

To quantify the ratio of the radical terminating branching chan-
nels, (g‘ﬁ), we measured the yields of ethylene glycol (EG) and
dihydroxy diethyl peroxide (ROOR). In the absence of secondary
chemistry, the ratio of their concentration is equal to the ratio
of their branching fractions. Secondary losses of the products by
reaction with ‘OH is calculated to be minimal due to the small
fraction of ethene oxidized during the experiment, and the main
loss is photolysis. As described in the SI (Appendix C), we mea-
sured upper limits to the photolysis loss rates for EG, ROOH, gly-
colaldehyde (GA), and ROOR and find that these losses are also
small (negligible for EG, less than 1% of GA, and less than 6%
of ROOR and ROOH in a typical experiment). Additionally, we
measured the wall loss rates for these compounds as a function of
time and find that, over the time period of our experiments, these
losses are negligible.

GA is produced in excess of EG in these experiments, consistent
with significant additional sources beyond Reaction 4c. In 993
mbar of air, we attribute approximately half of the excess to the
reaction of oxygen with the alkoxy radicals formed in Reaction 4a
and Reaction 4b:

HOCH,CH,0 -2 2CH,0 + HO; (7a)
%, HOCH,CHO + HO;, (7b)

The fraction of the excess GA that results from Reaction 7b is well-
explained using results from Orlando et al.!® for experiments per-
formed here under both much higher and lower [O,] as discussed
in Appendix C of the SI. Theoretically, direct hydrogen atom elim-
ination from the initially produce hot alkoxy radical could also
explain the excess glycolaldehyde production at low O,, but it is
expected that C-C bond scission will be much faster. Thus, we
tentatively attribute the remaining excess GA to Reaction 4b.

To further constrain the branching fractions and kinetics of Re-
action 4, we perform a series of experiments varying the ratio of
the formation rates of HOCH,CH, 05 and HO;. In the absence
of external sources, HO;, is produced directly in Reaction 4b and
indirectly via the subsequent chemistry of alkoxy radicals, e.g. de-
composition (Reaction 7a) or via their reaction with O, (Reaction
7b). We increase the formation rate of HO;, relative to RO; by
adding CH3OH to the chamber, which provides an external source
of HO;, independent of ROj:

‘OH + CH,0H -2 HO), + CH,0 + H,0 (8)

A small amount of additional HO;, is also produced in our exper-

iments in Reaction 9:

‘OH +H,0, — HO} +H,0 ©)

As our independent variable, we define F,;.,,..;, the ratio of the
HO;, produced externally to Reaction 4 via Reactions 8 and 9 to
the amount of RO;, produced via Reaction 5, where the kz are the
relevant reaction rate coefficients:

PHOZ,extemal o ks [CHS OH] +kgo [HZ 02]

= (10)
Pro, kgs[CaHy]

Fexternal =

When no methanol is added to the chamber and kgg[H,0,] <<
kgs[CoHy4l, Fexrernar approaches zero and HO; is produced only
as a result of Reaction 4. In this ‘high RO;’ limit, significantly
more RO;, is produced in the chamber than HO;, and, according
to our box model simulations, more than 90% of the HO;, reacts
with ROj, to produce ROOH (the products of Reaction 3 will be
discussed further in a later section). As such, the production of
ROOH provides a probe of the branching to the radical propa-
gating channels in Reaction 4. To quantify this, we define the
dependent variable Q:

[ROOH|

~ [HOCH>CH,OH] + [ROOR] (11)

Q

In the limit where F.ypma — 0, Q is a measure of the ratio of
the branching fractions of the radical propagating channels to the
radical terminating channels:

2(0tRaq + Olgap)

(12)
OR4c + OR4d

Ohigh RO, limit =
where the factor of 2 in the numerator arises because Reactions
4a and 4b, including the subsequent reactions of the alkoxy radi-
cals, each produce two HO;,. Therefore, the y-intercept of Q as a
function of F,.nq provides a constraint on the ratio of the radi-
cal propagating and radical terminating channels of Reaction 4.

To further constrain the kinetics of Reaction 4, we explore the
‘high HO;, limit’, where Fy¢rnq; >> 1. In this limit, nearly all the
"OH produced from the photolysis of H,O, reacts via Reactions 8
and 9 to produce HO;,. Because the formation rate of HO;, greatly
exceeds that of RO;,, the HO;, self-reaction is its main loss:

HO) + HO) — H,0,+0, (13)
while the main loss of RO;, is its reaction with HO;, (Reaction 3).

Because, as follows from Equation 11:

kg3 [HO:][RO,)

- 14
Kt (Gae + oeaq ) [ROS]IROS] a4

and the ratio of [HO,] to [RO;] in the high HO;, limit is deter-
mined by the ratio of their production multiplied by the ratio of
their lifetimes,

[HO,] _ z kg3
[ROZ] externa 2kR137

(15)
in the high HO;, limit, Q is a sensitive measure of the ratio of klzi,3
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to kpy:

2
0 1 kg3

high HO, limit =

1R BRI 2kR13  kRa(OtRac + Olrag)

X FexZernal . (16)

In our experiments, F,;.,e ranges from 0.04 to 4.5. The lower
limit results from the use of HO, as the ‘OH precursor — some
external HO; is produced from its reaction with ‘OH even in the
absence of methanol addition — while the maximum F,nq 1S
limited by insufficient production of RO;, products and the result-
ing poor quantification of Q.

The limiting behaviors described by Equations 12 and 16 are
useful for designing the experimental methods, for quantifying
initial estimates of our parameters, and to perform sensitivity
analyses to estimate uncertainty. However, to formally estimate
the branching fractions and the rate coefficients, we use a box
model that includes all the reactions described above. The com-
plete set of reactions and rate constants used in the box model is
given in Appendix D of the SI (Tables S4, S5 and S6). The dif-
ference between the box model output (the value of Q as a func-
tion of F,y.ma) and our data is minimized using a least-squares
Levenberg-Marquardt (LM) algorithm to optimize the relevant
branching fractions and the ratio of the rate coefficients of Re-
action 4 to Reaction 3. The LM constraints used are provided in
Appendix E of the SI (Table S7).

2.2 Instrumentation

All measurements were performed with a high-resolution time-of-
flight chemical ionization mass spectrometer (HRToF-CIMS) using
CF30~ as the reagent ion. The instrument also contains a metal-
free, low pressure gas chromatograph (GC). This instrument has
been described in detail elsewhere 12, but a brief summary of the
critical components is given here. The HRToF-CIMS samples ei-
ther from the output of the GC or directly from the experimen-
tal chamber (direct sampling mode). The CF;0~ reagent ion is
produced by passing dilute CF;00CF; gas in N; through a tube
coated with polonium-210. Sampled chamber gas passes at 180
sccm through a Teflon-coated critical orifice into a Teflon-coated
glass flow tube maintained at a pressure of 35 mbar, where it
is diluted with N, and mixes with the flow from the ion source.
Reagent ions then react with analytes from the chamber to form
product ions. CF30~ reacts with many multifunctional organic
compounds at the ion-molecule collision rate to yield cluster ions
at the mass of the reagent ion (85) plus the mass of the analyte.
For example, ethylene glycol, with a molecular weight of 62, is de-
tected at m/z 147. These ion clusters enter the mass spectrometer
through a pinhole and a conical hexapole ion guide. In addition
to forming clusters, hydroperoxides produce a small fraction (a
few %) of characteristic fragmentation ions at m/z 63 and m/z
81, enabling identification of such analytes. For some analytes
(e.g. H,Oy) the cluster ions are not well bound, such that not all
collisions result in a stabilizied ion cluster. For these analytes, the
resulting sensitivities are therefore lower than estimated based on
the ion-molecule collision rate2°. The HRToF-CIMS collected ion
signals ranging between m/z 19 and m/z 396 at a mass resolving
power of approximately 3000 (m/Am).
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The GC consists of a 1-meter fused silica column (Restek RTX-
1701) cooled via evaporation and expansion of liquid CO, and
warmed with resistive heating elements connected to a Watlow
temperature controller. The sample is diluted by a flow of dry
N, before being cryotrapped on the head of the column at a tem-
perature of -40°C or below for between 5 and 10 minutes. The
specific trapping temperature, time, and dilution for each exper-
iment are chosen to maximize the amount of analyte collected
while minimizing the water trapped. When trapping is complete,
5 sccm Nj flows through the column while the temperature of
the GC steadily increases at a predetermined ramp rate chosen
to best separate analytes of interest in the minimum amount of
time. The elution stream from the GC oven is combined with a
200 sccm flow of nitrogen and routed to the mass spectrometer
flow tube. Specific conditions for the experiments discussed in
this paper are given in Appendix F of the SI (Table S8).

2.3 Reagent Preparation

H,0, (30% by mass, Macron Fine Chemicals) was pipetted into
a three-way glass vial and weighed for accurate mass determina-
tion. Dry air was then passed through the vial into the experiment
chamber at 20 SLM until all the reagent was evaporated, as ver-
ified by reweighing the vial after injection. 2,3-butanediol (98%,
Sigma-Aldrich) was added to the chamber in a similar manner.

