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ABSTRACT: We investigate the gas-phase photo-oxidation of 2-
ethoxyethanol (2-EE) initiated by the OH radical with a focus on
its autoxidation pathways. Gas-phase autoxidation�intramolecular
H-shifts followed by O2 addition�has recently been recognized as
a major atmospheric chemical pathway that leads to the formation
of highly oxygenated organic molecules (HOMs), which are
important precursors for secondary organic aerosols (SOAs). Here,
we examine the gas-phase oxidation pathways of 2-EE, a model
compound for glycol ethers, an important class of volatile organic
compounds (VOCs) used in volatile chemical products (VCPs).
Both experimental and computational techniques are applied to
analyze the photochemistry of the compound. We identify
oxidation products from both bimolecular and autoxidation reactions from chamber experiments at varied HO2 levels and provide
estimations of rate coefficients and product branching ratios for key reaction pathways. The H-shift processes of 2-EE peroxy radicals
(RO2) are found to be sufficiently fast to compete with bimolecular reactions under modest NO/HO2 conditions. More than 30% of
the produced RO2 are expected to undergo at least one H-shift for conditions typical of modern summer urban atmosphere, where
RO2 bimolecular lifetime is becoming >10 s, which implies the potential for glycol ether oxidation to produce considerable amounts
of HOMs at reduced NOx levels and elevated temperature. Understanding the gas-phase autoxidation of glycol ethers can help fill
the knowledge gap in the formation of SOA derived from oxygenated VOCs emitted from VCP sources.

1. INTRODUCTION
The gas-phase oxidation of volatile organic compounds (VOCs)
in the atmosphere is usually initiated by reactions with oxidative
species such as OH, NO3, and O3. Subsequent addition of
molecular oxygen (O2) to the nascent alkyl radical leads to the
formation of organic peroxy radicals (RO2). The fate of RO2
depends on the chemical state of the atmosphere, and
traditionally, bimolecular reactions with NO, HO2, or other
RO2 are considered to dominate their loss.1,2 Recently, gas-
phase autoxidation chemistry has been recognized to be another
important pathway.3−5 Autoxidation is generally defined as the
process in which the RO2 first undergoes an intramolecular
hydrogen shift (H-shift), producing a hydroperoxyalkyl radical
(often denoted QOOH in combustion chemistry), to which O2
then rapidly attaches, forming a new, now more oxidized, RO2.
The successive isomerization and O2 addition processes can
result in rapid addition of oxygen to VOCs and, thereby,
formation of highly oxygenated organic molecules (HOMs).
HOMs have low volatility and thereby readily undergo gas-
particle transfer, contributing to secondary organic aerosol
(SOA) particle formation and/or growth.3,6,7

The autoxidation pathways become competitive with
bimolecular chemistry as the bimolecular lifetime of RO2

increases,3,4,6,7 such as in environments with large emissions of
VOCs and modest or low NO levels (0.1−1 ppb), where RO2
can survive for 10−100 s before reacting withNO,HO2, or other
RO2.

3,4 As a result of the recent successful reduction of NOx
emission in urban areas (some urban NOx levels falling below
500 to 100 pptv3,8), autoxidation chemistry is expected to be
increasingly favored in the photochemistry of a modern urban
atmosphere. Given that autoxidation pathways can generate
large amounts of low-volatility vapors that contribute to aerosol
formation, it is imperative to characterize this low-NOx
chemistry for the array of different VOCs typically found in an
urban atmosphere.
Success in air pollution control strategies can shift not only the

major photochemical pathway of reactive organics in urban air
but also the characteristics of these organic emissions. With
VOC emission from combustion sources declining, volatile
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chemical products (VCPs)�including solvents, personal care
products, cleaning agents, coatings, etc.�have emerged as a new
major source of VOC in industrialized cities.9−11 VCPs are now
considered to account for half or more of volatile organic
emissions in some urban atmospheres and have been studied for
their SOA forming potential under various conditions,9−15

demonstrating that VCPs may account for much of the
unexplained SOA mass in modern urban environments.9,12

Since H-shift chemistry of RO2 has been shown to be an
important process for many organic substrates,16−20 it is likely
that many VCP compounds also produce HOMs via
autoxidation.
In this study, we explore the gas-phase oxidation of 2-

ethoxyethanol (2-EE, Scheme 1) as a model system for the
diverse family of glycol ethers. Glycol ethers are compounds
with formula of R-(OCH2CH2)n-OR’ (n = 1, 2, and 3). They are
a class of VCPs widely used as solvents in products such as

architecture coatings, cleaning products, and adhesives.21−23

Studies have shown that many semi- or intermediate volatile
glycol ether compounds are sufficiently volatile to evaporate and
participate in atmospheric photochemical processes.12,24 How-
ever, studies on photo-oxidation of glycol ethers remain sparse,
and most still focus on traditional bimolecular pathways.12,25,26

Here, we study 2-EE, the simplest glycol ether, as a model
molecule of this class of compound. 2-EE is often used as a
component or solvent for inks, paints, resins, dyes, and
varnishes.25 It is also detected in emissions from diesel/biodiesel
blends used in vehicles.27 We conduct a series of photo-
oxidation experiments of 2-EE by OH radicals with differing
HO2 concentrations to explore the competition between
bimolecular and autoxidation chemistry of 2-EE RO2. Then,
guided by computational techniques, we analyze the system to
identify oxidation products and estimate the autoxidation rate
coefficients.

