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ABSTRACT

The atmospheric chemistry of organic peroxy radicals (RO,), which are formed
by the gas-phase oxidation of volatile organic compounds (VOCs), governs the
chemical fate of VOCs in Earth’s atmosphere. Upon formation, RO; react through
bimolecular or unimolecular pathways to produce functionalized closed-shell prod-
ucts with lower volatility, which can partition into condensed phase and contribute
to formation of secondary organic aerosol (SOA). While the major RO, bimolec-
ular reactions (e.g. RO; + NO, RO, + HO,) are well-known, the importance of
RO; unimolecular chemistry, such as gas-phase autoxidation, is recognized more
recently. Gas-phase autoxidation chemistry, which is initiated by a RO, intramolec-
ular H-shift reaction, transforms VOCs into highly oxygenated organic molecules
(HOMs) that are important SOA precursors. In this thesis, I investigate the at-
mospheric autoxidation chemistry of several classes of VOCs used as solvents or
effective ingredients in consumer and industrial products — also known as volatile
chemical products (VCPs) — which represents an emerging source of urban an-
thropogenic VOCs. Four simple molecules were selected as proxies from various
VCP classes to probe the autoxidation chemistry of these compound classes (diethyl
ether from simple ethers, 2-ethoxyethanol from glycol ethers, 1,2-diethoxyethane
from diethers, and ethyl propionate from esters). Gas-phase oxidation experiments,
together with computational analyses, were conducted to examine the H-shift re-
actions of RO, derived from those systems and evaluate how specific functional
groups influence RO, H-shift rate coefficients. While H-shift processes in ether,
glycol ether, and diether-derived RO; are accelerated and can compete with their bi-
molecular reactions with NOy species under modern urban atmospheric conditions,
ester functionalities are found to suppress autoxidation chemistry and formation of
HOMs. Overall, this work provides mechanistic insights into the ways in which
functional groups modulate RO, autoxidation pathways and production of HOMs,
thereby improving understanding of how VCP emissions may contribute to urban
SOA formation.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

The emission of volatile organic compounds (VOCs) from both natural and anthro-
pogenic sources constantly drives changes in the chemistry of Earth's atmosphere.
Those emissions have further impact on air quality, human health, and global cli-
mate, both by themselves and through their photochemical transformations. Once
emitted into the atmosphere, the VOCs undergo gas-phase oxidation, as their pri-
mary chemical transformation pathway in the atmosphere. Gas-phase oxidation of
VOCs is usually initiated by reactions with strong oxidants such as O, Bl

O3. These reactions typically produce alkyl radicals (R ) as the rst intermediates.
Subsequent rapid addition of molecular oxygen)(@ the nascent alkyl radical
leads to formation of organic peroxy radicals B®? The chemistry of R@plays

a central role in the evolution of VOCs in the atmosphere, as well as the cycling of
reactive radicals, and formation of tropospheric ozone and other secondary reaction
products’® Under tropospheric conditions, a given R@ay have several compet-

ing reaction pathways available, and the fate of the R@ be dependent on the
chemical state of the atmosphere and the structure effR@ome RQ reactions

can lead to the formation of oxidized VOC (OVOC). If reaching low enough va-
por pressures, these more oxidized secondary products can condense onto airborne
particulate matter or initiate new particle formation, contributing to formation of
secondary organic aerosol (SOA) in the atmospRere.

Organic aerosols (OA) account for a signi cant fraction of the total sub-micrometer
aerosol mass in the atmosphere. SOA, which is the OA formed in the atmosphere
by chemical transformation of VOC, is responsible for a dominant fraction of to-
tal organic particulate massA detailed understanding of the properties of SOA

is therefore essential for fully addressing the health, climate, and visibility e ects
of atmospheric particulate matter. However, major uncertainties in the sources,
composition, and formation pathways of SOA continue to hinder the accurate rep-
resentation of SOA loading and behavior in climate modéls.

Addressing the mechanism of gas-phase oxidation of VOC, which is the primary
process that drives down the volatilities of organic species in the atmosphere, is
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one crucial step in resolving the existing uncertainties in SOA produéfidiere-

fore, a rigorous representation of RGhemistry becomes essential. Among the
myriads of bimolecular and unimolecular reactions aR@n undergo, it is tradi-
tionally believed that bimolecular reactions betweerpR@d NO, HQ, or other

RO, dominate the loss of R{¥ Most of the radical termination channels of RO
bimolecular reactions end up adding polar functional groups to the carbon backbone
of the VOC. The addition of oxygen-containing functional groups, such as hydroxyl
(-OH), hydroperoxyl (-OOH), nitrate (-ON£), can lower the vapor pressure of or-
ganic species by over two to three orders of magnifud&hus, the bimolecular
reaction pathways of RChave been the focus of research regarding their ability to
generate low-volatility organics through single to multiple generations of chemistry.

Scheme 1.1: Simpli ed mechanism for the atmospheric oxidation of an example VOC and
subsequent bimolecular reactions of derived,RO

However, recent studies raise the question that whether bimolecular reactions alone
are able to account for the SOA growth observed in the atmosphEnere has

been long-standing discrepancy between model prediction and eld observation
regarding both the amount and the level of oxidation of SOA observed in the
atmospheré:®? It has been observed that the oxygen-to-carbon ratio (O/C) of the
condensed-phase organic matter increases quickly in the atmoSphieeerapid
oxygenation is di cult to attribute solely to consecutive oxidation reactions by
OH radical® Model and laboratory studies also struggles to account for the low
volatility of organic matter observed. While SOA was traditionally thought to

be produced predominately by semivolatile organic compounds, emerging studies
indicates that SOA volatility should be much lower than previously assidnfed.
These discrepancies suggest the potential existence of a reaction mechanism that
is capable of rapidly producing organic compounds with high O/C ratio and low



volatility.

The gas-phase autoxidation chemistry has been recognized to be such a pathway that
produces highly oxygenated organic molecules (HOMs) with low volatility and high
OI/C ratio®112HOMs were rst detected from laboratory studies of ozonolysis

of biogenic VOC monoterpenes {g16),!'13and its formation pathway was later
elucidated. Autoxidation is de ned as the process in which the R& undergoes

an intramolecular hydrogen shift (H-shift), producing a hydroperoxyalkyl radical
(often denoted as QOOH in combustion chemistry), to whightt@n rapidly at-
taches, forming a new, now more oxidized, ROhe successive isomerization and

O, addition processes can result in rapid addition of oxygen to VOCs and, thereby,
formation of molecules with high O/C ratio and, often, multiple hydroperoxide
groupst?14Those HOMs are shown to have low volatility and readily undergo gas-
particle transfer, contributing to secondary organic aerosol (SOA) particle formation
and/or growtt!! The high organic peroxide contents in HOMs also indicate their
potential human health impact, as they can decompose to reactive oxygen species
(ROS) upon respiratory deposition and cause redox imbalance inside the human
body1®

Scheme 1.2: Key steps in atmospheric autoxidation of an exampe RO

The autoxidation process was known to take place in the condensed phase as well
as at elevated temperatures such as in combustion chemistry and biological sys-
tems’®17and only recently has the reaction been recognized at atmospheric-relevant
conditions!?4 The autoxidation pathways become competitive with bimolecular
chemistry as the bimolecular lifetime of Ricreases, such as in environments with
large emissions of VOCs and modest or low NO levels (0.05 1 ppb), whergd2®
survive for 10 100 s before reacting with NO, HQor other RQ.14 Thus, itis unsur-
prising that autoxidation was rst observed and veri ed in experimental settings as
a signi cant pathway for biogenic VOCs (isoprene, monoterpenes, $t€-)which

are the dominant emissions in environments of low radical abundances, such as in
shaded regions below tree canopies and regions remote from anthropogegnic NO
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emissions. However, as a result of the recent successful reduction,céiNidsion

in urban areas (with some urban Nf@vels falling below 500 to 100 ppt}, autox-
idation chemistry is expected to be increasingly favored in the photochemistry of a
modern urban atmosphet&Given that autoxidation pathways can generate large
amounts of low-volatility vapors that contribute to aerosol formation, it becomes
imperative to characterize this low-N@hemistry for the array of di erent VOCs
typically found in an urban atmosphere.