Ethene (> 99.5%, Sigma-Aldrich) and methanol (> 99.9%,
Sigma-Aldrich) samples were prepared in 500-mL glass bulbs us-
ing manometry. The bulb was attached to a vacuum/N, system
and reagent source, and the desired concentration of ethene and
methanol was obtained via serial dilution measured with pressure
sensors (MKS 1000 and 10 Torr baratron pressure transducers).
Concentrations were also determined using FTIR measurements
by fitting spectra to absorption cross sections from the PNNL IR
Database?!. The manometry and IR determinations agreed to
better than 10%.

2.4 CIMS Calibration

Quantification of the various RO; reaction products requires
knowledge of their sensitivity in the CIMS instrument. The Cal-
tech CIMS implementation uses a transverse ionization approach
where the CF30~ reagent ions travel across the 35 mb gas mix-
ture flow in approximately 5 ms before entering the mass filter.
The short reaction time of the reagent ions with the analytes
yields a sensitivity for each compound that is proportional to: the
ion-molecule collision rate with the analyte, the fraction of such
collisions that result in ion products, the transmission efficiency
of such ions, and whether there is fragmentation, all modulated
by the number of CF30~ produced in the polonium source. As
the fraction of reagent ions, here primarily CF30~ and its clusters
with H,O and H,0, (observed at m/z 85, 103, and 119, respec-
tively), that react with the analytes is small, we first normalize
the signals at the cluster mass (e.g. the counts at m/z 163 for the
hydroxyhydroperoxide) by the sum of signal for the reagent ions.
Because the number of reagent ions is very high, to remain in a
linear counting regime, we use the reagent ion signal for the sum
of the minor isotopologues at m/z+1 (e.g. 86 for CF307). So,



the sensitivities listed in Table 1 below are normalized by the sum
of m/z 86 + m/z 104 + m/z 120. These normalized signals are
proportional to concentration of each analyte ionized in the flow.

To determine the sensitivity of the CIMS to ethylene glycol,
we used two methods to produce gas phase standards. In the
first, ethylene glycol (Sigma-Aldrich) was evaporated into a 200-
L Teflon bag, which was then attached to an FTIR and a flow
dilution system in series with our GC-CIMS. The concentration of
EG in the Teflon bag was quantified using the FTIR and cross sec-
tions from the PNNL IR Database as air from the 200 L bag flowed
through a 19 cm pyrex FTIR cell with CaF, windows at a rate of
484 sccm. The uncertainty in the FTIR cross sections is estimated
to be <7%. Following the FTIR cell, a subsample (34 sccm) was
diluted into a 2 SLM nitrogen flow yielding EG concentrations of
approximately 1 ppmv which was directed into the CIMS instru-
ment. In the second method, we prepared a known concentration
of EG by flowing 20 sccm of air over a diffusion vial maintained
at 30°C. The diffusion vial containing EG was regularly weighed.
The mass loss rate of EG over time, and the flow rate in the CIMS
flow tube were used to calculate the mixing ratio of EG in the flow
tube. The sensitivity calculated using these two methods agrees
within 8%. The sensitivity using the diffusion vial method was
repeated often and the average is listed in Table 1.

To estimate the sensitivity for the other RO, reaction products,
we calculate their ion-molecule collision rate relative to that of
EG. CF;0~ binds strongly to most multifunctional organic com-
pounds?2 and as such, the fraction of each product ionized de-
pends linearly on the ion-molecule collision rate. For some ana-
lytes, such as H,O;, the ion-molecule complex binding energy is
small, and not all collisions lead to stabilized product ions. This
dissociation is diagnosed by evaluating the sensitivity as a func-
tion of temperature and water vapor. For weakly bound clusters,
the sensitivity decreases as a function of temperature and gener-
ally has a complex behavior as a function of water — sometimes
increasing at low concentrations as the water chaperone increases
cluster formation, before decreasing at high water concentrations
due to ligand switching2%-22. For the product clusters described
in this work, we find that the sensitivity is largely insensitive to
temperature and both water and H,O;, consistent with high sta-
bility for the ion clusters. Even for well bound clusters, the effi-
ciency of formation of CF30~ clusters following collision can be
less than unity if they fragment into smaller ions. The data ob-
tained with the GC enables us to quantify this fragmentation for
each analyte, and we observe very little such fragmentation for
the species reported here. The hydroxyhydroperoxide (m/z 163)
produces a very small signal at m/z 145 (< 2%) and m/z 63+81
(2-3%). (The latter two ions are diagnostic of organic hydroper-
oxides23-2%), Given the size and stability of the ion products and
the lack of significant fragmentation, we expect that for all the
RO; reaction products, the sensitivity of each for its CF30~ clus-
ter will scale with the ion-molecule collision rate to within + 20%.

To calculate the ion-molecule collision rate, we use the method
of Su et al.2® together with calculated dipole moments and po-
larizabilities using quantum calculations2’. The calculated ion-
molecule collision rates, relative to that for ethylene glycol are
listed in Table 1.

2.5 Peroxide Synthesis

Previous studies of the formation of accretion products have ob-
served compounds at the mass of the peroxides (ROOR) using
CIMS techniques %11, but the identity of these products has not
been typically confirmed. Studies by Kenseth et al.28 have, for ex-
ample, shown that accretion products produced in the ozonolysis
of pinenes are not peroxides and do not form in the gas phase.
Here, a method for the synthesis of a standard for the C4 dihy-
droxy peroxide for comparison to our oxidation products is out-
lined.

General Information. Caution: Although no explosions were
experienced in this work, organic peroxides are potentially haz-
ardous compounds and must be handled with great care: Avoid
direct exposure to strong heat or light, mechanical shock, oxidiz-
able organic materials, or transition-metal ions. A safety shield
should be used for all operations involving H,O,.

Unless otherwise stated, reactions were performed in flame-
dried glassware under ambient conditions using dry, deoxy-
genated solvents. Solvents were dried by passage through an ac-
tivated alumina column under argon. Reagents were purchased
from commercial sources and used as received. Reaction tem-
peratures were controlled by an IKAmag temperature modulator.
Thin- layer chromatography (TLC) was performed using E. Merck
silica gel 60 F254 pre-coated plates (250 um) and visualized by
UV fluorescence quenching, potassium permanganate staining, or
p-anisaldehyde staining. Silicycle SiliaFlash P60 Academic Silica
gel (particle size 40-63 um) was used for flash chromatography.
Preparative HPLC was performed using an Agilent 1200 HPLC
system equipped with an ACE C18 column (5 yum, 21.2 mm X
250 mm). 'H and '3C NMR spectra were recorded on a Varian
Inova 500 (500 and 125 MHz, respectively) spectrometer and are
reported in terms of chemical shift relative to CHCl; (6 7.26 and
77.16 ppm, respectively). Data for 'H NMR are reported as fol-
lows: chemical shift (6 ppm) (multiplicity, coupling constant, in-
tegration). Abbreviations are used as follows: s = singlet, d =
doublet, t = triplet, ¢ = quartet, m = multiplet. IR spectra were
obtained from thin films deposited on NaCl plates using a Perkin
Elmer Spectrum BXII spectrometer and are reported in wavenum-
bers (cm™1). Optical rotations were measured with a Jasco P-
2000 polarimeter operating on the sodium D-line (589 nm) using
a 100 mm path-length cell. All of the spectral data can be found
in the SI (Appendix G).

) PMA

OH 0. o OH
A+ W0 — 100~ + Lo0 ™ O Non + HO O 0 A
2%

1 2 3
(tentative assignment)

Fig. 1 Synthesis of alkyl peroxides 1-3.

Alkyl Peroxides 1-3. Compounds were prepared according to
a modified literature procedure??. To a flame dried 25 mL round
bottom flask was added ethereal H,0, 3 (1M solution, 10 mL, 10
mmol, 1.0 equiv). This solution was brought to 0 °C, and ethy-
lene oxide was bubbled into the solution for 30 s. PMA (phospho-
molybdic acid, 182 mg, 0.1 mmol, 0.01 equiv) was added and
the reaction mixture was stirred at 0 °C for 20 min. After 20 min,
H,0, remained by TLC analysis (100% ethyl acetate, visualized
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Table 1 Measured Sensitivities and Calculated Relative lon-molecule Collison Rate Coefficients.