Scheme 1. Oxidation of 2-EE by OH Radicala

aH-abstraction from the methyl or hydroxy group is assumed to be negligible and is thus not shown. Subsequent reaction pathways of the peroxy
radicals and some of the products are also shown, including RO2 + NO reaction forming organonitrates (RONO2) and alkoxy radicals (RO), RO2
+ HO2 reaction forming hydroperoxides (ROOH), alkoxy radicals (RO), carbonyls (R�O), and unimolecular H-shifts. Major oxidation products
are shown in boxes, with their molecular masses indicated in blue. Those that are detectable by our instrument are shown in green boxes, while
those not detectable are shown in orange boxes.
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2. METHODS
2.1. Experimental Design.We conduct a suite of oxidation

experiments of 2-EE (Sigma-Aldrich, >99%) initiated by the
reaction with the OH radical at different HO2 mixing ratios in a
∼ 0.7 m3 Teflon environmental chamber. The chamber is
housed inside an enclosure with UV reflective metal and can be
equipped with either 350 nm (Sylvania 350 Blacklight) or 254
nm (Sankyo Denki G40T10) UV lamps. Experiments are
conducted under laboratory temperature at 294 ± 1 K and
pressure at ∼993 hPa, and under high temperature at 309.5 ± 2
K with a heater (Finlandia FIN-45) being used to warm the
chamber enclosure. The mechanism of 2-EE oxidation by OH
radical is shown in Scheme 1. Twomajor peroxy radicals (2-RO2
and 3-RO2, Scheme 1) are produced through the initiation step.
To constrain theH-shift rate coefficients of RO2 in the system,

we study the competition between the RO2 + HO2 bimolecular
channel and autoxidation chemistry by comparing the yields of
hydroperoxides, the major products from the RO2 + HO2
channel, and autoxidation products as HO2 concentrations are
varied. The RO2 in the system is prepared by oxidation of 2-EE
via OH radicals, which are produced from photolysis of H2O2
(30% by mass, Macron Fine Chemicals) through reaction

H O 2OH
h

2 2 (R1)

Most of the HO2 is formed in the chamber by addition of
CH3OH (Sigma-Aldrich, >99.9%) resulting in

+ + +CH OH OH HO HCHO H O3
O

2 2
2

(R2)

A small additional amount of HO2 is produced via the reaction
of OH with H2O2, via the reactions following alkoxy formation,
and in several of the autoxidation channels.
To study the rate of unimolecular chemistry, we performed

experiments at variable concentrations of HO2. We vary HO2
concentrations across different experiments by changing the
number and the type of UV lamp in the chamber enclosure,
thereby modifying the production rate of OH (reaction R1) and
subsequently the production of HO2 (reaction R2).We keep the
oxidation rate of CH3OH much higher than that of 2-EE, to not
only ensure that the production rate of HO2 greatly exceeds that
of RO2 so that RO2 + RO2 chemistry is minimized but also help
constrain the HO2 concentrations in the chamber. A detailed
description about the method determining [HO2] in our system
is given in Section S6.1. In our experiments, the CH3OH
concentrations are ∼46 ppm (∼1.1 × 1015 mol/cm3), and 2-EE
concentrations are∼600 ppb (∼1.5× 1013 mol/cm3) (see Table
S1 for a list of experimental conditions). The resulting [HO2]
ranges from ∼1.7 × 109 mol/cm3 (∼0.07 ppb) with one 350 nm
UV light, to∼6.2× 1010 mol/cm3 (∼2.5 ppb) with eight 254 nm
UV lights. Estimates of the concentration of [HO2] in each
experiment are determined using the boxmodel described below
and are listed in Table S9 in Section S5.
In most experiments, we infer the amount of 2-EE oxidized

(Δ[2-EE]) during the experiment by the addition of ethylene
glycol (EG, HOCH2CH2OH, Sigma-Aldrich, 99.8%), measur-

Scheme 2. Autoxidation Mechanism of the Peroxy Radicals in the 2-EE System based on Calculated H-Shift Rate Coefficients at
298.15 Ka

aRate coefficients for different diastereomers of radicals are indicated separately. Here, we refer to the diastereomers with the same configuration at
both chiral centers as (S, S) [including (R, R) and (S, S) isomers] and those with different configuration as (R, S) [including (S, R) and (R, S)
isomers]. The fast 1,7 OOH H-shift between peroxy radicals 3-OO-2-ROOH and 2-OO-3-ROOH establishes an equilibrium between the two
radicals. The calculated relative abundance of diastereomers of 3-OO-2-ROOH and 2-OO-3-ROOH at equilibrium is indicated in pink. The
products that are detectable by our instrument are shown in green boxes. The products that are not detected in our experiments are shown in pink
boxes.
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ing its decay and the growth of its major oxidation product
glycoaldehyde (HOCH2CHO, formed through the reaction:

HOCH2CH2OH + OH
O2 HOCH2CHO + H2O + HO2). The

rate coefficient for the reaction of OH with EG at room
temperature is measured by Aschmann and Atkinson28 to be
(1.47 ± 0.26) × 10−11 cm3 mol−1 s−1. A more detailed
description of determining Δ[2-EE] is given in Section S6.3.
2.2. Instrumentation. The oxidation products are meas-

ured by a low-pressure gas chromatography technique combined
with high-resolution time-of-flight chemical ionization mass
spectrometry (GC-CIMS) using CF3O− as a reagent ion. The
configuration of the instrument is described in detailed
elsewhere,3,29,30 and a brief summary is provided here. The
GC-CIMS technique was developed to provide isomer-resolved
detection of gas-phase oxygenated organic compounds,
including many species that are traditionally deemed difficult
to measure, e.g., organic hydroperoxides and nitrates. However,
products with low volatility that would readily partition into a
condensed phase may fail to be detected in our experiments
despite being sensitive to the instrument. The GC consists of a 1
m fused silica column (Restek RTX-1701), which is cooled
through evaporation and expansion of liquid CO2 and warmed
up by an electrical heating system, with nitrogen served as the
carrier gas. The mass spectrometer (HRToF-CIMS) can sample
either from the output of GC (GC mode) or directly from the
chamber (direct sampling mode). In the GC mode, the
oxidation products are first cryotrapped and preconcentrated
at the head of the GC column and then separated as column
temperature increases at a predetermined ramp rate controlled
by an automated temperature program. After eluting from the
GC column, the analytes are transferred to the CIMS and react
with CF3O− through simple clustering chemistry and are
observed as CF3O− cluster ions at m/z neutral mass +85 amu.29