Along with the growing interests in autoxidation and HOMs in the atmospheric
science community, researchers have extended their investigation to a broader range
of VOC precursors, including anthropogenic VOCs (AVOCSs) such as aromatics and
alkanes® 2> However, similar studies on an emerging class of AVOC volatile
chemical products (VCPs) have been sparse. VCPs can be found in a range of
consumer and industrial products, including personal care products, cleaning agents,
coatings, adhesives, pesticides, and printing ffkEhese products contain organic
solvents or e ective ingredients that are volatile, such as alcohols, glycol ethers, and
esters, and upon application, can lead to substantial emissions of VOCs to the atmo-
sphere over an extended peridd® With VOC emission from combustion sources
declining, thanks to successful air pollution control strategies, volatile chemical
products (VCPs) have emerged as a new major source of VOC in industrialized
cities. VCPs are now considered to account for half or more of volatile organic
emissions in some urban atmosphef®® They have also been studied for their
SOA forming potential under various conditions, demonstrating that VCPs may ac-
count for much of the unexplained SOA mass in modern urban environifefits.
Since H-shift chemistry of R&has been shown to be an important process for many
organic substrates, it is likely that many VCP compounds also produce HOMs via
autoxidation.

One important feature of VCP compounds is that many of them are functional-
ized, substituted with oxygen-containing functional groups such as hydroxy (-OH),
ether (-OCH-), carbonyl (C=0), ester (-C(O)O-), etc. Descriptions of the chem-
istry of functionalized organic species have been mainly based on the oxidation
mechanism of their hydrocarbon counterparts, and the e ects of functional groups
are often assumed to limit to changes in kinetics, energetics, and branching ra-
tios associated with known pathways, such as VOC reaction with OH and RO
bimolecular reaction®3*Those e ects are often predicted using structure-activity
relationships (SARs}® 37 However, studies have shown that there can be major dif-
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ferences between the chemistry of functionalized VOC and that of unfunctionalized
(alkyl-substituted) ones. Presence of certain functional groups inda® enable
their bimolecular and/or unimolecular pathways to proceed much more rapidly than
expected or yield unexpected produtds?

Here, the e ect of functional groups on RQH-shift process is discussed as an
example. One reason for the impact of autoxidation process to be underestimated
in atmospheric conditions is that the H-shift of unfunctionalized E€rived from
straight-chain alkanes is too slow to compete with the standard bimolecular reaction
pathways of R@.12 However, functional groups at the carbon, from which the
hydrogen is subtracted, can greatly acceleratgRGhift reactions by activating the
neighboring C-H bond, stabilizing the reaction transition state (TS), and lowering the
energy barrier to H atom transf&#%41\While the unsubstituted H-shift typically
have rate coe cients below 18 s, substituents such as -OH, -OOH, -O&H
groups can enhance the rate to reach 0.05 0.1'4%° H-shift reactions that
involve abstracting an aldehydic (C=0) or allylic (-C-C=C) hydrogen can be even
more favorable, with rate coe cients potentially reaching 1s due to stabilization

of the H-shift TSs by resonané?#? In an atmosphere with NO levels falling below

1 ppb, a condition now common in urban regions in North America and Edrfa{e,
where RQ can survive for 10 100 s before reacting with other bimolecular reactants
(e.g. NQ species), these H-shift processes can not only compete with, but even
dominate over standard R®@imolecular pathway$* Therefore, the functionalized
VOCs, such as the VCP compounds, likely have a higher potential of producing
HOMs than hydrocarbon emissions, which further emphasizes the importance of
unraveling their atmospheric autoxidation mechanisms.

This thesis is motivated by the existing knowledge gap in gas-phase oxidation,
especially the autoxidation mechanism, of VCP-derived VOCs. Given that VCPs
encompass a broad range of chemical classes, this thesis will focus on three speci ¢
classes of compounds: glycol ethers, ethers, and esters. These compound classes are
commonly used in various products across residential, commercial, and industrial
settings*® 48 Studies have shown that many semi- or intermediate compounds from
these classes are su ciently volatile to evaporate and participate in atmospheric
photochemical processé$*® For each of the three classes, one to two simple
compounds are selected as proxies for their longer-chain family members, and their
autoxidation pathways are investigated.



1.2 Thesis Overview

The work included in this thesis details my investigations of atmospheric autoxida-
tion pathways of various classes of functionalized VOCs commonly used as VCPs.
Speci cally, | unraveled their autoxidation mechanism by estimating the rate coe -
cients of major H-shift reactions of R@erived from OH-initiated oxidation of those
VOCs. To study the H-shift rate coe cients of ROn those systems, | performed
chamber experiments at varied hl©oncentrations to modulate the competition
between bimolecular and autoxidation chemistry. The reaction products were mea-
sured by a high-resolution time-of- ight chemical ionization mass spectrometer
combined with low-pressure gas chromatography (GC-CIf8)hich provides us
isomer-resolved detection of multifunctional organic species. The experimental data
were analyzed to evaluate the yields of autoxidation products at varieded€ls,

and the autoxidation pathways of various-R{®e characterized with help from com-
putational investigation®) performed by our Danish colleague Henrik Kjaergaard
and his students from University of Copenhagen, and box model simulations.

Chapter 2 examines the autoxidation chemistry of simple short-chain aliphatic ether,
with diethyl ether investigated as the model system. Chapter 3 investigates the
chemistry of short-chain glycol ether, where 2-ethoxyethanol is studied as the model
compound for this class. Chapter 4 focuses on a long-chain ether with two ether
linkages: 1,2-diethoxyethane. Chapter 5 studies ethyl propionate as the model
compound for the family of saturated alkyl esters. It should be noted that Chapters 2
to 4 were originally written as standalone manuscripts, which were published in or
submitted to scienti ¢ journals prior to the completion of this thesis. Supplemental
information pertaining to the main thesis chapters can be found in Appendices A,
B, C, and D respectively.



Chapter 2

AUTOXIDATION OF SHORT-CHAIN ETHERS: DIETHYL
ETHER

Reprinted with permission from:

(1) Yu, H.; Chen, J.; Crounse, J. D.; Almeida, T. G.; Kjaergaard, H. G;
Wennberg, P. O. Atmospheric Autoxidation Chemistry of Diethyl Ether.
ACS ES&T Air 2025, 2, 2566 2576, DOI: 10.1021/ACSESTAIR.5C00204,

Copyright 2025 American Chemical Society.

Abstract

We report estimates of the rate coe cients for atmospheric autoxidation chemistry
of diethyl ether (DE), a simple aliphatic ether as a representative for the ether family,
an important class of volatile chemical products (VCPs). We perform chamber
experiments to estimate the rate coe cients of the H-shift reactions of peroxy rad-
icals (RQ) formed by hydroxyl radical (OH) oxidation of DE relative to the rate
coe cients of their reaction with HQ. We also estimate these rate coe cients for

the fully deuterated version, diethyl ethelpdDE-d10). Computational methods
based on multi-conformer transition state theory are used to guide our interpretation
of these rate coe cients. At ambient temperature (294 1 K), H-shift rate coef-
cients of DE RO, are estimated to be 0.09 0.06 &, while those of DE-d10

RO, are 8 to 15 times smaller due primarily to reduction in quantum tunneling.
Our estimates agree well with theoretical predictions. The B@oxidation rate

coe cients are su ciently fast to be competitive with their bimolecular reactions
when NO levels are less than 1 ppb - common urban atmospheric conditions
following the controls of N@ emissions, indicating e cient formation of highly
oxygenated organic molecules (HOMSs), which can be important secondary organic
aerosol (SOA) contributors, from volatile ether compounds.



2.1 Introduction

Aliphatic ethers are an important class of volatile organic compound (VOC) that are
widely used as solvents for fats, oils, waxes, resins, dyes, gums, hydrocarbons, etc.
They are also good solvents for extractions applied in a wide variety of chemical
reactionst2 Moreover, due to their good ignition properties, low emissions and low
soot formation, some ethers are used as fuel additives or even as an alternative to
diesel fue?* The use of substantial quantities of these volatile organics as fuel
additives and solvents for industrial synthesis and in volatile chemical products
(VCPs) will lead to signi cant emission of these compounds into the atmospifere.
The subsequent atmospheric chemistry of these molecules will determine their
impact on atmospheric pollutants such as ozone and aerosol formation.