Errors are the standard deviations of replicate

measurements or, in the case of 2,3-butanediol and 2-hydroxy-3-butanone where only one measurement was performed, the error is determined by
propagation. 2Signals are normalized to the signal of the '3C isotope of the reagent ion (m/z 86 + m/z 104 + m/z 120). PRelative to ethylene
glycol. The ratio of sensitivity to ethylene glycol is lower than the ratio of the ion-molecule collision rate coefficients due to incomplete stabilization

of collisions 9.
Compound Measured Sensitivity (cts/pptv)? Calc. CF30~ -molecule collision rate®

Ethylene glycol 25402x107% 1
H,0,¢ 1.65+£0.06 x 1074 0.94
2,3-butanediol 28+1.6x107* 1.02
2-hydroxy-3-butanone 1.29
Glycolaldehyde 27402x1074 1.08
HOCH,CH;00CH,;CH,0H 1.05
HOCH,CH,O0H 1.08

with p-anisaldehyde). Ethylene oxide was again bubbled into the
solution for 30 s, and an additional 500 mg (0.27 mmol, 0.027
equiv) of PMA was added. The reaction mixture was stirred for
another 1 h at 0°C, at which point TLC indicated consumption
of HyO,. The reaction mixture was pushed through a short silica
plug and concentrated. Analysis of the crude clear residue using
GC-CIMS showed the presence of a compound with m/z = 163,
eluting at 31 °C, and two compounds with m/z = 207, eluting
at 52 °C and 64 °C, respectively (Figure 2). All chromatograms
were run under the same conditions as those described in the Ap-
pendix F of the SI for the oxidation experiments, with at least 5
minutes of trapping time at -45 °C.

The clear residue was purified via preparatory TLC (5%
methanol/ethyl acetate, visualized with p-anisaldehyde). All ma-
jor bands were collected and were subjected to GC-CIMS analysis.
Only two compounds were observed via GC-CIMS analysis: one
major compound at m/z 163 and one major compound at m/z
207 (Figure 2). The chromatograms of both of these compounds
contain daughter ions characteristic of -OOH functional groups
(m/z 63 and m/z 81).

The two isolated products were identified to be hydroxyhy-
droperoxide 1 (20.0 mg, 3% yield, colorless oil) and ether 2 (
5.4 mg, less than 1% yield, colorless oil). We believe that per-
oxide 3 forms under the reaction conditions, as a second peak at
m/z = 207 is observed in the crude reaction mixture, but is not
stable to isolation. Additionally, compound 3 elutes at the same
temperature as the putative accretion product in our oxidation
experiments.

3 Results and Discussion

3.1 The Identity of the Accretion Product

Although several recent studies have reported formation of
accretion products in oxidation experiments of organic com-
pounds %11 the identity of these compounds remains generally
unclear. For example, Kenseth et al.2® have recently shown that
accretion products formed in the ozonolysis of a- and -pinene
arise not directly in the gas phase but rather from heterogeneous
reactions of alcohols and (likely) peroxides produced via O3 and
"OH chemistry, respectively. Here, in this simplest of systems,
we show that the accretion product is likely an organic perox-
ide, HOCH,CH, OOCH,CH,OH. As shown in Figure 3, across all
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our experiments from those with minimal HO;, chemistry to those
dominated by such reactions, the yield of the accretion product
closely tracks the yield of ethylene glycol, a unique gas-phase
product of the self-reaction of HOCH,CH,00", suggesting that
it is also produced in the gas phase via this self-reaction.

Shown in the first panel of Figure 2 are gas chromatograms
of the products formed in our ‘high RO;’ experiments. Due to
its high vapor pressure, glycolaldhyde is not efficiently trapped
on the column. All the other products - ethylene glycol, the hy-
droperoxide, and the accretion product - are efficiently collected,
separated, and detected at their CF30~ cluster m/z. The average
GC transmission efficiencies of all of these species were between
90-100%.
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Fig. 2 a. GC traces of three products of the ethene oxidation exper-
iments: ethylene glycol (m/z 147), accretion product (m/z 207), and
ROOH (m/z 163). b. GC traces with D,O added to flow tube. Dashed
lines are signals at m/z + 2 for each product shown in a, and dotted lines
are the signals at m/z + 3 for each product. Solid lines are signals at
each original product m/z. c. GC traces of m/z 163 and m/z 207 from
the synthesized standard prior to prep TLC purification. d. GC traces of
m/z 163 and m/z 207 from the standard after purification by preparatory
TLC.

Three plausible molecules with the formula C;O4H;y can be
postulated to form in the gas-phase chemistry of HOCH,,CH, 00",
and in the condensed-phase synthesis, considering the starting



materials: a hydroperoxyhydroxyether, a dihydroxyperoxide, and
a triol ether. The last compound can be distinguished from the
first two by the number of readily exchangable hydrogens. To
rule out the triol ether, we added D,O to the GC effluent and, as
shown in panel b of Figure 2, ethylene glycol and the C, hydrox-
yhydroperoxide shift up 2 m/z, consistent with two exchangable
hydrogens. Likewise, the accretion product shifts up 2 m/z. No
+3 m/z isotopologues are observed. As such we eliminate con-
sideration of the triol as a plausible structure for the accretion
product.

Also shown in Figure 2 (panels ¢ and d) is the chromatograph
of the synthetic products from the liquid phase condensation of
the hydroperoxide (as described above). Two compounds at the
m/z of the accretion product (m/z 207, mw 122) are observed in
the crude mixture, while only one C4O4H;( compound is stable
to prep TLC separation. The isolated compound eluting at ap-
proximately 65°C is identified as the hydroperoxy hydroxy ether,
HOCH,CH,0CH,CH,00H, based on the 'H and '*C NMR spec-
tra (see SI) and on the observed fragmentation of m/z 207 to
m/z 63 and m/z 81 in CF;0~ CIMS, fragments characteristic of
hydroperoxides23-24. The first peak, the peroxide, elutes at the
same temperature as the accretion product formed in the gas-
phase experiments. Therefore, we conclude by elimination that
the accretion product formed in the gas-phase ethene oxidation
experiments is likely the dihydroxyperoxide (ROOR).

3.2 Product Branching Fractions

To calculate the branching fractions of the self-reaction, we quan-
tify the closed-shell end products of these reactions (with the ex-
ception of formaldehyde, which does not cluster with CF;07).
Reaction 4 directly produces three products: ethylene glycol, gly-
colaldehyde, and the accretion product (ROOR).

30
® [HOCH,CHO]
= [ROOR] 4
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Fig. 3 ROOR and Glycolaldehyde Formation vs. Ethylene Glycol. Dashed
and solid lines are linear fits to the data, with slopes of 0.56 + 0.02 and
1.50 £+ 0.03 for ROOR and glycolaldehyde, respectively.

Shown in Fig. 3 are the concentrations of ROOR and glyco-
laldehyde as a function of the concentration of ethylene glycol.
The points are colored by the value of F,y.n0. The observed
yield of ROOR relative to EG is 0.56 + 0.02. In 21% O, at 993

hPa, the yield of GA relative to EG is 1.50 + 0.03. The ratio of
the ROOR to EG is independent of F,;,,,,.;- The ratio of GA to EG
increases at the highest F,, . as a result of secondary chemistry
of the ROOH, and therefore we do not include these points in the
above fit (see SI Appendix C).

Absent secondary chemistry, the ratio of the product yields
equals the ratio of their production. To accurately determine the
ratio of their production, however, secondary losses must be con-
sidered. Here, this potentially includes the photolysis of the per-
oxide product (ROOR), the hydroperoxide (ROOH), and glyco-
laldehyde. We measured the upper limit of the photolysis rate of
these compounds in our chamber as follows: after synthesizing
them in the gas phase via an ethene oxidation experiment in the
high RO;, limit, we evacuated the chamber through a coil of Teflon
tubing submersed in an ethanol/liquid nitrogen bath maintained
at approximately -30°C, trapping the low volatility products while
allowing the remaining ethene and high volatility products to be
pumped away. We then flushed out the chamber with clean air
and returned the contents of the trap to the Teflon chamber by
flowing dry air back through the trap at room temperature (294
K). Finally, we added 50 ppmv methanol to convert any "OH pro-
duced by subsequent photochemistry to HO;,, thereby isolating
the loss due to photolysis. We then turned on the UV lights and
measured the loss rates of the relevant compounds. During a typ-
ical 2 min photolysis experiment, we calculate that 1% of the GA
is photolyzed and at most 6% of the ROOR was lost. Photolysis of
the hydroxyhydroperoxide (ROOH) results in a maximum loss of
a few percent. However, these measured photolysis rates are an
upper limit to the loss via photolysis, as there may be additional
secondary losses during these photolysis experiments - we expect
that the true photolysis rates of ROOR and ROOH are likely closer
to that of hydrogen peroxide. Therefore, in our subsequent analy-
sis, we assume that over the 120 s time period of our experiments,
the average photolysis frequency for the ROOR and ROOH is 3.0
x 10™* s~1. If instead we use the upper limit to the photolysis
frequencies, the estimated branching ratios to ROOR and ROOH
increase by approximately a factor of 1.05. We observe no signifi-
cant photolysis of ethylene glycol over the experiment timescales.
In addition to secondary losses, GA is also formed via the reaction
of 'OH with ROOH and EG and via photolysis of ROOH and sub-
sequent reaction of O, with the generated RO". This chemistry is
only significant when ROOH is much larger than GA (e.g. at high
Fovernat (see SI Appendix C)).