Quantification of the analytes requires knowledge of the CIMS
sensitivity of the target compound, which for well-bound
clusters is proportional to their ion−molecule collision rate with
CF3O−. The ion−molecule collision rate is determined by
methods in a study by Su and Chesnavich31 using the calculated
dipole moment and polarizability of the molecule.32 We
estimated instrumental sensitivity for major products observed
in the system based on the ion−molecule collision rate and
measured sensitivity for EG.33 The resulting sensitivities are
shown in Table S5 in Section S3, along with a more detailed
description of the CIMS calibration processes and the calculated
dipole moments, polarizabilities, and ion−molecule collision
rates of the oxidation products.
2.3. Computational Method. We calculate the rate

coefficients of the H-shift reactions of key radicals in the system
using multiconformer transition state theory (MC-TST)34

following the approach detailed by Møller et al.35 This approach
has continually yielded unimolecular RO2 reaction rate
coefficients within a factor of 5 of experimentally available
values and has recently been extended to alkoxy radical
unimolecular reactions.35−38 The computational results guide
the development of the autoxidation mechanism for 2-EE
illustrated in Scheme 2 and subsequent schemes. We calculate
the rate coefficients of all potentially competitive H-shifts of the
peroxy radicals but only include those with appreciable rates
(>10−4 s−1) in our schemes and following analysis.
Conformers of the reactant and transition state (TS) are

sampled systematically using MMFF39 in Spartan’14 (Wave-
function, Inc.) with constraints on selected bond lengths in the

TS geometry and forcing a neutral charge on the radical center.
The resulting structures are optimized at the B3LYP/6-
31+G(d) level in Gaussian 16, Revision C.01 (Gaussian, Inc.)
with an optimization with the selected bond lengths constrained
preceding the free TS optimization for the TSs.40,41 Unique
conformers with electronic energies within 2 kcal/mol of the
lowest-energy conformer further undergo an optimization and
frequency calculation at the ωB97X-D/aug-cc-pVTZ level.42

For the lowest-energy conformer of the reactant and TS, a
CCSD(T)-F12a/VDZ-F12 single-point energy calculation is
carried out in MOLPRO 2012.1 for more accurate barrier
heights.43,44 This final single-point calculation is omitted for the
alkoxy radicals. Tunneling coefficients are calculated using the
1D Eckart approach based on IRC end-point calculated at the
same theoretical level as the barrier heights.45

MC-TST reaction rate coefficients, k, are then calculated as

=
i
k
jjjjj

y
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zzzzz( )

( )
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k T
h
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E E
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exp
exp
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B
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j

j
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where κ is the Eckart tunneling coefficient, kB is the Boltzmann
constant, T is the absolute temperature, and h is Planck’s
constant. The sum in the numerator sums the rigid-rotor
harmonic oscillator partition functions of all included TS
conformers, each exponentially weighted by their relative ZPVE-
corrected energy. The sum in the denominator is the same for
the reactant conformers. The partition functions and relative
energies are calculated at theωB97X-D/aug-cc-pVTZ level. The
final exponential term is the energy difference between the
lowest-energy reactant and TS conformers with electronic
energies at the CCSD(T)-F12a/VDZ-F12 level and ZPVE at
the ωB97X-D/aug-cc-pVTZ level. For the alkoxy reactions, the
electronic energy is also calculated at the ωB97X-D/aug-cc-
pVTZ level.

2.4. Box Model. We use a MATLAB-based gas-phase
chemistry box model to simulate our experiments and, by
comparison with the experimental results, evaluate the kinetics
and branching ratios of the chemistry. The model uses a
MATLAB ode15s solver to calculate time-dependent concen-
trations of species in the system based on the given initial
conditions and a given chemical mechanism. Initially, the
reactions and kinetic data implemented in the model are
adopted from the Master Chemical Mechanism (MCM,
https://mcm.york.ac.uk/MCM), estimation from Jenkin et
al.,46 and the calculated H-shift rates. Further details regarding
the oxidation mechanism and reaction kinetics we used in the
model are given in Section S1. We then minimize the difference
between the chamber data and the simulations by adjusting the
RO2 H-shift rates and branching fractions of bimolecular
reactions in the mechanism within their calculated uncertainties.
The rate coefficients of RO2 bimolecular reactions, calculated
rate coefficients of alkoxy radical unimolecular reactions, and the
rapid equilibrium between 3-OO-2-ROOH and 2-OO-3-
ROOH (see Scheme 2) are not altered.

3. RESULTS AND DISCUSSION
In our analysis, we seek to generate a nearly complete chemical
mechanism for the oxidation of 2-EE by OH to the first-
generation closed-shell products. We use the bimolecular
chemistry reported in the literature and MCM as our
prior,46−49 along with the H-shift chemistry from our
calculations. We then modified the mechanism by adjusting
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the branching ratios of relevant reactions and H-shift rates to
bestmatch the observed dependence of the closed shell products

on the abundance of HO2. Optimization of the mechanism is
achieved through the following steps: (1). using prior

Figure 1. Gas chromatograms of major oxidation products from HO2 experiments, including 2-OH-ethylformate (m/z 175), 3-R�O (m/z 189), 3-
OOH-R’�O (m/z 191), 3-OOH-R’CHO (m/z 205), ROOH’s (2-ROOH and 3-ROOH, m/z 207), and oxo-ROOH’s (2-OH-3-OOH-R’CHO, 2-
oxo-3-ROOH, 3-oxo-2-ROOH, m/z 221). (a) 2-EE high HO2 experiment with [HO2] = 3.4 × 1010 mol/cm3 (1.38 ppb), (b) 2-EE low HO2
experiment with [HO2] = 5.1 × 109 mol/cm3 (0.21 ppb), and (c) experiment with EVE. The m/z 221 signals are scaled up by a factor denoted in the
figure.