The atmospheric oxidation of saturated aliphatic ethers is generally initiated by
hydrogen abstraction by OH radicals, yielding an alkyl radiérhe abstraction of
hydrogen atoms from carbons adjacent to the ether oxygen is relatively fast - with
rate coe cients typically 101 cm?® molecule! s at 300 K, which gives the
ether compounds an atmospheric lifetime on the order of a few hours to ofé%day.
The rapid addition of oxygen (£pto the alkyl radical yields organic peroxy radicals
(RO, rststeps in Scheme 2.1.12The fate of these RE&depends on the ambient
condition and their chemical structutél*Generally, bimolecular reactions between
RO, and other radicals, such as NO, H@nd RQ, are believed to dominate the
chemical fate of R@2

Recent instrumental developments have greatly improved the detection and quan-
ti cation of oxidation products, both in the eld and laboratory, including those
that do not form from bimolecular reactions. These tools have demonstrated that
oxidation pathways other than bimolecular chemistry can also play a signi cant role
in the evolution of VOCs in the atmosphérel’ Gas-phase autoxidation is such an
uncanonical pathway that is known to be important under atmospheric-relevant con-
ditions1®181%The key process in autoxidation involves an intramolecular hydrogen
shift (H-shift) to the RQ, producing a hydroperoxide group (-OOH) and an alkyl
radical center, to which £xthen rapidly attaches to form a new, more oxidizeR®
hydroperoxy RQ.18-29Successive isomerization and @ddition processes can lead

to rapid formation of highly oxygenated organic molecules (HOMs) with high O/C
ratio and low volatility, which makes HOMs important contributors to the growth of
secondary organic aerosol (SOR)*2°Studies have suggested that HOM produc-
tion from autoxidation may resolve some of the long-standing observation-model



discrepancy in atmospheric SOA budget!

Oxygenated functional groups attached to the carbon from which the hydrogen
atom is abstracted, such as -OH, -O&£HC=0 etc., can greatly accelerate R

shift reactions by reducing the C-H bond strength and thereby lowering the barrier
to hydrogen atom transfé®:?? Our recent study on 2-ethoxyethanol (2-EE), for
example, demonstrated that the R&-shifts from carbon atoms alpha to an ether
or a hydroxy group can proceed at 0.05 0.2's and be competitive with their
bimolecular reaction&® Autoxidation chemistry of R@from other functionalized
substrates, arising from both biogenic and anthropogenic sources, has also been
shown to be favorabl&, 2 especially under conditions where NO and Hévels

are su ciently low that the RQ have a long bimolecular lifetime. Such conditions
often occur in remote and forested regidRsas well as in modern urban atmosphere
that are becoming less polluté®{3? NO, a major anthropogenic pollutant and key
atmospheric reactant, reacts with )R8 rate coe cients typically (8 10) 10 12

cm® molecule! s! under ambient temperatuté As NO levels consistently fall
below 1 ppb in those ared®3* RO, H-shift reactions occuring at rates of 0.1

st can rival their reactions with NO (at an e ective rate Y0.2)s making HOM
formation through R@ autoxidation an important contributor to the total organic
constituents in the atmosphere.

Here we study the autoxidation chemistry of aliphatic ethers, using diethyl ether
(DE, CH;CH,OCH,CHg) as a representative example. The compound is among
the most used simple aliphatic ethers, and its basic photo-oxidation mechanism
has been widely studied, including its traditional bimolecular chemistry and high-
temperature autoxidatioh’-8:1935-34n a study by Orland8,autoxidation chemistry

was suggested as an explanation for certain observations of experiments conducted
in absence of NO. However, DE's autoxidation pathways at ambient temperature
have not been investigated extensively, with few existing studies providing only
computational results*37 3° We perform a series of gas-phase oxidation experi-
ments of DE and fully deuterated DE (DE-d10, €ID,OCD,CDs3) by hydroxyl
radicals (OH) at varied H®levels to estimate the e ciency of autoxidation path-
ways of DE RQ relative to their bimolecular reaction with HODE-d10is included

in our analysis to study the kinetic isotope e ect in RB-shift proces$?41 Using
theoretical calculations and box model simulations, we analyze the experimental
results to obtain estimates of the rate coe cients of autoxidation reactions in both
DE and DE-d10 system.
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Scheme 2.1: Oxidation of DE by OH radical. Subsequent reactions of the peroxy radicals
and respective reaction products are also shown, including RBO,/NO bimolecular
reactions and unimolecular H-shift reactions. Further pathways from H-shift reactions are
shown in Scheme 2.2. The molecular masses of major closed-shell products are denoted in
blue. Products that are detected by our instrument are shown in green boxes. Mechanism of
DE-d10 oxidation by OH radical is similar and is shown in Scheme A.1. Products from RO

+ NO pathways are not the focus of this study and are brie y discussed in Section A.8.1.

2.2 Methods

2.2.1 Experimental Method

Experiments are conducted in a 0.73%FEP Te on (DuPont) environmental cham-
ber at laboratory temperature of 294 1 K and pressure at 993 hPa. The chamber
is housed within an enclosure covered by UV re ective metal inside and can be
equipped with either 350 nm (Sylvania 350 Blacklight) or 254nm (Sankyo Denki
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G40T10) UV lamps. DE (j99%, Sigma Aldrich) and/or DE-d10 (D 99%, Cam-
bridge Isotope Laboratories, Inc.) are introduced into the chamber during the
experiments. Since the OH reactivity of DE-d10 is signi cantly lower than that of
DE due to kinetic isotope e ect>*3in experiments where both VOCs are introduced
into the chamber, the initial concentrations of DE-d10 are increased by a factor of
three to four times that of DE, so that similar amount of both VOCs are consumed
(see Table A.1 for the detailed list of experimental conditions). Oxidation of both
VOCs are initiated by reaction with OH radicals (Scheme 2.1 and A.1), which are
produced by photolysis of #D, (30% by mass, Macron Fine Chemicals) through
reaction:

H,04 ZOH (R1)

The primary bimolecular reactant in the experiments is the F@ical, which is
mainly produced by the reaction between4CHH (j99%, Sigma Aldrich) and OH
radical:

CH;OH  OH! ff0  », HCHO H ,0 (R2)

We conduct experiments at di erent H@evels to modulate the competition between
bimolecular and autoxidation chemistry in the system, which allows us to constrain
the rate coe cients of unimolecular H-shift reactions. We use a similar method
as in Yu et af® to constrain the H@ concentrations in the experiments and a
detailed description is given in Section A.9.1. Briey, the production of HO
through reaction R2 is modi ed by varying the OH production rate (reaction R1) by
changing the number and the type of UV lamps in the chamber enclosure. 254 nm
UV lights, which photolyze KO, at a much higher rate than 350 nm lamps, are used
for faster chemistry where ROF HO, reactions are more favored, while 350 nm
UV lights are used to achieve slower chemistry where more autoxidation products
are produced. The oxidation rate of gBH is kept much higher than that of DE and
DE-d10 to suppress RO RO, chemistry, which results in [H&) approximately

25 times higher than total [Rpthroughout our experiments. The concentrations
of HO,, as well as other radical species, in each experiment can be estimated
using the box model described below. The estimated,JH&nges from 1.5 10°
molecules/cr( 0.06 ppb) with one 350 nm UV light, to 5.6 10'° molecules/cri

(2.3 ppb) with eight 254 nm UV lights. The uncertainty in estimated [K@
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discussed in detail in Section A.9.1, which is an important source of uncertainty
in our estimations of various reaction parameters in the following sections. The
HO; level in our experiments correspond to RImolecular lifetimes (go, Ho ,)
ranging from around 1 to 40 seconds, which is calculated as:

1

= 2.1
ROz HO 2 . RO, HO ,»HQY4 (2.1)

VOCs (CHOH, DE, and DE-d10) are transferred into the chamber through gas-tight
500 cn? glass bulbs. The desired mixing ratios were prepared via serial dilution
using a vacuum/plsystem, with pressure in the bulbs measured by pressure sensors
(MKS 1000 and 10 Torr Baratron pressure transducersp-tt added by directly
evaporating a known amount of the solution into the chamber. Photochemistry
is initiated upon illumination of the UV lights. The total oxidation time for each
experiment is varied depending on the rate of photochemistry in the chamber to
achieve a similar amount of DE oxidation (see Table A.1).