Table 2 Average photolysis frequencies of ROOR, ROOH, and glyco-
laldehyde in our atmospheric chamber with 8 lamps (4 = 254 nm). The
measurements of ROOR and ROOH are upper limits of the photolysis
loss. Reported uncertainties are the uncertainties in slopes fitted to the
decay of these compounds as described in the SI. The literature cross
sections are determined from In of the intensities.

Compound Average Photolysis Literature Cross
Frequency (10~* s71) Section3! (cm?molec™!)
HOCH,CH,00CH,CH,0H <6.1£0.8
HOCH,CH,00H <5.2+09
HOCH,CHO 1.7£0.05 4.0+03x107%
H,0, 3.0£0.5 7.0+£1.0x 10720

Accounting for the photolysis losses and glycolaldehyde pro-
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duction, we find that the ratio of the production of ROOR and
GA to ethylene glycol are 0.57+0.10 and 1.5540.20, respectively,
where the uncertainty is derived primarily from the uncertainty in
the relative calibration of the CIMS for these compounds. In the
first-generation chemistry of this reaction system, Reaction 4 is
a unique source of the accretion product and EG, so the ratio of
their production is equal to the ratio of the branching in Reac-
tion 4 (%‘:). GA, however, is also produced in the subsequent
reactions of the alkoxy radical and O, (Reaction 7b) !® and, spec-
ulatively, via a radical propagating reaction, Reaction 4b. There
may be additional GA formed via Reaction 3. The formation of
GA in these experiments is discussed further below.

3.3 Glycolaldehyde Formation

As shown in Figure 3, the yield of glycolaldehyde is consistently
higher than the yield of ethylene glycol across our experiments.
This is true even when oxygen is reduced to 1% of the total vol-
ume to minimize the extent of Reaction 7b (see SI Appendix C).
This observation is consistent with prior studies of GA formation
in the ethene oxidation system. In the FTIR study of the title reac-
tion by Barnes et al. 14, for example, GA yields were 40% higher
than EG at low oxygen mixing ratios (5 hPa). At 180 hPa and 200
hPa [0,], similar to the concentrations in our study, GA yields
were 70% and 95% larger, respectively.

There is no previous estimate for az. or o3, both of which
would yield glycolaldehyde from the Reaction of RO;, with HO,.
Shown in Fig. S5 is the ratio of modeled and measured GA to
ethylene glycol as a function of the ratio of HO;, to RO;, steady
state concentration (as simulated by the box model). Using this
comparison of the box model with the data, we find that a branch-
ing fraction to the formation of GA of more than 1% from the
RO, + HO; reaction is incompatible with the observations over a
wide range of RO, fate. This in turn suggests that o3, + 5 X o3, is
less than 0.01, where the factor of 5 accounts for our determina-
tion that in 1 atmosphere of air at 294 K, approximately 20% of
alkoxy radicals react via Reaction 7b. In our subsequent analysis
we assume both a3, and a3, are zero, producing no GA in our
experiments, and attribute excess GA with low partial pressures
of O, to Reaction 4b. We quantify the importance of this reaction
pathway by assigning all GA produced in excess of EG in our low
[O,] experiments to this reaction channel. It is also a theoretical
possibility that this excess GA is formed by the loss of a hydrogen
atom from alkoxy radicals with excess energy — however, we do
not expect such a reaction to be competitive with C-C bond scis-
sion or Reaction 4b. From our experiments, we determine that
the branching to Pathway 4b is 26% of the branching to Reaction
4c (% = .261“82). The large uncertainty in this result reflects the
fact that this ratio is determined by the difference between the
yield of GA and ethylene glycol at 0% O, and, as such, is highly
sensitive to error in our knowledge of the relative sensitivity of
the CIMS to these compounds.

Finally, the extent of Reaction 7b to the formation of glyco-
laldehyde is quantified by comparing the relative concentrations
of GA and ethylene glycol at varying O, partial pressures. Figure

k7 [05] . . .
S4 shows TnlO] ey 38 @ function of [0,], which we determine
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[HOCH,CHO)
from rocrcmon

shows this ratio as determined from the data of Barnes et al.l#
and Orlando et al.!8. Direct comparison of these data is compli-
cated by the difference in total pressure between our experiments
and those of Orlando et al. and Barnes et al, which may change
the relative branching to decomposition and reaction with O,.
Additionally, the alkoxy radicals in the experiments of Orlando
et al. were generated by the reaction of RO; with NO". In this
system, a temperature-dependent fraction of the alkoxy radicals
have excess energy, and undergo prompt decomposition, whereas
the rest of the alkoxy radicals are thermalized and can then ei-
ther undergo decomposition or reaction with O, 18. The fraction
of thermalized alkoxy radicals generated in Reaction 4 may dif-
fer from that generated by the reaction between RO; and NO'.
The analysis of our data, as presented in SI Appendix C, indicates
that approximately 20% of the alkoxy radicals in our system react
with O,, whereas 29% of the alkoxy radicals in the system studied
by Orlando et al. react with O, at 298K. While this difference is
well within the uncertainty of our quantification of EG and GA, it
may reflect either the difference in pressure or a difference in the
fraction of thermalized radicals in our system. The comparison
between our data to the data of Orlando et al. and Barnes et al.
is discussed further in SI Appendix C. In our subsequent analysis,
we use a value of 20% for branching to Reaction 7b.

as described in SI Appendix C. This figure also

3.4 Radical propagation vs chain termination in Reaction 4

As described above, in the limit where Fonq; — 0, Q (Equation
11) is a measure of the ratio of the radical propagating channels
to the radical terminating channels of Reaction 4. In the limit
where all HO;, is produced internally to Reaction 4, > 90% of
the HO;, reacts with HOCH, CH, 00", and there are no secondary
losses,

ROOH
0= [ ] 1D
[HOCH,CH,OH| + [ROOR]
2(OR4a + Arap)
Oni imit = ——a T Rab] (12)
high RO, limit ORac + Otgag

Shown in Figure 4 is Q plotted as a function of F,yne- The
y-intercept, (Foyerna=0), is 1.07 suggesting that about half of the
RO;, reacting via R4 yields HO;. The solid line shown in Fig-
ure 4 is our box model results optimized to fit these data. The
model includes external production of HO}, estimates for the loss
of HO;, via its self reaction, and photolysis losses of both ROOH
and the accretion product. The optimized model suggests that the
ratio of the radical recycling channels (ogs, + Otr4p) to the radical
terminating channels (Qg4e + Qgay) is 0.54+0.11. Independent
of the subsequent fate of the alkoxy radical, under our reaction
conditions two HO;, are produced in each of the chain propagat-
ing channels. The uncertainty in this ratio represents error in the
relative sensitivity of the CIMS to ROOH vs ethylene glycol and
ROOR (+ 25%) and uncertainty in their photolysis frequencies
(+ 28%). As an additional check on the quantification of ROOH,
the box model suggests that in the ‘high HO;’ limit, the formation
of ROOH should be within a few percent of the reacted ethene.



Table 3 Quantification of Important HOCH,CH,00" 4+ HOCH,CH,00" Reaction Parameters and the Sources of Uncertainty. Scompouna refers to the

sensitivity of the relevant compound. T = 294 K and P = 993 mbar.

Quantity Constraint Sources of Uncertainty Value
% WROO?J SSRROﬁ (15%), Fit Fig.3 (3%), secondary chemistry (3%) 0.57(&4.09)
o, (in air) o 232 won) ‘g’;;;’ (15%), % (20%) 0.20(+.1)
b R=0|iw0, —|ROH Sk .05
%’C —[l[e%ggﬁ] s=2 (15%) 0.26(*9)
Olya+ 0O . . S
e g [ROH] - [ROOR] Fit Fig. 2 (10%), g g (15%) 0.54(+.11)
Ol4q 1- Oyp - Oge - Olyqg Ol (29%), Ol (25%), Oyq (18%) 0.27(+.10)
Oup ase X gt e (25%), g2 (15%) 0.10(*95)
Ol Olyg X 0541(1 Olyg (18%), % (16%) 0.40(#£.10)
[ROOH)| e s,
aid TROOR|-[ROH] Fit Fig. 4 (10%), 5t~ (15%) 0.23(+.05)
k ROOH S
Fiks W Fit Fig4 (220%)’ S,wi':% (15%), Fexternar (15%) 20.2(£6.1)
_ 3 k k
ky (10712 _c_) e g (30%), ks (30%), ki3 (15%) 2.4(+1.0)

After accounting for the small photolysis losses, we find that the
ratio of ROOH to ethene reacted is on average 90% for the high
HO:;, experiments (see Figure S12).
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Fig. 4 Least-squares fit of modelled Q (where Q = W#%RGOR])

to measured Q as a function of In(Feyerma)- Also shown are the full model
run with twice the fitted value of ks and half the fitted value of k4 for
comparison. Data points shown in red squares are experiments run with
butanediol rather than methanol as an HO;, source. The inset shows this
same fit for lower values of Q as a function of F,yerma-