Scheme 3. Oxidation of Ethyl Vinyl Ether (EVE) by the OH Radicala

aThe branching ratio of OH addition at primary carbon to secondary carbon for 1-alkene is estimated to be 0.65:0.35.50
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information and gas-phase synthesis of standards to assign the
observed signals in the gas chromatogram (based on their
molecular weight and elution temperature) to the expected
products in the 2-EE oxidation mechanism (Section 3.1); (2).
using the observed ratio between major products from RO2 +
HO2 reactions to infer the branching ratios for the bimolecular
pathway (Section 3.2.1) and the location of hydrogen
abstraction from 2-EE (Section 3.2.3); and (3). estimating H-
shift rates for various RO2 in the mechanism based on the
variation in themeasured yields of relevant oxidation products at
different [HO2] (Sections 3.2.2−2.5).
3.1. Identity of Oxidation Products from Experiments

withHO2. Figure 1 shows the gas chromatograms of major 2-EE
oxidation products formed in an experiment under high [HO2]
(3.4 × 1010 mol/cm3) and an experiment under low [HO2] (5.1
× 109 mol/cm3), corresponding to RO2 lifetimes of approx-
imately 2 and 12 s, respectively. Figure 1c also shows the
products formed in the OH-initiated oxidation of ethyl vinyl
ether (EVE, Sigma-Aldrich, ≥99%) to assist in identifying the
structural isomers. Scheme 3 shows the mechanism of EVE
oxidation by OH. The major pathway for OH addition to 1-
alkene compounds50 produces the same 2-RO2 as in 2-EE

oxidation, allowing us to confirm the identification of products
from 2- and 3-RO2 channels in 2-EE oxidation. The oxidation
experiments of EVE are conducted in the same manner as the 2-
EE experiments except that we increase the amount of CH3OH
used to keep the ratio of HO2 to RO2 production rates similar.
Oxidation products of interest in Figure 1 include 2-OH-

ethylformate (m/z 175), 3-R�O (m/z 189), and the hydro-
peroxides (ROOHs, m/z 207), which are products from the
bimolecular RO2 + HO2 channel with higher yields at higher
HO2 condition; 3-OOH-R’CHO (m/z 205) produced via H-
shift chemistry from 3-RO2, and the ketohydroperoxides (oxo-
ROOH’s, m/z 221) produced from both 2- and 3-RO2 H-shift
chemistry, both of which have higher yields at lower HO2
condition.
We identify the m/z 191 peak eluting at ∼10 min as 3-OOH-

R’�O (m/z 191) through deuterium exchange experiments to
eliminate from consideration the exact mass isomers, e.g., the
diols (2-ROH and 3-ROH) produced from self-reactions of 2-
and 3-RO2 (Scheme S2). Details about the deuteration
experiment are described in Section S7.1. 3-OOH-R’�O is
formed following an alkoxy bond scission in the bimolecular
chemistry of the 2-OO-3-ROOH peroxy radical, as shown in

Scheme 4. Bimolecular Pathways of Peroxy Radicals 3-OO-2-ROOH and 2-OO-3-ROOH Based on Calculated Rate Coefficients
at 298.15 Ka

aThe products that are detectable by our instrument are shown in green boxes, and those not detected in our experiments are shown in pink boxes.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c04456
J. Phys. Chem. A 2023, 127, 9564−9579

9569

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04456/suppl_file/jp3c04456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04456/suppl_file/jp3c04456_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04456?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04456?fig=sch4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c04456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Scheme 4. The high yield of this product under elevated HO2
levels suggests that the reaction of 2-OO-3-ROOH with HO2
has a large yield of the 2-O-3-ROOH alkoxy radical, similar to
the reactions of other highly functionalized RO2.

51,52 The
compound is also observed in EVE experiments (Figure 1c),
which demonstrates the production of 2-OO-3-ROOH from 2-
RO2, likely through rapid equilibrium between 3-OO-ROOH
and 2-OO-3-ROOH radicals (Schemes 2 and 4). Such a rapid
H-shift between ROOH and RO2 is also observed in other
aliphatic and acyl peroxy radicals.53−55

To assign the GC signals at m/z 221, we oxidized ethyl
glycolate (2-R�O in Scheme 1, Sigma-Aldrich, 98%) and 2-
hydroxyethyl acetate (3-R�O in Scheme 1, TCI, >60%) under
high HO2 condition to produce 2-oxo-3-ROOH and 3-oxo-2-
ROOH in the system (oxidation mechanism in Scheme 5). The

resulting gas chromatograms at m/z 189 and m/z 221 from the
experiments are shown in Figure S2 in Section S7.1. Comparing
with the peaks at the same m/z from a 2-EE and an EVE
experiment, we identify the two m/z 221 peaks eluting at higher
temperature. We speculate that the first GC peak at m/z 221
corresponds to the compound that we denote as 2-OH-3-OOH-
R’CHO (Figure 1). We propose a formation mechanism of this
compound in Scheme 6. In the EVE system, it is likely formed
through consecutive H-shift processes. In the 2-EE system, we
speculate that it is produced from heterogeneous chemistry of
the 1,2-epoxy-3-ROOH. We hypothesize that the epoxide
undergoes acid-catalyzed ring-opening reactions on the
chamber walls or in the CIMS instrument.56,57 The observation
of 2-OH-3-OOH-R’CHO likely indicates the formation of 1,2-
epoxy-3-ROOH as predicted by theory (Scheme 2). The

possibility for glycol ethers to form gas-phase epoxides suggests a
route to formation of SOA, as such epoxides are known to be
SOA precursors.58,59 The reactive uptake and ring-opening of
gas-phase hydroxy-substituted epoxides on surfaces have been
demonstrated to be a major pathway that leads to SOA
formation under low NOx conditions.

56,58−60

3.2. Products Branching Ratios and H-Shift Rate
Coefficients. The following sections describe our estimation
of the branching ratios of several reaction pathways and the RO2
H-shift rate coefficients in the 2-EE photo-oxidationmechanism.
For each of these parameters, we also evaluate their variation
with temperature by performing experiments under similar
initial conditions at higher temperature of 309.5 ± 2 K. At
elevated temperature, H-shift rates of RO2 increase due to the
high energy barrier along the H-shift reaction coordinate,3,6,52

while the bimolecular rate coefficients between RO2 and HO2
are expected to be slightly slower.