The reaction products are measured by a high-resolution time-of- ight chemical
ionization mass spectrometer coupled with low-pressure gas chromatography (GC-
CIMS). A summary of the instrumentation is provided here, with more details
available in previous publicatiorf§:* The instrument uses GB as a reagention,
which is sensitive to multifunctional oxygenated products, such as hydroperoxides
and nitrate$**°The mass spectrometer (HRToF-CIMS) can either sample directly
from the chamber (direct sampling mode) or sample the e uent of the GC (GC
mode). In the GC mode, the oxidation products are pulled from the chamber, and
then cryotrapped and preconcentrated at the head of a 2m GC column (Restek RTX-
1701). After a trapping period, the analytes are separated and elute as the column
temperature increases ataramp rate controlled by an automated temperature program
(GC temperature pro le used is shown in Table A.2). The analytes, either directly
pulled from the chamber or from the e uent of GC, are transferred into the CIMS
through a uorocopolymer-coated glass ow tube, where the sample ow is diluted
with N> and mixes with the reagent ion ow from the ion source.3OF ions react

with the analytes through ion-molecule clustering and/or uoride transfer reactions
to form product ions observed at m/z = mass neutral + 85 amu and m/z = mass
neutral + 19 amu, respectively.Hydroperoxides can produce a small fraction of
characteristic fragmentation ions (1-10%), such as m/z 63 §FC®@hich facilitates

our identi cation of those compounds.
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Due to lack of synthetic standards for most oxidation products in this study, we esti-
mate the CIMS sensitivity of the target compounds using their reagent ion-molecule
collision rates. For analytes forming well-bound ion clusters, their sensitivity is
proportional to their ion-molecule collision rate with &F .*°> The ion-molecule
collision rate is calculated following the methods outlined by Su and Chesrfévich,
using calculated dipole moment and polarizability of the mole¢(lEhe resulting
estimates of the sensitivities of the compounds, along with further details of the
CIMS calibration processes, can be found in Section A.3. The uncertainties in the
calculated instrument sensitivities of the oxidation products will be another source
of uncertainty in our following analysis of various reaction parameters in the system,
which is discussed in detail in Section A.9.2.

2.2.2 Computational Method

Scheme 2.2: Autoxidation Mechanism of 2-R&om DE. The H-shift rate coe cients

are calculated by MC-TST at 294 K. Subsequent bimolecular reaction of 2-O0-3-ROOH +
HO,/NO and the products are also shown. The molecular masses of major oxidation products
are denoted in blue. Products that are detected by our instrument are shown in green boxes.
The autoxidation mechanism of the deuterated 2-8®is shown in Scheme A.2. Products

from 2-O0-3-ROOH+NO reaction are not the focus of this study and are brie y discussed

in Section A.8.1.

The rate coe cients of the H/D-shift reactions of key R® in the system is cal-
culated using multi-conformer transition state theory (MC-TST) outlined by Mgller
et al*® Quantum chemical methods are rst used to calculate the potential energy



14

surface (PES) of the investigated reaction pathways. Conformational isomers of
reactants and transition states (TSs) were sampled with the Merck Molecular Force
Field (MMFF94Y° method implemented in Spartan '24 software (Wavefunction,
Inc.), with the keywords searchmethod=systematic and keepall to ensure that
all conformations found by the program are retained. Each dihedral angle is rotated
3times (120 degree) for the initial sampling. The conformer sampling for the hydro-
genated compounds is also used for the deuterated compounds by simply switching
D for H at the B3LYP level. For radical species, the keyword hint=X +0,
where X is the label of the atom bearing the formal radical center, is added to let
the force eld assign a neutral charge to that atom. All conformations then have
their geometry optimized at the B3LYP/6-31+G(d) level of thé8”} using Gaus-

sian 16%° Duplicates are identi ed and removed based on an electronic energy and
electric dipole moment similarity threshold (Y 10 Hatree and ~ Y 04015
Debye, respectively’® Unique conformers whose zero-point corrected energies are
less than 2 kcal/mol relative to the global minimum undergo a further optimization
at the IB97X-D/aug-cc-pVTZ level® %8 The number of unique conformations for

RO, reactants and H-shift TSs under the cuto value (2 kcal/mol) ranged from

1 to 16. Frequency calculations are carried out to obtain vibrational frequencies
and rotational constants. Calculated vibrational modes are inspected to ensure
that the geometry of each reactant conformer corresponds to a potential energy
surface (PES) minimum, and each TS conformer corresponds to a PES rst-order
saddle-point indicated by one imaginary frequency. Intrinsic reaction coordinate
(IRC) are calculated at the B3LYP/6-31+G(d) level for all conformers, and fur-
ther optimized at IB97X-D/augcc-pVTZ level for the lowest energy conformer of
each TS. Finally, single-point restricted open-shell ROCCSD(T)-F12a/cc-pVDZ-
F12 calculation®-%are performed by Molpro 20202%to provide more accurate
electronic energies for lowest-energy conformers. As recommefidedalue of

0.9 is assigned to the geminal Slater exponent V.

Thermal rate coe cients :1)° are calculated with Equation 2.2,
i
) K exp "8,

P= A — exp )(— (2.2)
o €XP1—"%& )

where : is the Boltzmann constant, is the Planck constant, and ) is the tem-
perature. The sums in the numerator and denomiator of the third term of Equation
2.2 sum over the rigid-rotor harmonic oscillator partition functions (&) of all in-
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cluded TS or reactant conformers, each exponentially weighted by their relative
zero-point corrected energy ( ). The partition functions and relative energies are
calculated at the IB97X-D/aug-cc-pVTZ level. The reaction energy barrierg is

the IB97X-D/aug-cc-pVTZ zero-point corrected F12 electronic energy di erence
between the lowest-energy TS and reactant conformer. ” is the transmission coef-
cient, which is estimated with asymmetric Eckart tunneling corre&tdrased on

IRC end-point calculated at F12//IB97X-D/aug-cc-pVTZ level.

This MC-TST approach has consistently led to rate coe cients of unimolecular
H-shift reactions that are within a factor of 5 of the experimental measured V&lues.
The approach is not designed for evaluating D-shift reactions and may have larger
uncertainties of about a factor of 20.The calculated H/D-shift rate coe cients
guide the development of the autoxidation mechanism for DE and DE-d10 illustrated
in Scheme 2.2 and A.2. Additional details regarding the calculation of H/D-shift
rate coe cients are provided in Section A.4.1.

2.2.3 Box Model

A MATLAB-based gas-phase chemistry box model is used to simulate the exper-
imental results. The model uses the MATLAB odel5s solver to compute time-
dependent concentrations of species in the system based on the given initial con-
ditions and a speci ed chemical mechanism. The reactions and chemical kinetics
implemented in the model are initially adopted from the Master Chemical Mecha-
nism (MCM, https://mcm.york.ac.uk/MCM), estimations from Jenkin et al.?14

and the calculated ROH-shift rate coe cients determined in this work. More
detailed information regarding the implemented mechanism in the model is given
in Section A.5.

The output from the model simulation is compared with the experimental data to
help evaluate the kinetics and branching ratios of key reactions in the mechanism.
The implemented mechanism is then modi ed to minimize the di erence between
the experimental and model results by adjusting the REhift rate coe cients

and branching fractions of relevant bimolecular reactions within their estimated
uncertainties. Through the optimization of the mechanism, we estimate the reaction
kinetics of both autoxidation and bimolecular chemistry.
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2.3 Results and Discussion

2.3.1 Identity of Oxidation Products

Figure 2.1 shows the gas chromatograms of major oxidation products from an
experiment with relatively high level of HO 1 ppb (dro, Ho, 2.5). Figure 2.1a

and b show the reaction products from DE oxidation, and Figure 2.1c and d show
the reaction products from DE-d10 oxidation. Oxidation products from DE-d10
elute slightly earlier than these from DE, a phenomenon also observed in previous
GC-MS studie$?

Figure 2.1: Gas chromatograms of major oxidation products. (a) GC traces of DE oxidation
products, (b) Zoomed-in view of (a) for products eluting at 5-15 min, (c) GC traces of DE-
d10 oxidation products, (d) Zoomed-in view of (c) for products eluting at 5-15 min. Certain
signals in the gure are scaled up by a factor denoted in the gure. The peak assignment of
the diastereomers of dihydroperoxides (m/z 223 and 231) is tentative.

Oxidation products detected at highest abundance are the alkyl hydroperoxides
(ROOHSs) as the major rst-generation bimolecular products in the system. The
ROOHSs from DE oxidation are detected at m/z 191, while the ROOH-d9 from DE-
d10 oxidation are detected at m/z 200. Smaller amounts of products from 2A’0
2-RO»-d9 autoxidation pathways, i.e. the reaction products from 2-O0-3-ROOH
and 2-00-3-ROOH-d9 (Scheme 2.2 and A.2), are also observed, including the
ketohydroperoxides (2-0xo-3-ROOH at m/z 205 and 2-0x0-3-ROOH-d7 at m/z 212),
stereoisomers of the dihydroperoxides (2,3-ROOH at m/z 223 and 2,3-ROOH-d8 at
m/z 231), and 2-OOH-R'CHO (m/z 191) and 2-OOH-R'CHO-d5 (m/z 196). We do
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not detect autoxidation products from 1-R@nd 1-RQ-d9, likely due to the low
yield of primary RQ, resulting from the very slow OH abstraction of H/D atoms
from the methyl group, as well as the low H/D-shift reaction rate of primarg RO
(Scheme A.3).