3.5 The Rate Coefficient of Reaction 4

As discussed earlier, when F,,,, is high, Q is proportional to
2,{'? X W To estimate k4 and the branching fractions of
Reaction 4, we perform a least-squares fit of Q from the box model
to Q calculated from our CIMS data. The branching fraction (o)
to the formation of the accretion product and the self-reaction
rate constant (ky) are the only fitted parameters. Other unknown
parameters are written in terms of these parameters using the

relationships developed in the previous sections, as demonstrated

below:

.
Olye = (14‘1i =1.7204y
Qyq

Qyp
Oygp = Oy
O

= 460y

Oy =1— Olyp — Olge — Olgg = 1 —3.18064d

In addition to constraining k1k3§k4 , we report the value of kg
assuming the currently accepted value for ki3 (2.5x10°12
cm’molecule's~! when accounting for both the termolecular
and bimolecular pathways - note that in our experiments, the en-
hancement due to water vapor and methanol is negligible32) and
assuming a value of k3 = 1.1x10~!" em®molecule~!s~!.33 Addi-
tionally, we report the ratio of the radical propagating channels
to the radical terminating channels and the fitted results for all of
the branching fractions of the self-reaction pathways (Table 3). In
summary, we find the following branching fractions for the self-
reaction pathways:

RO, + RO, — RO"+RO" 40, 0y, =027 +.10

. .04
— RO +R_y=0-+HO, oy =0.10"75

—ROOR +0, 04 =023 +.05

3.6 Comparison with Earlier Studies

We find the measured branching fraction to formation of the ac-
cretion product, ay; = 0.23+.05, is much larger than that ob-
served by Barnes et al. who found the ROOR formation to con-
tribute at most 1% of the total products. Barnes et al. performed
their experiments in a quartz reaction chamber that included
metal mirrors. To evaluate the stability of the peroxide accretion
product on quartz (and steel), we performed an ethene oxidation
experiment in the high RO;, limit and, during direct sampling into
the CIMS, replaced a portion of the Teflon sampling line with a
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Table 4 Comparison between measured kinetic parameters in this and prior studies. We omit from this table the study of Anastasi et al.
Note that ougicar is the fraction of the self-reaction that proceeds by radical propagating pathways. Uncertainties on
is the reported value in each study, where applicable, for the observed rate of

in detail in Murrels et al.35.

. . . . . . k
values given in previous studies are the reported uncertainties. aﬁ
S0nm

decay of absorption at 250 nm divided by the cross section at 250 nm.
Gosomm = 4.75 x 10718 cmZmolec™!

1.34 as explained

bk4‘m.alg is the value of kg recalculated given ®gicy = -37 and at 294 K, and
, as given in Lightfoot et al.36. The temperature dependence is taken from Boyd et al.37. “Value taken from Barnes

et al.1*. dCalculated at 294 K using the temperature dependence reported in Boyd et al.37. ©Boyd et al. used an explicit non-linear fit of the time
dependence of the absorption following the flash and it is difficult to directly compare with the results from the Jenkin laboratory. Here, we use the
Arrhenius fits provided by Boyd et al. to extrapolate both k4 and @ugicar to 294 K. We then multiply the resulting k4 by (0.66/(1-0ugicai(294)) to

obtain the comparison value.

Study s (10° cm s~ )2 Oradical ky (10712 o) T (K) Ky recate (10712 b
This Study 0.37" 12 2.4+1.0 294 2.4+1.0
Jenkin et al.38 6.5+0.4 0.184+0.2 1.440.2 298 2.3+0.6
Murrells et al.35 6.6+1.1 0.364.07 2.24+0.5 296 2.3+1.3
Jenkin et al.3% 7.1+0.6 0.50¢ 2.140.5 298 2.5+1.4
Boyd et al.3” 0.474.044 2.4+0.24 303 3.0+0.2¢

length of approximately 60 cm of quartz or metal tubing, which at
our flow rate produced a residence time in the quartz/metal tube
of < 3 s. Despite this very short interaction time, we observed a
more than a 50% loss of the accretion product (Figure S3). Such
wall loss likely limited the ability of Barnes et al 14 to observe the
ROOR. Additionally, a recent study published on the reactions of
ethyl peroxy radicals'? found a branching ratio to the accretion
product of 10+5%, demonstrating that formation of the accretion
product is significant even in small unsubstituted peroxy radical
systems, lending further support to our results.

Our estimate of the ratio of radical propagation to radical ter-
mination (O‘%i"‘j: =0.54=+.11) in Reaction 4 is lower than several
recent studies #3737, The study most similar to the work pre-
sented here is that of Barnes et al.14, a product study conducted
with FTIR, which reports equal contributions of radical propagat-
ing and radical terminating channels. In that work, the concen-
trations of ethylene glycol, glycolaldehyde, and formaldehyde are
compared to determine that a4, and o, are approximately equal
(Equation 18):

o _ [HOCH,CH,OH) 18)
04y 1([HOCH,CHO| — [HOCH,CH,OH)) + Y HCHO]

This expression assumes, however, that additional glycolalde-
hyde is only formed as a result of alkoxy radical chemistry from
Reaction 4a and that no accretion product is formed. Barnes et
al. did observe excess GA at low O, conditions similar to our
findings, suggesting an additional source of GA beyond alkoxy
chemistry. After accounting for this channel and the formation of
ROOR, our optimized box model is fully consistent with the yields
of ethylene glycol, GA, and formaldehyde reported by Barnes et
al.

The rate coefficient for the title reaction (ks) has been mea-
sured in several previous studies (Table 4). These have all been
flash photolysis experiments where the decay of HOCH,CH, 00
has been monitored by UV spectroscopy. In addition to requir-
ing knowledge of the UV cross sections of this radical, knowledge
of the yield and formation timescale of HO; is also needed as
the reaction of HO;, with RO;, contributes significantly to the ob-
served decay rate of RO;,. While the ratio of the decay rate of the
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RO;, to the assumed RO;, cross sections have been similar in these
experiments, the reported rate coefficients have varied due to dif-
ferences in the inferred cross sections and HO;, chemistry. Most
of these studies determine the absolute rate from the observed
decay rate of RO;, by assuming a steady state of HO;,, whereby
the following equation holds:

k4 obs = ka(1 + Cragicar) = ka (1 + Olyq -+ Olgp) (19)

where @,4icq; is the fraction of the self-reaction that proceeds via
radical propagating channels. Therefore, the results of these stud-
ies are also sensitive t0 Oqgicq;. Similar to Boyd and Lesclaux3”
using our box model we find that the inferred rate coefficient for
Reaction 4 from these flash photolysis experiments is somewhat
sensitive to assumed kinetics of the HO;, chemistry and the de-
tails of how the absorption data are fitted (fitting window and
signal-to-noise). Nevertheless, to place these different studies on
a similar footing, we use the reported decay rate of the UV ab-
sorption at 250nm and a common value for the UV cross section
of the peroxy radical (assumed to be 4.75x10~!8 em?molec—!) 36
and use Equation 19 with the recycling fraction from this work.
Finally, we adjust for the difference in the experimental tempera-
ture using the temperature dependence for Reaction 4 from Boyd
and Lesclaux3’. These are reported in the last column of Table 4.

The experiments reported here provide an entirely different
constraint on the kinetics. Here, we quantify the relative reaction
rate of the RO;, with itself vs with HO;, under conditions where
the ratio of the production rates of HO;, to RO;, is known, and ob-
tain a value of ky (294K) = 2.4+1.0 x 10~!2 ¢cm? molecule~! s~ I.
Despite the very different approaches and entirely different error
sources, our inferred rate coefficient for Reaction 4 is remarkably
similar to the kinetics measurements by flash photolysis.

4 Conclusions

Bimolecular peroxy radical reactions play an important role in the
chemistry of the troposphere, and accurately measuring the rates
of these reactions relative to other important RO;, loss processes
is central to determining their ultimate effect on air quality. In
this study, we have shown that the accretion product formed in
the reaction of the ethene-derived peroxy radical is likely a per-



oxide and is produced with a branching fraction of approximately
23%. We have further measured the ratio of radical propagating
to radical terminating chemistry as well as the branching to glyco-
laldehyde, which is produced in both chain propagating and chain
terminating channels. Finally, we have constrained the rate coeffi-
cient of the title reaction relative to the reaction rate coefficient of
the peroxy radical with HO;, , and obtain a value consistent with
those of previous flash photolysis studies. The branching fractions
and kinetics along with their uncertainties (derived from compar-
ison of our observations with a box model) are summarized in
Table 3. Future studies will extend the methods discussed here to
study the RO;, + RO;, chemistry in more diverse systems.
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1 Appendix A: Self-Reaction Scheme

Below is the generally accepted mechanism® for the formation of the peroxide accretion

product and other self-reaction products.

HO\/\OO. + .oo/\/OH

H-shift
HO._~x HO .
HO\/\oooo/\/oﬂ OHOZ o
s HO\/\O. HO\/\O-
3p
HO\/\O'4 4.0/\/OHW O,(°P)
0,(°P) ‘ﬂ%}?
HO HO
ISC . \/\OH \AO
An 02(°P)
HO\/\O'{ 4.0/\/OH
0,(°P)
Ho\/\OO/\/OH
0,(°P)

Figure S1: Peroxy radical self-reaction mechanism, based on the currently proposed mecha-
nism! for these reactions.