3.2.1. Branching Ratios for the RO2 + HO2 Reaction. We
estimate the product branching ratios of reaction channels for
reactions of 2-EE peroxy radicals with HO2 by quantifying the
closed-shell products of the bimolecular pathways. Reactions
between HO2 and peroxy radicals 2-RO2 and 3-RO2 are
expected to form hydroperoxides (2-ROOH and 3-ROOH),
carbonyls (2-R�O and 3-R�O), alkoxy radicals (2-RO and 3-
RO), and their subsequent products (pathways a, b, and c for
Reactions 3 and 4 in Scheme 7). Most products from the 3-RO2
+ HO2 reaction form stable clusters with CF3O−, while from the
2-RO2 + HO2 reaction, 2-ROOH is the only product that is
quantifiable (detection of 2-R�O is discussed in Section S7.1).
Thus, we use the measured yields of major 3-RO2 + HO2
reaction products, i.e., 3-ROOH, 3-R�O, and 2-OH-ethyl-
formate, to infer products branching ratios of RO2 + HO2
reactions in the 2-EE system. In the absence of secondary
chemistry, the ratio of yields of the products should be
equivalent to the ratio of their production. To derive a more
accurate ratio of product yields, concentrations of the products
(used in the analysis in the following sections) are corrected by
accounting for their secondary losses. The detailed procedure of
data correction and potential biases in the procedure are
described in Section S4.
Figure 2 shows the concentrations of 3-R�O and 2-OH-

ethylformate as a function of the concentration of 3-ROOH. At
294 K, the yield of 3-R�O relative to that of 3-ROOH is
measured to be 0.059 ± 0.017, and the yield of 2-OH-

Scheme 5. Oxidation of Ethyl Glycolate (2-R�O) and 2-
Hydroxyethyl Acetate (3-R�O) by OH under High HO2
Condition

Scheme 6. Speculative Formation Pathways of 2-OH-3-OOH-R’CHO from (a) 2-EE and (b) EVEa

aThe mechanism for 2-EE may occur heterogeneously on the chamber walls or in the CIMS instrument.
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ethylformate relative to that of 3-ROOH is 0.057 ± 0.016. At
309.5 K, the yield of 3-R�O relative to that of 3-ROOH is 0.041

± 0.011, and the yield of 2-OH-ethylformate relative to that of 3-
ROOH is 0.027 ± 0.008.

Scheme 7. Mechanism of 2-RO2 + HO2 (3a−3c) and 3-RO2 + HO2 (4a−4c) Reactionsa

aProducts quantifiable are highlighted in purple boxes. Rate coefficients for isomerization and decomposition of alkoxy radicals are calculated at
298.15 K using the MC-TST method.38 Calculated MC-TST alkoxy rate coefficients have uncertainties likely within a factor of 10. For the co-
products and reagents in each pathway, refer to Schemes 1 and S1.

Figure 2. (a) [2-OH-ethylformate] vs [3-ROOH] and (b) [3-R�O] vs [3-ROOH] at ambient temperature (294 K) and high temperature (309.5 K).
Solid lines are unweighted linear regression fits to ambient temperature data, and dashed lines are unweighted linear regression fits to high-temperature
data. The uncertainties in the data aremainly systematic (∼21%) due to knowledge of the instrumental calibration detailed in Section S6. RespectiveR2

values of the linear fits are 0.87 (blue solid line), 0.92 (red dashed line), 0.83 (green solid line), and 0.97 (purple dashed line).
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Since 3-R�O is produced both directly from 3-RO2 + HO2
(reaction 4b) and from isomerization of the 3-RO radical
(reaction 4c.1), deriving product branching ratios of the 3-RO2
+ HO2 reaction also requires knowledge of branching fractions
of 3-RO unimolecular pathways. We investigate 3-RO chemistry
by conducting a few experiments of 2-EE with NO, in which the
production and reaction of alkoxy radicals are dominant. In
these experiments, H2O2 still serves as the source of OH radicals,
and NO (sourced from cylinder containing 1993 ± 20 ppmv in
N2, Matheson) is added instead of CH3OH as the source of
bimolecular reactants. The gas chromatograms and analysis of
the results from NO experiments are given in Section S7.2. As
shown in the chromatograms in Figure S3a, we observe high
yields of decomposition products 2-OH-ethylformate (m/z
175), smaller yields of 3-R�O (m/z 189) from isomerization
pathway R4c.1, and probably minimal amounts of 3-OH-
R’CHO (m/z 189) from the isomerization pathway R4c.2. The
measured concentrations of 3-R�O (possibly together with 3-
OH-R’CHO) and 2-OH-ethylformate suggest that the ratio of
their production is around 0.095 ± 0.024 (Figure S5). Thus, we
suggest that the ratio between isomerization and decomposition
channels ((k4c.1 + k4c.2)/k4c.3) of 3-RO is∼1/10. Our finding that
2-OH-ethylformate is the dominant product of the unimolecular
reactions of this alkoxy radical agrees with our MC-TST
calculations, and this inferred branching ratio is well within the
uncertainty of the computational prediction for alkoxy radical
unimolecular reactions.38

Given that there are still uncertainties in our understanding of
the effect of chemical activation and temperature on the ratio
between isomerization and decomposition channels of alkoxy
radicals,61,62 here we assume that the 1:10 ratio of (k4c.1 + k4c.2):
k4c.3 also applies to 3-RO produced from HO2 experiments and
at elevated temperature. With this assumption, the branching
fractions for the 3-RO2 + HO2 reaction pathways are listed in
Table 1. We apply the resulting branching ratios in the box
model for both the 3-RO2 + HO2 and 2-RO2 + HO2 reactions.

3.2.2. 1,6 H-Shift Rate of 3-RO2.We estimate the 1,6 H-shift
rate of 3-RO2 (which leads to the formation of the hydroperoxyl
aldehyde, 3-OOH-R’CHO, Scheme 2) from the variation in the
yields of 3-ROOH and 3-OOH-R’CHO at different [HO2]. The
ratio of the yields of the two products is equivalent to the ratio
between their formation rates
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where α4a indicates the branching fraction to ROOH formation
derived in the previous section. Thus, the ratio between the
yields of 3-ROOH and 3-OOH-R’CHO is expected to be
proportional to [HO2]. As illustrated in Figure 3, we observe a

linear relationship between the ratio of product yields to [HO2]
at both ambient and elevated temperature. The slope is equal to
the ratio between the bimolecular rate coefficient (with the
branching to hydroperoxides α4a) and the unimolecular H-shift

rate coefficient +i
k
jjj y

{
zzz

k

k
4a RO2 HO2

1,6H shift,3 RO2
.