Most products are detected as ion clusters with@Fat m/z = mass neutral +

85, except the dihydroperoxides (m/z 223 and 231), which undergoes signi cant
uoride transfer reactions, producing ions detectable at m/z = mass neutral + 19
(m/z 157 and 165). The dihydroperoxides also produce relatively high yields of
fragment ions, such as m/z 63 (FE®and 81 (likely FCQ H,0) - fragment

ions characteristic of GO ionization of hydroperoxides, and 79 (F#440, ) - a

uorine transfer product from CFO ionization of acidic organic® We sum the
parent plus all fragments to quantify the yields of the dihydroperoxides (detailed
in Section A.6.2). Two chromatographic peaks are observed for dihydroperoxides,
which are tentatively assigned to di erent diastereomers of the compound. While
certain diastereomers can be separated with our GC system, enantiomers cannot be
seperated. In the case of the dihydroperoxide, the presence of a plane of symmetry
limits the number of stereoisomers to three: the meso form [(R,S) and (S,R)], and the
enantiomer pair, (R,R) and (S,S). For convenience, we refer to the stereoisomer with
di erent con guration at both chiral centers (the meso form) as (R,S), and those with
same con guration [(R,R) and (S,S)] as (S,S). Due to lack of synthetic standards,
we tentatively assign the peaks based on our expectation of the strength of the
interaction between the analytes and the column. Based on the calculated molecular
structures of the stereoisomers (detailed in Section A.4.3), there is intramolecular
hydrogen-bonding interaction between the two hydroperoxide groups in the (R,S)
isomer, which does not exist for the (S,S) isomers. The intramolecular H-bond likely
weakens the (R,S) isomer's interaction with the column, and we thereby assume that
the (R,S) peak elutes earlier than the (S,S) peak from the column. If this assignment
is incorrect, it would a ect our conclusions regarding the stereoselectivity of the
H-shift process as discussed in Section A.8.4.

Although the autoxidation products formed from DE-d10 should initially contain a
deuterated hydroperoxide group (-OOD), these products are detected as hydroper-
oxides at an m/z value 1 unit lower. This is due to the fast D H exchange of the
hydroperoxide deuterium atom with the hydrogen atoms in backgrow@l inl

the chamber and sampling system (Scheme A.2). Such rapid exchange has been
observed in previous studié§*!
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2.3.2 H-shift Rate Coe cients

The following sections describe our experimental estimation of the H-shift rate
coe cients and branching ratios for relevant reaction pathways of key RQhe
system: 2-R@and 2-O0-3-ROOH from DE oxidation, and their equivalents from
DE-d10 oxidation. We estimate the reaction rate coe cients by quantifying the
oxidation products of relevant reaction channels and analyzing how their yields
change as a function of [HR The hydroperoxides (from bimolecular reactions
of simple RQ), the dihydroperoxides (from bimolecular reactions of hydroperoxy
RO,), and the ketohydroperoxides (from H-shift reactions of hydroperoxy) R

the foci of our analysis.

2.3.2.1 2-RQ and 2-R0O,-d9

To estimate the 1,5 H-shift rate coe cient of 2-ROwe compare the yield of
2-ROOH, the major bimolecular product from the reaction of 2R@h HO,
(Scheme 2.1), with the yields of products formed from the; R@oduced fol-
lowing its 1,5 H-shift, 2-O0-3-ROOH. These products include 2,3-ROOH, 2-oxo-
3-ROOH, and 2-OOH-R'CHO as illustrated in Scheme 2.2. We assume that
the ratio of the yields of these compounds is equivalent to the ratio between
their formation rates (subsequent losses of the compounds are ignored, see Sec-
tion A.5 for more details). The formation rate of 2-ROOH can be expressed as
U>-ROOH: 2-RO,, HO , »2-RQYa»HEYs, where 1 koon is the branching fraction to 2-
ROOH formation from the bimolecular reaction between 2,R(dd HG, and

. 2-RO,.HO , IS the overall rate coe cient of reaction 2-ROr HO,. The sum of for-
mation rates of all oxidation products from 2-O0-3-ROOH is equal to the loss rate of
2-00-3-ROO0OH, which, assuming steady state for [2-O0-3-ROOH], is equal to the
formation rate of 2-O0-3-ROOH: 1;5 H-shift, 2-Ra[2-RO2], Where :1 5 H-shift, 2-RG

is the 1,5 H-shift rate coe cient of 2-R@ Thus, the ratio between the yields of
2-ROOH and oxidation products of 2-O0-3-ROOH can be formulated as:

»2-ROOHY4
»2,3-ROOHY | »2-0%x0-3-ROOHY4 | »2-O0H-R'CHOY2
_ W RroOH: 2-R0,,HO ,»2-RQYVa»HEY4
- © 1,5 H-shift, 2-R@ »2-RQ%a
_ UZI-ROOH: 2ROHO2 i,
© 1,5 H-shift, 2-RQ

(2.3)
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Equation 2.3 implies that there should be a linear relationship between the ratio
of product yields (left-hand side of the equation) and BHOSuch behavior is
observed, as shown in Figure 2.2. According to Equation 2.3, the slope of this
relationship is proportional to the ratio of rate coe cients between bimolecular and
unimolecular reactions of 2-RO

Figure 2.2: [2-ROOH]/([2,3-RO0OH] + [2-0x0-3-ROOH] + [2-O0OH-R'CHOQO]) vs. [Hat
ambienttemperature for DE and DE-d10 system, and respective unweighted linear regression
ts. The uncertainties in the data are dominated by common systematic errors as detailed
in Section A.9 ( 28% for concentration ratios and 16% for [H{). The R values of the

linear ts are 0.986 for DE data (blue line) and 0.991 for DE-d10 data (purple line).

Based on Equation 2.3, the 1,5 H-shift rate coe cient of 2-R€@n be derived from
the expression:1S%§§?n”gdizzt}:ﬁ"'2.30 The bimolecular rate coe cient 3.ro, Ho , IS
estimated to be 159 18' cm® molecule! s at294 K, using the method proposed
by Wennberg et di® and Jenkin et al? with a high level of uncertainty at 52%,

which is the major source of uncertainty in our following estimation of the H-shift

rate coe cients in addition to the uncertainty in CIMS calibration ( 28%) and
[HO2] (16%). The branching fraction klroon can be estimated by analyzing the
ratio between [2-ROOH] and [1-ROOH] at high [HPwhere the e ect of H-shift
reactions on the yields of ROOHSs is small. More detailed analysis of the relationship
between [2-ROOH]/[1-ROOH] and [H£is provided in Section C.8.1. Briey, at
high HO, concentrations, the yield of the two hydroperoxides is mainly in uenced
by two parameters: 1). the branching fraction of 1.R0_ro,) and 2-RQ (Ux-ro,)

in the initiation step (Scheme 2.1 and A.1), and 2). the branching fraction of RO
+ HO, reaction to ROOH formation. We use box model simulations to facilitate
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our estimation of these two parameters, and the resulting parameters for @aBO
2-RO,-d9 are presented in Table 2.1.

Therefore, based on our estimations and linear regression tting in Figure 2.2, we
can estimate the 1,5 H-shift rate coe cient of 2-R@® be 0.094 0.068 ¢ and that

of 2-R0,-d9 to be 0.012 0.009 ¢ at ambient temperature of 294 K (Table 2.1).
The H-shift rate coe cient of 2-RQ agrees with that calculated with the MC-TST
method (0.11 $ at298 K°and 0.080 8 at 294 K, uncertainty within a factor of 5).

It is also close to that of similar RG from 2-EE systent? where H-shift reactions
from carbons alpha to an ether group occur at rate of 0.05 @.1as ambient
temperature, as well as on the same order of magnitude as similar H-shifts adjacent
to hydroxy and hydroperoxy groups (0.05 0.4 %2067 H-shift processes from
those systems are all faster than those from similar alkang &&nonstrating the
reduction in energy barrier for hydrogen atom abstraction due to the activation e ect
by the adjacent oxygen atot?2 The H-shift reaction rate coe cient of 2-R®

d9 is much slower than that of 2-B@®8 6 times slower) as expected due to the
kinetic isotope e ect. Previous computational studies suggest that hydrogen transfer
is signi cantly faster for H ¢H) compared to D4H) nuclei due to a combination

of quantum mechanical zero-point energy and tunneling e #t8Our estimation
yields a D-shift rate coe cient much higher than the computational prediction.
The low theoretical rate coe cient likely results from an underestimation in the
tunneling factor of the D-shift processes in our computational method. More details
regarding the phenomenon are discussed in Section 2.3.2.3.