2 Appendix B: Experimental Conditions

Table S1: Experimental Conditions. All concentrations are in ppbv. All experiments have
lights on time of 2 minutes.

Experiment No. Exp. Date [Ethene], [HyOs)o [Methanol]y [2,3-butanediol],

1 1/19/2022 3057 1416 579 0
2 1/21/2022 2923 2057 40000 0
3 1/24/2022 3033 270 1.8 0
4 1/25/2022 3126 686 0 0
5 1/26/2022 3735 655 0 0
6 1/27/2022 3771 1646 1450 0
7 2/8/2022 3045 1377 3500 0
8 2/16/2022 3603 1920 110650 0
9 2/22/2022 3102 1963 4810 0
10 2/28/2022 3077 1944 8961 0
11 3/1/2022 3000 1520 13780 0
12 3/14/2022 3075 1645 78108 0
13 3/16/2022 3073 1919 120200 0
14 3/21/2022 2769 497 0 0
15 3/22/2022 3173 1974 97300 0
16 3/29/2022 3076 2229 88239 0
17 3/29/2022 3074 1322 104.3 0
18 5/17/2022 1827 753 0 6.0
19 6,/1,/2022 428 966 0 537
20 6,/2,/2022 479 486 0 631




3 Appendix C: Additional Experimental Results

Photolysis Experiments and Post-Photolysis Dark Decay Rate Frequency. The
measured mean photolysis frequency of HyOs in our chamber over a 120 s period of lamp
illumination was determined by measuring the ‘OH production via the decay of 2,3 bu-
tanediol. We measured the photolysis frequency of glycolaldehyde by injecting gas-phase
glycolaldehyde into the atmospheric chamber along with sufficient methanol to remove any
‘OH produced. The gas-phase glycolaldehyde monomer was prepared by heating solid gly-
colaldehyde dimer (Sigma Aldrich) in a water bath maintained at 85°C. Upon heating, the
glycolaldehyde dimer decomposed to the monomer and was moved and collected in a 200-
L Teflon bag using a stream of Ny gas. A 500-mL glass bulb was filled from the 200-L
bag and transfered to the 600-L Teflon chamber bag. We measured the decay rate of the
glycolaldehyde irradiated with 8 254 nm UV lamps for approximately 15 minutes (Figure
S2).

ROOH and ROOR mean photolysis frequencies are an average of two 300 s photolysis
experiments, performed as described in the main body of the paper. After the lights were
turned off, dark decay of both the ROOR and ROOH were observed, in addition to a small
rapid increase in the concentration after lights were turned off due to mixing in the bag. The
post-photolysis loss was quantified by fitting the decay in each compound after the lights were
turned off. These rates were found to be 5.5(+0.8) x 107° s7! for the ROOR and 3.4(=£0.7)
x 107° s7! for the ROOH. To account for these effects in the calculation of the photolysis
frequencies, we corrected the signals of these compounds throughout the experiment with
the measured wall loss. The difference between the final and the initial concentration of each
compound was then used to calculate the photolysis frequencies. The ROOR and ROOH
photolysis data are given in Table S3. Note that these photolysis frequencies are uncertain,
and should be considered to be an upper limit to the true photolysis frequencies of these
compounds, since there may be additional losses during these photolysis experiments.

The mean photolysis frequencies listed in the main body of the paper for 120 s experiments



are calculated using measurements of the time dependence of the cosine-corrected irradiance
measurements (Ocean Optics spectrometer integrated between 224 and 284 nm). The light
emission increases over time as the bulbs warm up. Compared to the first 120s, the mean
irradiance is 20% and 34% higher for 300 and 900 s experiments, respectively. Table S2 gives
the measured photolysis frequencies and the time over which they were measured, along with
the comparison between the mean irradiance over the measured time and the experiment
time of 120s.

Table S2: Photolysis Reactions. R = HOCH,CH,. Photolysis time gives the time over which
the photolysis frequency was measured. I; is the mean irradiance of the lights over t seconds,
where t is the photolysis time, and I 59 is the mean irradiance of the lights over 120s.

Assumed Reaction Mean Photolysis Photolysis Time (s) #;0
frequency (s~1)

H20y — 'OH + "OH 3.0 x 1074 120 1.0

ROOH — RO’ + ‘OH < 6.3 x 107* 300 1.2

ROOR — RO’ + RO’ <73 x107* 300 1.2

HOCH,CHO — HOCH,, + HCO 2.3 x 1074 900 1.35

Table S3: ROOR and ROOH Photolysis Results. All concentrations are reported in ppbv.

Initial [ROOH] Final [ROOH] Initial [ROOR] Final [ROOR]

Experiment 1 5.1 4.2 2.6 1.9
Experiment 2 10.4 8.2 6.3 4.8
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Figure S2: Decay of glycolaldehyde during photolysis experiment.

Experiments with Steel and Quartz Tubing. The hydroxyhydroperoxide and the
accretion product are lost rapidly on quartz and stainless steel. We performed two ethene
oxidation experiments in the high RO, limit and replaced the Teflon tubing between the bag
and the CIMS instrument with approximately 60 cm of 1/4 inch O.D. quartz or steel tubing
with a residence time of < 3 s. The results of these experiments are shown in Figure S3.
There is a large loss of the signal at m/z 207 and m/z 163 after the insertion of these tubing

materials.
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Figure S3: ROOR concentration before and after insertion of quartz and steel tubing. When
quartz tubing was initially inserted, the flow through tubing was approximately 1 L/min,
resulting in a residence time of approximately 0.3 s. During the period of slow flow during
quartz experiment and in the steel experiment, the flow through the tubing was approxi-
mately 200 mL/min, resulting in a residence time of approximately 1.4 s.

Glycolaldehyde Production. More glycolaldehyde than ethylene glycol is produced
in the peroxy radical self-reaction, and this excess increases with [Os]. We performed a few
experiments in the ‘high RO}’ limit in which we varied the mixing ratio of O, and quantified
the yields of glycolaldehyde and ethylene glycol. At approximately 1% O,, we find the
ratio of glycolaldehyde to ethylene glycol formation to be 1.340.3, including uncertainties
in sensitivities. To compare the results of our experiments probing the oxygen sensitivity

of glycolaldehyde formation to those of Orlando et al,? we compare the derived value of

kzu[O2]

T Oa] thms from our experiments (performed at 294K and approximately 740-750 Torr) to

that from Orlando et al. at 298K and 700 Torr. To calculate this fraction, we compare the
production of ethylene glycol and glycolaldehyde. Recall that the following are the primary

reactions that produce glycolaldehyde and ethylene glycol in our system:



RO, + RO, — RO + RO + O, (4)

— RO +R_,=0 + HO, (4b)
—ROH+R_,4=0 + O, (4c)

— ROOR + O, (4d)
HOCH,CH,O" 22 2 CH,0 + HO;, (7a)
22, HOCH,CHO + HO; (7b)

Therefore, the production rates of glycolaldehyde and ethylene glycol can be expressed

as follows, where GA is glycolaldehyde and EG is ethylene glycol:

PGA = k7b[RO] [02] + kﬁ4[R02]2(Oé4c + 0541,)

Pre = k‘4044c[302]2

Solving for the steady state concentration of alkoxy radicals ([RO]), where 7 is the fraction
of thermalized alkoxy radicals in this system (we assume that the fraction of alkoxy radicals

that are not stabilized do not form GA):

ko[ RO2)? + 2k g0, RO,

RO] =
RO} =~ k[O2] + kra

Substituting this into the equation for the production of glycolaldehyde yields:

/{340441) [ROQ] 2 + 2k4a4a [ROQ] 2

ki [ROJ (e
k?b[02] + k7a )+ 4[ 2] (Oé4 + 064(,)

Pea = kny[O2(




Finally, taking the ratio of Pga to Prg we obtain:

Paa . (Oé4b + 20y, k7p[O2) Qe + Qg
Pre Qe k|02 + kra Qe
k7p[02]

Therefore, we can derive from the ratio of [GA] to [EG] in our experiments.

kzy|O2]+k7a
We determine the y-intercept of this equation by extrapolating our low [Os] experiments to
[Os] = 0, and obtain a value of %40““’ = 1.340.3. The value of %ﬁa““ is determined from

the full fit of our box model to our data. The results of this fit (and therefore the resulting

values of aup, ye, and ay.) are not particularly sensitive to the value of %. We

ayp+2a4,

obtain a value of = 1.4. The only remaining unknown is v. We can estimate ~ by

k7p[O2]

comparing our data to that of Orlando et al,? and assuming that T O] e

is equal in both

experiments, which yields v = 0.68, slightly smaller than v = 0.74 determined by Orlando et

k7p[O2]

T 0ol thne the difference is well within the

al. While this may encompass true differences in
uncertainty in our estimate of the sensitivities of EG and GA. Our data is plotted alongside
the data of Orlando et al in Figure S4, assuming v = 0.68. Figure S4 also shows data from
a similar experiments by Barnes et al,® who likewise observe an excess of glycolaldehyde at
a wide range of [Og]. The low O, intercept observed by Barnes et al. varied from 1.4 to 1.6,
somewhat higher than, but within the uncertainty of, our results. The intercept of Barnes
at al. is pressure dependent and the difference between this intercept and our intercept has
been subtracted from the Barnes data in Figure S9. The alkoxy radicals generated in their
system were also generated from the RO; self-reaction and, at similar pressures, match our
results quite closely across the range of [Os], when the Barnes data is adjusted to match
our intercept at 994 hPa. Given the results shown in Figure S4, in our box model, we use a
value of 20% for the branching to reaction with O, for the alkoxy reactions in air at 745 Torr
and 294K, and assign the low O intercept to a tentative additional reaction pathway of the

self-reaction (Reaction 4b). In air, about half of the excess glycolaldehyde is attributed to

this additional pathway, albeit with significant uncertainty.