As shown in Figure 3, the slope is nearly four times smaller at
high temperature, consistent with amuch higher H-shift rate and
a higher yield of the autoxidation product at elevated
temperatures. From the linear regression fitting, we derive the
ratio of +k

k
4a RO2 HO2

1,6H shift,3 RO2

at ambient temperature to be (7.33± 2.21)×

10−11 cm3 mol−1 and at high temperature to be (1.95 ± 0.59) ×
10−11 cm3 mol−1. We evaluate the bimolecular rate coefficient of
RO2 + HO2 reaction based on derivations from Wennberg et
al.19 and Jenkin et al.46 Along with our derivation of the
branching fractions of ROOH formation from the previous
section, we estimate the 1,6 H-shift rate coefficient of 3-RO2 to
be 0.21 ± 0.13 s−1 at 294 K, and 0.67 ± 0.42 s−1 at 309.5 K. Both
values agree well with computational prediction of the rate
coefficient (0.21 and 0.57 s−1 respectively, uncertainty within a
factor of 5). This estimated H-shift rate increases by
approximately a factor of 3 when the temperature increases by
∼15 K.

3.2.3. 1,5 H-Shift Rates of 2- and 3-RO2. 1,5 H-shifts of 2-
and 3-RO2 lead to the formation of peroxy radicals 3-OO-2-
ROOH and 2-OO-3-ROOH (Scheme 2) and are in competition
with the reaction of 2- and 3-RO2 with HO2 leading to the
formation of the corresponding hydroperoxides, 2-ROOH and
3-ROOH. In order to estimate the 1,5 H-shift rates, we compare
[2-ROOH] and [3-ROOH] at varied [HO2]. Assuming that the
rate coefficients for the reaction of HO2 with 2- and 3-RO2 are

Table 1. Branching Ratios for Reaction Channels (4a−4c) for
the 3-RO2 + HO2 Reaction Estimated from the Observed
Product Yieldsa

reaction channels branching ratios at 294 K branching ratios at 309.5 K

k4a/k4 0.896 ± 0.026 0.936 ± 0.016
k4b/k4 0.048 ± 0.013 0.035 ± 0.009
(k4c.1 + k4c.2)/k4 0.005 ± 0.002 0.003 ± 0.001
k4c.3/k4 0.051 ± 0.014 0.026 ± 0.008

aDerivation of the uncertainties is detailed in Section S6.

Figure 3. [3-ROOH]/[3-OOH-R’CHO] vs [HO2] at ambient
temperature (294 K) and high temperature (309.5 K) and respective
unweighted linear regression fits. The uncertainties in the data are
mainly systematic and are detailed in Section S6 (∼25% for
concentration ratios and ∼17% for [HO2]). The respective R2 values
of the linear fits are 0.992 for ambient temperature data (green solid
line) and 0.998 for high-temperature data (pink solid line).
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the same, the ratio of the yields of 2-ROOH and 3-ROOH is
equal to the ratio of the steady-state concentrations of the two
RO2
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where α4a indicates the branching fraction to ROOH formation,
and the subscript “ss” indicates steady state. To derive the
expression for [ ]2 RO ss2 and [ ]3 RO ss2 , we start with the rate
equations for [2-RO2] and [3-RO2] in the mechanism
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where 2 RO2
and 3 RO2

are the branching fractions of 2-RO2

and 3-RO2 formation in the initiation step (Scheme 1).
Assuming steady state for [2-RO2] and [3-RO2] then yields
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and the ratio between [ ]2 RO ss2 and [ ]3 RO ss2 equals
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Therefore, in the limit where [HO2] is sufficiently high that
the rate of bimolecular reactions vastly exceeds that of
unimolecular H-shifts, the ratio of the yields of 2-ROOH and
3-ROOH is equal to the ratio of the branching fractions of 2-
RO2 and 3-RO2 formation pathways, /2 RO 3 RO2 2

). At lower
HO2 levels, the H-shift rates become significant in alternating
the [2-ROOH]/[3-ROOH] ratio. Higher 3-RO2 H-shift rates

Figure 4. [2-ROOH]/[3-ROOH] vs [HO2] at (a) ambient temperature (294 K) and (b) high temperature (309.5 K). The solid lines represent the
optimizedmodel fit to the data. The dashed lines represent the model output based on calculatedH-shift rate coefficients. The uncertainties in the data
are dominated by common systematic errors as detailed in Section S6 (∼25% for concentration ratios and ∼17% for [HO2]).

Table 2. H-Shift Rate Coefficients (in s−1) of Simple 2-EE Peroxy Radicals from Calculations and Experimentsa

aRate coefficients derived from experimental results shown here are applied in subsequent box model simulations described in the following
sections. The hydrogen shown explicitly (in orange) is the hydrogen abstracted during the specified H-shift reaction. Derivation of uncertainties is
detailed in Section S6.
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lead to a higher ratio, while higher 2-RO2 H-shift rates result in a
lower ratio.
Based on eq 8, we adjust /2 RO 3 RO2 2

and the RO2 1,5 H-
shift rate coefficients in the boxmodel tominimize the difference
between the simulation and the observations of [2-ROOH]/[3-
ROOH], as shown in Figure 4. We applied our derivations of
branching ratios and rate coefficients described in previous
sections (RO2 +HO2 branching ratios and k1,6H shift,3 RO2