Table 2.1: Parameters of key reactions involving 2-Ré&hd 2-RQ-d9. Reaction param-
eters derived from experimental results shown here are applied in box model simulations.
Derivation of uncertainties are detailed in Section A%®Derived branching fractions for

production of respective RG during initiation of the VOCP Derived branching fractions
for production of ROOH from R@+ HO, reactions for respective RS.

P 1,5 H/D-shift rate coe cient
eroxy a b | (sl)at294 K
Radicals Uz-ro, Uz-rooH (%) :
Theory Experiment

2-RO,

0:97 0.01 | 9°87.0°13°| 5080 |  0.094 0-068

034

2-RO,-d9

0+986 0004 0'9%;306'10' 0.0016|  0+012 0-009
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2.3.2.2 2-0O0-3-ROOH and 2-O0-3-ROOH-d9

We estimate the subsequent 1,5 H-shift rate coe cient of 2-O0-3-ROOH using
the observed variation with [H£) in the yields of its major unimolecular and
bimolecular reaction products, 2-ox0-3-ROOH and 2,3-ROOH (Scheme 2.2). As
above, we assume that the ratio of the yields of these compounds is equal to the ratio
of their formation rates:

»2-0X0-3-ROOHY4
»2,3-ROOHY4
_ W-0x0-3-RO0H 2-00-3-ROOH+HE»2-00-3-ROOHY4»bMD | i1 5 H-shift, 2-00-3-Roop 2-00-3-ROOHY4
- Uz,3-RO0H 2-00-3-ROOH+H@»2-00-3-ROOHY4» b
_ Woox0-3-RO0OH ! 1,5 H-shift, 2-00-3-ROOH 1
" Waroon ° WYarooH 2-00-3-ROOH+HG  »HQY4

(2.4)

Wy-oxo0-3-Ro0HaNd U 3.roonare the branching fractions to 2-oxo-3-ROOH and 2,3-
ROOH formation from the bimolecular reaction between 2-O0-3-ROOH ang HO
' 2-00-3-ROOH+HG IS the overall rate coe cient of reaction 2-O0-3-ROOH+HO
and :1 5 H-shift, 2-00-3-rRo0HS the 1,5 H-shift rate coe cient of 2-O0-3-ROOH.

Equation 2.4 suggests that there is a linear relationship between the ratio of product
yields [2-0x0-3-ROOH]/[2,3-ROOH] and 1/[H The trend observed is shown

in Figure 2.3. Based on Equation 2.4, the slope of the linear t equals to the ratio
between the H-shift rate coe cient and the bimolecular rate coe cient with the
branching ratio to 2,3-ROOH formatio{'.ng;)g‘j“zﬂ_g;’isézﬁ:q). Thus, estimation of

the 1,5 H-shift rate coe cient requires knowledge of the bimolecular rate coe cient

(¢ 2-00-3-ROOH+H@) @nd the branching fraction to formation of the dihydroperoxide
(U 3-rooH. Similar to the previous section, the bimolecular rate coe cient is
estimated to be 187 18 cm® molecules s! at 294 K based on the method

in Wennberg et &% and Jenkin et al? Derivation of the branching fraction is
facilitated by the intercept of the linear t, which equals to the ratio between the
branching fractions of two channels of 2-O0-3-ROOH-+H®action (J@ﬁ .

The branching fraction to the third reaction channel.§4.rooy formation of
alkoxy radical 2-O-3-ROOH) is derived from the yields of 2-OOH-R'CHO, which

is formed by the scission reaction of 2-O-3-ROOH (see Scheme 2.2):
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Figure 2.3: [2-0x0-3-ROOH]/[2,3-ROOH] vs. 1/[H&) at ambient temperature for DE and
DE-d10 system, and respective unweighted linear regression ts. Corresponding bimolecu-
lar lifetime (gro, Ho ,) Of 2-O0-3-ROOH is calculated using Equation 2.1, and is presented
on the top axis. The uncertainties in the data are dominated by common systematic errors as
detailed in Section A.9 ( 28% for concentration ratios, 16% for 1/[B{). The respective

R? values of the linear ts are 0.996 for DE data (blue line) and 0.993 for DE-d10 data
(purple line).

»2-O0H-R'CHOY,
»2,3-ROOHY4
_ U2-00H-R'CHO' 2-00-3-ROOH+H@»2-00-3-ROOHY4» b2

W 3-RO0H 2-00-3-ROOH+HG »2-00-3-ROOHY2» b2 (2.5)
_ W.ooH-rRcHO

W 3-ro0H
_ UscissiorUZ-O-S-ROOH

W, 3-ROOH

where Wgission indicates the branching fraction to scission reaction from 2-O-3-
ROOH. The following analysis is based on the assumption thaiskh= 1. More
details regarding the fate of 2-O-3-ROOH is discussed in Section A.4.2.

Thus, knowledge of the intercept of the linear relationship and the yield of 2-OOH-
R'CHO enables us to estimate the branching fractions of the three channels of
2-00-3-ROOH+HQ reaction and the 1,5 H-shift rate coe cient. More details
regarding this derivation are in Section A.8.3. The resulting reaction parameters at
294 K are shown in Table 2.2. The estimated H-shift rate coe cient is within the



23

factor-of-5 uncertainty of that predicted by MC-TST, while the estimated D-shift rate
coe cient, similar to that of 2-RQ-d9, is faster than predicted. The 1,5 H-shift rate
coe cient of 2-00-3-ROOH is estimated to be 0.090 0.055 s similar to that of
2-R0O,. The D-shift rate coe cient of the deuterated 2-O0-3-ROOH-d9 is estimated
to be about 15 8 times slower than its non-deuterated counterpart (Table 2.2).
Somewhat surprisingly, the addition of the hydroperoxide group (-OOH) alpha to
the hydrogen abstraction site does not appear to enhance the H-shift rate. Despite
the additional weakening of the C-H bond by the hydroperoxide group, the impact
of this substitution may be countered by the intramolecular bonding between the
-00 and -OOH groups of the RQdiscussed in Section A.4.45 which requires
additional energy to break in order for the H-shift process to happen.

Table 2.2: Parameters of key reactions involving 2-O0-3-ROOH and 2-O0-3-ROOH-
d9. Reaction parameters derived from experimental results shown here are applied in box
model simulations. Derivation of uncertainties are detailed in Section R ®erived
branching fractions for reaction channels of 2-O0-3-ROOHyl€actions.© The H-shift

rate coe cient reported here is an average for (R,S) and (S,S) diastereomers. Stereoisomer-
speci ¢ H-shifts are discussed in Section A.8.3.

1,5 H/D-shift rate coe cient

Perox -0-3- b
4 Uz3.r00H” | Uz-0x0-3-R00H" L2-03ROOH” | (s1) at 294 K
Radicals (Uz2-00H-RCHO) -
Theory Experiment
2-00-3-ROOH
0483 , 0+06e R,S: 0.15
0405 014 0<05 003 001 S.S: 0.093 0090 0055

2-00-3-ROOH-d9

087,002+ | 0 0.0 | 0u03 oepy | R0S:0:0013

004 S.s: 0,001 2°006 0-004

2.3.2.3 Kinetic Isotope E ect

Hydrogen abstraction by RGs faster for H {H) compared to D{H) nuclei mainly

due to 1) a lower energy barrier for the hydrogen transfer, and 2) a greatly reduced
tunneling of deuterium owing to its larger m&$s'! The quantum chemistry meth-

ods employed here predict energy barrier di erences between H- and D-shift to be
consistently 1 kcal/mol (see Table A.4), resulting from di erences in the zero-point
corrected vibrational energy, which is in good agreement with previous calculations
on similar H/D-shift reactiond® This change in barrier height leads to a D-shift
that is a factor of 5 slower than the corresponding H-shift at room temperature. In
addition, the calculated Eckart tunneling factor ~ is 7-23 times smaller for D-shifts
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here, due to a heavier tunneled mass and a wider potential energy barrier, which
further decreases the rate coe cients (Table A.6). In the previous work on various
H/D-shift reactions in hexanols, the Eckart tunneling coe cient of D-shifts was
found to be a factor of 4-17 smaller than that of H-shfts.