10
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Figure S4: Fraction of alkoxy radicals that proceed by reaction with O,, as determined from
our data, the data of Barnes et al,® and the data of Orlando et al.? The Orlando data is
plotted assuming v = 0.68 for the yield of thermalized alkoxy radicals at 994 hPa. The data
of Barnes et al are adjusted to match our intercept at low [Oy].

As the primary production of the ROOH relative to the production of glycolaldehyde
increases (more HO;, relative to RO,), significant glycolaldehyde is produced secondarily via
both ROOH photolysis and its reaction with ‘'OH. Over the range of HO;, production for our
experiments in air, the box model predicts that the ratio of glycolaldehyde to ethylene glycol
will increase by approximately 50% as a result of this secondary production. As illustrated
in Figure S5, the data are consistent with the predictions from the box model. Additionally,
the data are consistent with a maximum 0.4% branching to the formation of glycolaldehyde,
or a 2% branching to the formation of alkoxy radicals, via this chemistry. This therefore
suggests the source of glycolaldehyde formation via the RO;+HO; reaction is quite small.

We therefore neglect this source in our analysis. Including this source in our analysis does

11



not change our predicted value of a4y, and changes our predicted value of k4 by less than

5%.

® Data
Model without GA Production via R02 + H02 Chemistry

Model with 2% Alkoxy Production via R02 + H02 Chemistry

n
[4)]
T

[y
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-
(o
T
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Figure S5: The ratio between glycolaldehyde and ethylene glycol as a function of the ratio
of simulated RO; to HO, steady state concentration, both as observed and as simulated in
the photochemical box model. The red line is the box model run with no glycolaldehyde
production via RO;, + HO;, chemistry. The green line is the box model run with a branching
fraction of .02 to the formation of RO™ and "OH via the RO; + HO;, reaction or, equivalently,
a branching fraction of .004 to the direct formation of glycolaldehyde via the RO, + HO,
reaction.
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4 Appendix D: Reactions, Rate Constants, and Pho-

tolysis Frequencies in the Photochemical Box Model

Table S4: Bimolecular and termolecular reactions and rate constants. R = HOCH,CH,. All
rate constants are given at 294 K at 993 hPa of air. ®Rate constant used is that of ‘'OH +
methyl hydroperoxide. PRate constant used is 50% that of the total reaction rate constant
of "OH + ethylene glycol. ®Concentrations are in units of molecules cm™3. 9Total reaction
rate constant for all reaction channels. ®This rate constant is not explicitly included in the
box model, and is assumed to be arbitrarily fast.

Bimolecular Reaction Rate Constantd « Source
(10712 Zos)
CH,=CH, + "OH 2% HOCH,CH,O0;, 8.1 1 4
CH;0H + ‘OH 2% HOj, + CH,0 + Hy0 90 1 4
RO; + HO; — ROOH + Oy 11 1 5
RO; + RO; — ROOR + 05 fitted (kq) fitted (aug)
— 2RO" 4 Oy 1-3.0lay
— HOCH,CHO + ROH + 0, 1.75a,
— RO + HOCH,CHO + HO;, 0.26014
RO" 22 HCHO + HOCH, e 0.8 this work
22, HOCH,CHO + HO;, 0.2
HOCH, + Oy — HCHO + HO; 9.1 1 4
‘OH + ROH 2% HOCH,CHO + HOj, + H,0 14.5 1 6
‘OH + HCHO 2% HOj + CO + Hy0 8.4 1 4
‘OH + HOCH,CHO 2% HOj, + O=CHCH=0 + H,0 11 2 1
— HOCH,C(0)0; + Hy0 8 4
"'OH + ROOH — RO; + Hy0 3.62 1
2, CH(0)CH,00H + HO; + H,0 7.0 1
— HOCH,CHO + ‘OH + Hy0 8.22 1
"‘OH + Hy09 — HO; + Hy0 1.8 1 4
"‘OH + HO; — Ha0 + Oy 110 1 4
Termolecular Reaction Rate Constantd @ Source
(107" o)
HO; + HO; — Hy09 + Oq 1.4 + 1.18(1 + (2.5x 107%)[H0])¢ 1 4
HO; + HOy- CH30H — Hy05 + O + CH30H (1.4x10717)[CH30H]® 1 7

13



Table S5: Photolysis Reactions. R = HOCH,;CH,. 2For ROOH and ROOR, we use the
measured photolysis rate over 120 s for HyO, in the model, as we expect the photolysis rates
of these compounds to be similar. We did measure an upper limit to the photolysis rates of
these compounds, and these measurements are discussed in Appendix F.

Reaction Photolysis Frequency (s~!)
H,0, — "OH + "'OH 3.0 x 107*
ROOH — RO" + 'OH 3.0 x 10712
ROOR — RO’ + RO’ 3.0 x 1074 2
HOCH,CHO — HOCH, + HCO 1.7 x 1074

Table S6: Decay in the dark following photolysis. R = HOCH;CH,

Compound Measured decay rate (s™!)

ROOR 5.5 x 107°
ROOH 3.4 x 107°

5 Appendix E: Levenberg-Marquardt Optimization

Table S7: Least Squares Levenberg-Marquardt Optimization Parameters

Constraint Value

Step Size Factor for Finite Differences 1 x1073
Function Tolerance 1 x1076

Step Tolerance 1 x10°6

14



6 Appendix F: GC Conditions

Table S8: GC Conditions. ®Temperature Ramp 1: 15°C/min (-45°C — 10°C), 3 °C/min
(10°C — 75°C), 10 °C/min (75°C — 130°C). PTemperature Ramp 2: 15°C/min (-45°C —
10°C), 2.5 °C/min (10°C — 45°C), 1.5 °C/min (45°C — 60°C), 10 °C/min (60°C — 130°C).
°The GC No. indicates for which GCs of that experiment the listed conditions apply, where
BG is the background GC (taken before the lights were turned on), 1 is the first GC after
the lights were turned off, etc. 9The factor by which the sample of air is diluted with N,
before being trapped onto the head of the column.

Experiment No. GC No.© Trap Temperature (°C)  Trap Time (min) Temperature Ramp  Dilution Factord

BG, 1,2,3 -45 5 Ramp 12 4

7 BG -45 5 Ramp 1 4
1,2 -45 10 Ramp 1 4

8 BG -45 5 Ramp 2P 4
1 -45 10 Ramp 2 4

9 BG -45 5 Ramp 2 4
1,2 -45 10 Ramp 2 4

10 BG -45 5 Ramp 2 4
1 -45 10 Ramp 2 4

11 BG -45 7 Ramp 2 4
1 -45 12.8 Ramp 2 4

2 -45 10 Ramp 2 4

12 BG -45 5 Ramp 2 4
1 -45 10 Ramp 2 4

2 -45 10 Ramp 1 4

13 BG -45 5 Ramp 1 4
1 -45 10 Ramp 1 4

2 -45 10 Ramp 1 5

14 BG -45 5 Ramp 1 4
1,2 -45 10 Ramp 1 4

15 BG -45 5 Ramp 1 4
1,2 -45 10 Ramp 1 4

16 BG -45 5 Ramp 1 4
1 -45 10 Ramp 1 4

17 BG -45 5 Ramp 1 4
1 -45 5 Ramp 1 6

18 BG -45 5 Ramp 1 4
1 -45 5 Ramp 1 6

19 BG -45 10 Ramp 1 6
1 -45 3 Ramp 1 8

20 BG -45 3 Ramp 1 4
1 -45 5 Ramp 1 4

2 -40 10 Ramp 1 6
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7 Appendix G: Peroxide Synthesis and NMR Analysis

NMR Data. Spectral data for hydroxyhydroperoxide 1: 'H NMR (400 MHz, CDCl3) &
416 — 4.13 (AA’XX’ m, 2H), 3.92 — 3.90 (AA’XX’ m, 2H); *C NMR (101 MHz, CDCly) §
78.0, 61.0; IR (thin film, NaCl) 3310, 2944, 1465, 1066, 1031.