) in the
simulations. This analysis suggests that the ratio between 2-RO2
and 3-RO2 formation from the OH + 2-EE reaction is 1.5 ± 0.4,
which is in good agreement with the structure−activity
relationship predictions (∼1.3).47,63,64 From the best fit of the
box model to the experimental observations, we estimate the 1,5
H-shift rate coefficient of 2-RO2 to be 0.13 ± 0.10 s−1 at 294 K
and 0.54 ± 0.42 s−1 at 309.5 K, while that of 3-RO2 to be 0.13 ±
0.10 s−1 at 294 K and 0.59± 0.46 s−1 at 309.5 K. These values are
well within the factor-of-5 uncertainty of the MC-TST H-shift
rate coefficients (see Table 2). The 1,5 H-shift rates are
estimated to increase by approximately a factor of 4 with a
temperature increase of ∼15 K.
The estimated H-shift rates of 2- and 3-RO2 are listed in Table

2. The 1,5 H-shifts of 2-EE RO2 are faster than the similar 1,5 H-
shift process of RO2 from alkane and ketone compounds likely
due to a reduction in the barrier for hydrogen abstraction alpha
to the ether.4,6,65 Similarly, due to the presence of the −OH
group, the 1,6 H-shift of 3-RO2 is faster than its 1,5 H-shift
despite a less favorable TS geometry (seven vs six-membered
ring). The higher reaction barrier for the 1,5 H-shifts also
increases its temperature sensitivity compared to the 1,6 H-shift
(four times vs three times increase at high temperature).6,52

3.2.4. H-Shift Rates of Peroxy Radicals 2-OO-3-ROOH and
3-OO-2-ROOH. The change in the yields of 3-OOH-R’�O at
different HO2 concentrations is sensitive to the H-shift rates of
the second-generation peroxy radicals 2-OO-3-ROOH and 3-
OO-2-ROOH. Recall that the compound 3-OOH-R’�O is
formed through bimolecular chemistry of 2-OO-3-ROOH
(Scheme 4). The reaction with NO/HO2 produces the alkoxy
radical 2-O-3-ROOH, which then decomposes to form 3-OOH-
R’�O. The yield of 3-OOH-R’�O is directly constrained by
the competition between H-shifts and bimolecular pathways of

2-OO-3-ROOH. It is also constrained by the competition
between H-shifts and bimolecular reactions of 2-RO2 and 3-
RO2, as well as the H-shift rates of 3-OO-2-ROOH, all of which
control the yields of and the equilibrium between the two
hydroperoxy RO2. Thus, 3-OOH-R’�O is expected to have low
yield at both extremely high and low [HO2]. At high [HO2], less
2-OO-3-ROOH is formed through H-shift processes due to
competition with the HO2 reaction, while at a low HO2 level, 2-
OO-3-ROOH preferentially undergoes a H-shift rather than
forming the intermediate alkoxy radical.
Shown in Figure 5 is [3-OOH-R’�O] normalized by the

amount of 2-EE oxidized (Δ[2-EE]) as a function of [HO2].
With knowledge of 2-RO2 and 3-RO2 reaction rates and product
branching ratios from previous sections, we optimize the H-shift
rate coefficients for the two hydroperoxy RO2 in the box model
(Scheme 2) by minimizing the difference between the measured
and simulated 3-OOH-R’�O yield as a function of [HO2]. For
the bimolecular reaction 2-OO-3-ROOH/3-OO-2-ROOH +
HO2, we evaluate the rate coefficients based on studies by
Wennberg et al.19 and Jenkin et al.46 and adopt the products
branching ratios from the study on methyl vinyl ether RO2, a
similarly multifunctional oxygenated RO2 by Praske et al.

51 We
provide our estimates (using the box model) for the H-shift rate
coefficients for the two RO2 in Table 3. We estimate that the H-
shift rates increase by around a factor of 2 between 294 and
309.5 K. However, given the large uncertainties underlying our
measurements (see Section S6 for detailed description of
uncertainty analysis), this estimate is highly uncertain.
Given the experimental constraints, we are unable to

determine stereoisomer-specific H-shift rates for the hydro-
peroxy RO2 (like those in Scheme 2) as all our detectable
products only possess one chiral center and cannot be separated
on the column. Our MC-TST calculations show that there can
be major differences in the H-shift rates for different
diastereomers of the same peroxy and alkoxy structural radicals,
as shown in Schemes 2 and 4. In some cases, such differences can
be attributed to the differences in the hydrogen bonding
stabilization of reactants and TSs, but such clear reasons are not
always available.3,16,37 The variation in the H-shift rates of
different stereoisomers of the same radical may lead to the

Figure 5. [3-OOH-R’�O] normalized by Δ[2-EE] vs [HO2] at (a) 294 and (b) 309.5 K. The solid lines represent the optimized model results. The
dashed lines represent the model output based on calculated H-shift rate coefficients. The uncertainties in the data are dominated by common
systematic errors as detailed in Section S6 (∼45% for normalized concentrations and ∼17% for [HO2]).
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enhancement of specific diastereomers of certain SOA
precursors, such as the epoxide in 2-EE system, which may
subsequently influence their transformation in the atmosphere
and the properties of formed SOA.37

3.2.5. Formation of 3-oxo-2-ROOHand 2-oxo-3-ROOH.We
partially constrain the formation pathways of major autoxidation
products, the ketohydroperoxides 3-oxo-2-ROOH and 2-oxo-3-
ROOH (Scheme 2), from the ratio of their yields, [3-oxo-2-
ROOH]/[2-oxo-3-ROOH]. Measuring the yields of 3-oxo-2-
ROOH and 2-oxo-3-ROOH are challenging, however, due to
their low volatilities. The vapor pressure of the two compounds
estimated by the EVAPORATION method66 is on the order of
10−7 atm at room temperature. As a result of the low volatility,
these compounds are expected to deposit significantly onto the
surfaces of the chamber and the instrument. In addition to
vapor-wall loss, since they eluted from the column at the highest
temperature, the ketohydroperoxides are also more susceptible
to losses in the column as they may undergo thermolysis at the
elevated temperature required to transmit them.67,68 As a result,
we observe a low GC transmission rate of 25−30% for the m/z
221 compounds. We are also unable to isolate the fractional
losses of the individual isomers from our data.
Despite the difficulties in quantifying the two hydroperoxides,