The Eckart approach estimates the tunneling e ects by assuming the reaction occurs
via a one-dimensional potential energy barrier, whose shape is approximated based
on the TS imaginary frequency and the height of the barrier on both sides of
the reaction coordinate. Although the use of Eckart tunneling correction in a
TST framework has been successful in predicting rate coe cients of atmospheric
reactions, the use of a one-dimensional potential may be less appropriate in capturing
kinetic isotope e ect$? Thus, the reaction rate coe cients for D-shifts presented
here may be underestimated. However, all experimentally estimated D-shifts here
are within a factor of 10 of the theoretically calculated D-shifts. The experimental
H/D-shifts rate coe cients in Table 2.1 and 2.2 indicate a drop in rate coe cient

of a factor of 8 6 for 2-R0O, and a factor of 15 8 for 2-O0-3-ROOH (derivation

of uncertainties are discussed in Section A.9.3). These numbers are comparable
to previous work on H-shifts reactions which nd factors of larger than 20 for the
alcohols??

2.4 Conclusions

The autoxidation chemistry of ether compounds is studied through investigating
the H-shift reaction of R@formed in the oxidation of the simple ethers DE and
DE-d10. We estimate that DE R@ndergo H-shift reactions at rates of 0.09 s

at 294 K, which agrees well with the computational results (Table 2.1 and 2.2). At
higher temperature, RCH-shift rates will increase due to the high energy barrier
along the H-shift reaction coordinaté!® and thus we expect that the H-shift rate
coe cients of DE RO, will be 0.1 s ! at 298 K (temperature dependence of H-
shift rate coe cients in Table A.5). We also examine the kinetic isotope e ect
involving in RO, hydrogen transfer by investigating the chemistry obROm fully
deuterated DE-d10, and show that the chemistry is consistent with H-shift through
a substantial barrier. The estimated rate coe cients of the H-shifts are equivalent
to the rate of reactions of these R@ith NO at [NO] of 0.4 ppb. Thus, with

NOy levels in areas heavily in uenced by urban emission often falling below 1 ppbv,
sometimes even below 0.5 ppb%* autoxidation chemistry of ether compounds
becomes increasingly competitive, leading to higher production of highly oxidized
and low-volatility organic products.
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Substitution of oxygen-containing functional groups at the carbon from which the
hydrogen atom is abstracted enhances the H-shift reaction rate. While the ambient
temperature H-shift rates of unsubstituted-Re generally considered to be neg-
ligible (Y103 s1),1822sybstituents such as hydroxy (-OH), hydroperoxy (-OOH),
and ether (-OCHt) groups (as shown here) enhance the H-shift rate to around 0.05

0.1 st .1820.23The e ect of multiple functional groups on the hydrogen transfer
rate at the hydrogen subtraction cite is brie y discussed. The substitution of both
-OCH,- and -OOH groups does not result in an extra enhancement in the H-shift
rate, in this particular case, possibly due to intramolecular interactions between these
functional groups and the ROAs the multigeneration oxidation products of VOCs
contain increasingly complex functionalization, unravelling the combined e ect of
multiple oxygenated groups on autoxidation rates will be crucial for understanding
the mechanism of OVOCs formation.

We expect our estimation of the H-shift rates of DE RO inform the extension

of this chemistry to describe the atmospheric oxidation of larger and more complex
volatile ethers. Large ether and glycol ether compounds are commonly used in var-
ious products across residential, commercial, and industrial seffifgsncluding

such compounds as Carbitol, or 2-(2-ethoxyethoxy)ethanol, an organic solvent with
broad applications. Investigating their autoxidation chemistry pathways is crucial
for understanding their full fate in the atmosphere and their air quality implication.
The long carbon chain in these compounds likely enables consecutive H-shifts and
oxygen addition. If the fast H-shift chemistry observed here also extends to larger
compounds with ether moieties, it could drive rapid formation of HOMs bearing
multiple hydroperoxide and carbonyl groups, producing substantial amount of SOA
precursors.
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Chapter 3

AUTOXIDATION OF GLYCOL ETHERS: 2-ETHOXYETHANOL
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Abstract

We investigate the gas-phase photo-oxidation of 2-ethoxyethanol (2-EE) initiated
by OH radical, with a focus on its autoxidation pathways. Gas-phase autoxidation -
intramolecular H-shifts followed by £addition - has recently been recognized as a
major atmospheric chemical pathway that leads to formation of highly oxygenated
organic molecules (HOMSs), which are important precursors for secondary organic
aerosols (SOA). Here, we examine the gas-phase oxidation pathways of 2-EE, a
model compound for glycol ethers, an important class of volatile organic compounds
(VOC) used in volatile consumer products (VCPs). Both experimental and compu-
tational 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 bl@vels, as well as provide estimations of rate
coe cients and products branching ratios for key reaction pathways. The H-shift
processes of 2-EE peroxy radicals (R@re found to be su ciently fast to compete

with bimolecular reactions under modest NO/HEdnditions. More than 30% of
produced R@ are expected to undergo at least one H-shift for conditions typical of
modern summer urban atmosphere, where Bi@olecular lifetime is becoming j

10 s, which implies the potential for glycol ether oxidation to produce considerable
amounts of HOMs at reduced N@evels and elevated temperature. Understanding
the gas-phase autoxidation of glycol ethers can help Il the knowledge gap in the
formation of SOA derived from oxygenated VOCs emitted from VCP sources.
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3.1 Introduction

The gas-phase oxidation of volatile organic compounds (VOCS) in the atmosphere
is usually initiated by reactions with oxidative species such as OH, MGd Q.
Subsequent addition of molecular oxygen @ the nascent alkyl radical leads

to formation of organic peroxy radicals (RO The fate of RQ depends on the
chemical state of the atmosphere, and traditionally, bimolecular reactions with NO,
HO,, or other RQ are considered to dominate their IdssRecently, gas-phase
autoxidation chemistry has been recognized to be another important pathway.
Autoxidation is generally de ned as the process in which the R&t undergoes

an intramolecular hydrogen shift (H-shift), producing a hydroperoxyalkyl radical
(often denoted QOOH in combustion chemistry), to whicttla@n rapidly attaches,
forming a new, now more oxidized, RO The successive isomerization and O
addition processes can result in rapid addition of oxygen to VOCs and thereby for-
mation 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 growith’

The autoxidation pathways become competitive with bimolecular chemistry as the
bimolecular lifetime of RQ increases;*%7 such as in environments with large
emissions of VOCs and modest or low NO levels (0.1 1 ppb), where, R@n
survive for 10-100 sec before reacting with NO, 5©r other RQ.3* As a result

of the recent successful reduction of Némission in urban areas (some urbanyNO
levels falling below 500 to 100 ppf), autoxidation chemistry is expected to be
increasingly favored in the photochemistry of 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-NO
chemistry for the array of di erent VOCs typically found in 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
chemical products (VCPs) - including solvents, personal care products, cleaning
agents, coatings, etc. - have emerged as a new major source of VOC in industrialized
cities? 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 conditiods? demonstrating that VCPs may account for
much of the unexplained SOA mass in modern urban environméatSince H-
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shift chemistry of R@Q has been shown to be an important process for many organic
substrated® 20 it is likely that many VCP compounds also produce HOMSs via
autoxidation.

In this study, we explore the gas-phase oxidation of 2-ethoxyethanol (2-EE, Scheme 3.1)
as a model system for the diverse family of glycol ethers. Glycol ethers are com-
pounds with formula of R-(OCKCH,),-OR' (n = 1, 2, 3). They are a class of
VCPs widely used as solvents in products such as architecture coatings, cleaning
products, and adhesivés?® Studies have shown that many semi- or intermediate
volatile glycol ether compounds are su ciently volatile to evaporate and participate

in atmospheric photochemical proces§&€' However, studies on photo-oxidation

of glycol ethers remain sparse, and most still focus on traditional bimolecular path-
ways1?:2526Here, 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 varnish&slt is also detected in emission from diesel/biodiesel
blends used in vehicleg.We conduct a series of photo-oxidation experiments of
2-EE by OH radicals with di ering H@ concentrations to explore the competition
between bimolecular and autoxidation chemistry of 2-EE R®hen, guided by
computational techniques, we analyze the system to identify oxidation products and
estimate autoxidation rate coe cients.