Spectral data for ether 2: 'H NMR (400 MHz, CDCl3) § 4.18-4.16 ( AA’XX’ m, 2H),
3.80-3.76 (m, 4H), 3.66-3.64 (AA’XX’ m, 2H); 3C NMR (101 MHz, CDCL,) § 75.6, 72.7,
68.7, 61.8; IR(thin film, NaCl) 3315, 2916, 1505, 1472, 1443, 1239, 1122, 1069.
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Figure S6: 'H NMR (400MHz, CDCI3) of compound 1.

17

EES0

6T

E-007

0.0

0.5

T T
5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0
1 (ppm)

5.5

6.5

7.0

7.5

3.0



2800 2400 2000 1800 1600 1400 1200 1000 800
enl

6000

Figure S7: Infrared spectrum (Thin Film, NaCl) of compound 1.

m
[v]
o
- 3 &
g2 s 2
NN~ 0 ©
i [ ]
/\/OH
HO
3 63.9 ppm
| \ !
o
I}
00 95 90 85 80 75 70 65 60 55 45 40 35 30 25 20 15 10

50
1 (ppm)

Figure S8: 3C NMR (100 MHz, CDCI3) of compound 1.
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8 Appendix H: Table of Results

Table S9: Experimental Results. All concentrations are in ppbv. 2A[Ethene] is determined
by the box model. PF, ;rna is the ratio of HO;, produced via methanol and HyO, chemistry
to the RO, produced via the reaction of ethene with ‘OH.

Experiment No. A[Ethene]* FP

external

[ROOR] [ROH] [ROOH] [R.=0]

1 91 A2 6.2 12.1 28.5 19.3
2 o6 1.68 .86 1.8 50.2 3.5
3 19 .02 1.6 3.3 6 2.5
4 48 .05 4.4 7.9 15 12.4
5 46 .04 3.9 7.4 13.7 11.9
6 104 14 7.7 13.6 38.5 21.1
7 81 23 0.1 9.3 32.7 14.6
8 31 3.5 13 34 25.5 90
9 107 31 6.0 10.4 47.3 16.0
10 95 46 5.2 9.2 56 14.6
11 68 .62 3.5 6.5 43 10.7
12 31 2.94 29 .55 25.9 1.3
13 26 4.48 14 33 224 .88
14 31 .04 2.3 4.2 7.2 6.7
15 32 3.55 19 43 25.8 1.0
16 37 3.35 28 .59 35.3 1.3
17 87 10 7.2 12.2 25.9 18.9
18 49 10 2.7 6.0 12.8 9.8
19 14 3.60 18 .25 12.7 .70
20 7 3.48 .09 .20 8.4 b3

A Note on the Results. An increasing background interference was observed in the
ethylene glycol (m/z 147) signal as a function of time after the oxidation period, which most

significantly affected the observed ethylene glycol concentrations during experiments with
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low ethylene glycol production. This background interference was not observed in the GC
data. The signal at m/z 149 closely tracked the non-ethylene glycol background signal at
m/z 147. Therefore, we accounted for the non-ethylene glycol background by subtracting
the signal at m/z 149 from the m/z 147 signal. Additionally, to increase the signal to noise
ratio in the HRToF, the configuration of the instrument was changed in September 2022
to increase the amount of air entering the mass filter ion optics. This resulted in a small
change of the observed ratio of glycolaldehyde to ethylene glycol in this study for identical
experiments (+10%). As the most careful effort to characterize the CIMS sensitivities to EG
and GA occurred after the gas load was increased, we placed the data for all the experiments
on a common footing by multiplying the GA concentrations by 1.10 for the data obtained
prior to September 2022. We confirmed this correction by replicating an ethylene glycol
oxidation experiment and comparing the resulting observed m/z 145 signals before and after
the configuration change. Ilustrating how sensitive our estimate of ayy, is to small changes
in the relative sensitivity of GA to ethylene glycol, the 10% increase in GA increased ay,
by 50%. The stated uncertainty in ay, is increased to account for this additional source of
potential error. Our estimate of the total fraction of radical propagating channels remains the
same, as well as our estimate of a4, and ayg. g is particularly sensitive to this correction,
while other branching fractions are not, due to the method of determining this branching
fraction - while other branching fractions are determined from ratios of concentrations, ay;,

is determined by the difference of two ratios, therefore greatly increasing its uncertainty.

9 Appendix I[: Mass Balance in Oxidation Experiments

Figure S12 shows the ratio between the carbon measured in the products and the reacted
ethene (predicted by our box model) in our ethene oxidation experiments. The carbon of
the measured products is determined by noting that two peroxy radicals are consumed for

each ROOR formed, and 2 peroxy radicals are reacted for each ethylene glycol formed. The
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sum of these should then account for approximately 66% of the carbon produced in the
self-reaction. Additionally, one peroxy radical is consumed for each ROOH formed. Figure
S12 demonstrates that our measured products match the reacted ethene quite closely across

the range of Feyternal-

2 —
®  Products = (2*[ROOR]+2*[Ethylene Glycol])/.66+[ROOH]
18 O Products = (2*[ROOR]+2*[Ethylene Glycol])/.66
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Figure S12: The ratio between ethene-derived products and A[Ethene] as a function of
Fevternal, where Fopernar is the ratio of HO;, produced via methanol and HyOo chemistry
to the RO; produced via the reaction of ethene with "OH. Points in blue are experiments
performed without butanediol, and points in red are experiments performed with butanediol.
Square points include only the carbon from the RO self-reaction in the numerator, while
the circle points include the products of the RO; + HO;, reaction. The solid green line is the
line indicating a 1:1 relationship between the measured products and reacted ethene, and
the two dashed lines enclose the points within +25% of mass balance.
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10 Appendix J: Calculated Polarizabilities and Dipole
Moments

The dipole moment and polarizability are calculated at the B3LYP/cc-pVTZ level. The
dipole moment is reported below as the weighted averages of the low energy conformers, and
the polarizabilties are those of the lowerst-energy conformer.® Using these dipole moment
and polarizability estimates, ion-molecule collision rate coefficients (k.q,(7")) are calculated
using the parameterization of Su et al? (Equations 3 - 6), where q is the charge of the
electron, « is the polarizability of the molecule, pp is the dipole moment, p is the reduced

mass of the molecule and the ion, kg is the Boltzmann constant, and T is the temperature.

ky = 27Tq\/g (3)

O (4)
V2akgT

0.4767x +0.6200 x>2

Koay = 2 )
(L0300 4 0.9754 = <2
kcap<T) Kcap X kL (6)

11 Appendix K: Calculation of Uncertainties

11.1 Sensitivities

For the measured sensitivities, the uncertainty is calculated as a standard deviation of repli-
cate measurements. In the case of 2,3-butanediol, where only one measurement was taken,
the error in the sensitivity is calculated by propagating the error from the measured weight

of the compound and the uncertainty in the CIMS signal. Similarly, the error in 2-hydroxy-
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Table S10: Calculated Polarizabilities, Dipole Moments, and CF;0 -Molecule Collision Rate
Coefficients for Compounds of Interest. T = 298K

Compound a (A% up (D) Collision Rate Coefficient

(107 cm? molec™t s71)

Ethylene glycol 5.11 2.08 1.91

H50, 1.78 1.77 1.78
2,3-butanediol 8.6 2.2 1.94
2-hydroxy-3-butanone 8.10 3.09 2.46
Glycolaldehyde 4.64 2.33 2.06
HOCH,CH,OOCH,CH,OH  10.16 2.45 2.01
HOCH,CH,OOH 5.91 2.44 2.05
Diethylene Glycol 9.34 2.17 1.88

3-butanone was determined by propagating the error in the CIMS signal and the error in
the 2,3-butanediol concentration. The error of the calculated sensitivities was determined

by propagating the error of the ethylene glycol sensitivity, from which they were calculated.

11.2 Photolysis Rates

Uncertainties in the photolysis rates of ROOH and ROOR are derived from the standard
deviation of the two measurements. Uncertainties in the photolysis frequencies of H,O5 and
glycolaldehyde are determined by the uncertainty in the fitted slopes used to determine these

photolysis frequencies.

11.3 Self-Reaction Parameters

The error in the self-reaction parameters is calculated by propagating the errors from the
various error sources, as listed in the main body of the paper. The error of each of these

constraints was determined as follows.
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1. Q: Determined by propagating the errors in the post-oxidation CIMS signals and the
errors in the sensitivities of each of the compounds. The error in the CIMS signals was

determined to be the standard deviation of the signal during the equilibration period.

2. Ferternai: Determined by propagating the errors in the ethene, methanol, and HyO,

concentrations, which each have errors of 10%, and the rate constants of each of their

reactions with “OH, which each have errors of 15%.

3. Fit: Determined using a bootstrapping method.

4. Ratios of Sensitivities: Determined by propagating the errors of the individual

sensitivities, which are calculated as described above.
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