we do observe a trend in the ratio of their detected yields ([3-
oxo-2-ROOH]/[2-oxo-3-ROOH]) as a function of [HO2]. We
estimate the ratio by calculating the ratio between the areas of
GC peaks for the two compounds. The ratio determined from
GC peak integration is likely biased low since according to our
GC peak assignment, 3-oxo-2-ROOH elutes later than 2-oxo-3-
ROOH and is thereby likely subject to more losses due to
surface contact and potential chemical conversions in the
column. In Figure 6, we show the relationship between [3-oxo-2-
ROOH]/[2-oxo-3-ROOH] and [HO2], where the green
markers represent the ratio estimated from the experimental
data. The ratio is higher at moderate HO2 levels and decreases at
both high and low HO2 levels. This feature may arise due to
another pathway that produces 3-oxo-2-ROOH in addition to

the reactions of 2-OO-3-ROOH and 3-OO-2-ROOH: the 1,5
H-shift of the 2-OO-3-ROH peroxy radical (see Scheme 4). The
radical 2-OO-3-ROH is formed by isomerization of the alkoxy
radical 3-O-2-ROOH, which is produced from bimolecular
reactions of 3-OO-2-ROOH.
We also show in Figure 6 the ratio of [3-oxo-2-ROOH]/[2-

oxo-3-ROOH] from model results with the 1,5 H-shift rate
coefficient of 2-OO-3-ROH being set to 0, the calculated value,
triple the calculated value, and five times the calculated value.
Without the H-shift reaction, the ratio of product yields at high
[HO2] remains low and close to [3-OO-2-ROOH]/[2-OO-3-
ROOH] at equilibrium since the bimolecular reactions of the
two hydroperoxy RO2 are the major source of the compounds.
As the HO2 level decreases, the ratio increases as the source of 3-
oxo-2-ROOH shifts to the more abundant 2-OO-3-ROOH
radical. When we turn on the H-shift reaction of 2-OO-3-ROH
radical, we observe an increase in [3-oxo-2-ROOH]/[2-oxo-3-
ROOH]. This pathway provides an extra source for 3-oxo-2-
ROOH, and, similar to 3-OOH-R’�O, produces larger
amounts of 3-oxo-2-ROOH at moderate [HO2] and smaller
amounts at high and low [HO2]. We notice that the ratios
modeled from various H-shift rates converge to the same value
(∼1.43) at low [HO2], where the production of the two
ketohydroperoxides is dominated by the H-shift reactions of 2-
OO-3-ROOH and 3-OO-2-ROOH. It also demonstrates that
the additional formation of 3-oxo-2-ROOH arising from the 1,5
H-shift of 2-OO-3-ROH being assessed here requires a
bimolecular reaction with HO2, which does not occur at very
low [HO2]. The ratio between the two products at low [HO2] is
mainly determined by the equilibrium between and the H-shift
rates of the two hydroperoxy RO2. Thus, we expect that a better
measurement of this ratio can provide another constraint for the
unimolecular pathways of the two RO2.
As we increase the 1,5 H-shift rate coefficient of 2-OO-3-

ROH in the model, the yield of 3-oxo-2-ROOH relative to that
of 2-oxo-3-ROOH peaks at greater [HO2], and the modeled
trend of the ratio between the two products becomes more
consistent with the experimental results. The best simulation,
though by no means perfect given the bias and large
uncertainties in relevant parameters, occurs for H-shift rates
∼3 times faster than calculated.

4. CONCLUSIONS
The RO2 formed in the oxidation of 2-EE undergoes efficient
autoxidation through intramolecular H-shift processes to
produce low-volatility products and potential SOA precursors.
Based on our calculations and estimations of the H-shift rate
coefficients of 2-EE RO2 (Tables 2 and 3), many of the H-shift
reactions may occur at rates of 0.1 s−1 or faster, corresponding to
a RO2 bimolecular lifetime at 10 s or shorter.Wemay expect that
the H-shift reactions of the substrate outrun its biomolecular
chemistry when the NO concentrations are ∼0.5 ppb or lower
on warm summer afternoons.
It is likely that other glycol ether compounds will also generate

substantial yields of hydroperoxide and carbonyl-rich low-
volatility autoxidation products under similar atmospheric
conditions. The more carbon and oxygen-rich glycol ether
substrates are likely to produce autoxidation products with
extremely low vapor pressures, which readily contribute to SOA
formation. The glycol ethers with longer carbon chains [such as
2-(2-ethoxyethoxy)ethanol, also known as Carbitol] may
undergo consecutive H-shifts, creating new QOOH centers on
the carbon backbone and increasingly oxygenated RO2 to

Figure 6. [3-oxo-2-ROOH]/[2-oxo-3-ROOH] vs [HO2] at ambient
temperature (294 K). The results at high temperature (309.5 K) are
shown in Figure S6 in Section S7.3. The data (in green markers) are
from experiments at 294 K. The orange dashed line is the result from
model run without the 1,5 H-shift reaction of 2-OO-3-ROH radical,
and the solid lines are results from model run with the MC-TST
calulated 1,5 H-shift rate coefficient of 2-OO-3-ROH scaled by factors
of one (yellow), three (blue), and five (purple). The uncertainties in the
data are dominated by common systematic errors, as detailed in Section
S6 (∼25% for concentration ratios and ∼17% for [HO2]).
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produce HOMs. This chemistry may explain the higher SOA
yields observed for several glycol ether and ether compounds
under NOx-free conditions compared to NOx-present con-
ditions.12,21,69

As a result of successful policies to reduce emissions of NOx
and fossil fuel VOCs in urban areas, both the chemical state and
major VOC source of the modern urban atmosphere have been
changing.3,9,11 As VCPs become a major source of urban VOC
emission, it is increasingly important to understand the
autoxidation chemistry of those compounds to fill our
knowledge gap regarding SOA growth and new particle
formation in the low NOx environment. Since many VCPs
such as glycol ethers are more oxygenated and functionalized
than fossil fuel hydrocarbons, H-shift rates of VCPRO2 are likely
higher due to activation of the C−H bonds by the substituents,
which lowers the barrier height for the H-shift.6,53 Further
investigations on the photochemical pathways of VCP
compounds, especially their autoxidation chemistry, are
essential for understanding the impact of these emissions on
air quality.
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