3.2 Methods

3.2.1 Experimental Design

We conduct a suite of oxidation experiments of 2-ethoxyethanol (Sigma Aldrich,
i99%) initiated by reaction with the OH radical at di erent HOmixing ratios

in a 0.7 m3 Te on environmental chamber. The chamber is housed inside an
enclosure with UV re ective 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 3095 2 K with a heater (Finlandia FIN-45) being
used to warm up the chamber enclosure. The mechanism of 2-EE oxidation by OH
radical is shown in Scheme 3.1. Two major peroxy radicals (2-Bd@ 3-RQ,
Scheme 3.1) are produced through the initiation step.

To constrain the H-shift rate coe cients of the ROn the system, we study the
competition between the R®HO, bimolecular channel and autoxidation chemistry
by comparing the yields of hydroperoxides, the major products from the-RO,
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Scheme 3.1: Oxidation of 2-EE by OH radical. H-abstraction from the methyl or hydroxy
groups 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, includiggNRDreaction
forming organonitrates (RON{p and alkoxy radicals (RO), R@HO, reaction forming
hydroperoxides (ROOH), alkoxy radicals (RO), carbonyls (R=0), 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 in orange boxes.

channel, and autoxidation products asHs@ncentrations are varied. The RD
the system are prepared by oxidation of 2-EE via OH radicals, which are produced
from photolysis of HO, (30% by mass, Macron Fine Chemicals) through reaction:

H,04 ZOH (R1)

Most of the HQ is formed in the chamber by addition of GEIH (Sigma Aldrich,
i 99.9%) resulting in:

CH;OH  OH! ff0  », HCHO H ,0 (R2)
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A small additional amount of H®is produced via the reaction of OH with,B»,
via the reactions following alkoxy formation, and in several of the autoxidation
channels.

To study the rate of unimolecular chemistry, we perform experiments at variable
concentrations of HQ We vary HGQ concentrations across di erent 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 HO, (Reaction R2). We keep the oxidation rate of {LHH much higher than
that of 2-EE, to not only ensure that the production rate of, Ki@eatly exceeds
that of RQ so that R@+R0O, chemistry is minimized, but also help constrain
the HO, concentrations in the chamber. A detailed description about the method
determining [HQ] in our systemisin Section B.6.1. In our experiments, the GH
concentrations are 46 ppm (1.1 10" molecules/cr) and 2-EE concentrations

are 600 ppb (1.5 10 2 molecules/cr?) (see Table B.1 for a list of experimental
conditions). The resulting [H& ranges from 1.7 10° molecules/cri ( 0.07

ppb) with one 350 nm UV light, to 6.2 10 molecules/cr( 2.5 ppb) with eight

254 nm UV lights. Estimates of the concentration of [H@ each experiment is
determined using the box model described below and are listed in Section B.5.

In most experiments, we infer the amount of 2-EE oxidized ( [2-EE]) during the
experiment by addition of ethylene glycol (EG, HO&EH,OH, Sigma Aldrich,
99.8%), measuring its decay and the growth of its major oxidation product glycoalde-
hyde (HOCHCHO, formed through the reaction: HOGEH,OH! IQfOCH 2CHO,
H,O , HO». The rate coe cient for the reaction of OH with EG at room temper-
ature is measured by Aschmann and Atkirf§ao be (1.47 0.26) 10! cm?®
molecule! s . A more detailed description on determining [2-EE] is given in
Section B.6.3.

3.2.2 Instrumentation

The oxidation products are measured by a low-pressure gas chromatography tech-
nique combined with high-resolution time-of- ight chemical ionization mass spec-
trometer (GC-CIMS) using GJO as reagent ion. The con guration of the instru-
ment is described in detailed elsewh&r&,3%and a brief summary is provided here.

The GC-CIMS technique was developed to provide isomeric-resolved detection of
gas-phase oxygenated organic compounds, including many species that are tradition-
ally deemed di cultto measure, e.g., organic hydroperoxides and nitrates. However,
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products with low volatility that would readily partition into condensed phase may
fail to be detected in our experiments despite being sensitive to the instrument. The
GC consists of a 1-meter fused silica column (Restek RTX-1701), which is cooled
through evaporation and expansion of liquid £&hd 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 rst 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 an-
alytes are transferred to the CIMS and react with@Fthrough simple clustering
chemistry and are observed as3CF cluster ions at m/z neutral mass + 85 a¥u.
Quanti cation of the analytes requires knowledge of CIMS sensitivity of the target
compound, which for well-bound clusters is proportional to their ion-molecule col-
lision rate with CBO . The ion-molecule collision rate is determined by methods

in Su and Chesnaviéh using the calculated dipole moment and polarizability of
the moleculé? We estimated instrumental sensitivity for major products observed
in the system based on the ion-molecule collision rate and measured sensitivity for
ethylene glycoP® The resulting sensitivities are shown in Table B.5, 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.

3.2.3 Computational Method

We calculate the rate coe cients of the H-shift reactions of key radicals in the system
using multi-conformer transition state theory (MC-T3'Tpllowing the approach
detailed by Mgller et at® This approach has continually yielded unimoleculanRO
reaction rate coe cients within a factor of 5 of experimentally-available values
and has recently been extended to alkoxy radical unimolecular reagtigh3he
computational results guide the development of the autoxidation mechanism for
2-EE illustrated in Scheme 3.2 and subsequent reaction schemes. We calculate the
rate coe cients of all potentially competitive H-shifts of the peroxy radicals, but
only include those with appreciable rates (j 405! ) in our gures and following
analysis.

Conformers of the reactant and transition state (TS) are sampled systematically
using MMFPF® in Spartan'l4 (Wavefunction, Inc.) with constraints on selected
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Scheme 3.2: Autoxidation mechanism of the peroxy radicals in the 2-EE system based on
calculated H-shift rate coe cients at 298.15K. Rate coe cients for di erent diastereomers

of radicals are indicated separately. Here we refer to the diastereomers with the same
con guration at both chiral centers as (S,S) (including (R,R) and (S,S) isomers) and those
with di erent con guration as (R,S) (including (S,R) and (R,S) isomers). The fast 1,7
OOH H-shift between peroxy radicals 3-O0-2-ROOH and 2-O0-3-ROOH establishes an
equilibrium between the two radicals. The calculated relative abundance of diastereomers
of 3-00-2-ROOH and 2-0O0-3-ROOH at equilibrium are 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 in pink boxes.

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 88 Unique conformers

with electronic energies within 2 kcal/mol of the lowest-energy conformer further
undergo an optimization and frequency calculation at the IB97X-D/aug-cc-pVTZ
level *2 For the lowest-energy conformer of reactantand TS, a CCSD(T)-F12a/VDZ-
F12 single-point energy calculation is done in MOLPRO 2012.1 for more accurate
barrier height$344 This nal single-point calculation is omitted for the alkoxy
radicals. Tunneling coe cients are calculated using the 1D Eckart approach based
on IRC end-point calculated at the same theoretical level as the barrier H&ights.

MC-TST reaction rate coe cients, :, are then calculated as:
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i
-y N expi—& .
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where " is the Eckart tunneling coe cient, :is the Boltzmann constant, ) is the
absolute temperature and 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 the IB97X-D/aug-cc-pVTZ level. The nal
exponential term is the energy di erence between the lowest-energy reactant and
TS conformers with electronic energies at the CCSD(T)-F12a/vVDZ-F12 level and
ZPVE atthe IB97X-D/aug-cc-pVTZ. For the alkoxy reactions, the electronic energy

is also calculated at the IB97X-D/aug-cc-pVTZ level.

3.2.4 Box Model

We use a MATLAB-based gas-phase chemistry box model to simulate our experi-
ments and, by comparison with the experimental results, evaluate the kinetics and
branching ratios of the chemistry. The model uses a MATLAB odel5s solver to
calculate time-dependent concentrations of species in the system based on given ini-
tial conditions and a given chemical mechanism. Initially, the reactions and kinetic
data implemented in the model are adopted from the Master Chemical Mecha-
nism (MCM, mcm.york.ac.uk/home.htt), estimation from Jenkin et al#® and

the calculated H-shift rates. Further details regarding the oxidation mechanism and
reaction kinetics we used in the model is in Section B.1. We then minimize the
di erence between the chamber data and the simulations by adjusting théiRO
shift rates and branching fractions of bimolecular reactions in the mechanism within
their calculated uncertainties. The rate coe cients of Rdmolecular reactions,
calculated rate coe cients of alkoxy radical unimolecular reactions, and the rapid
equilibrium between 3-00-2-ROOH and 2-O0-3-ROOH (see Scheme 3.2) are not
altered.

3.3 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 rst generation closed-shell products. We use the
bimolecular chemistry reported in literature and MCM as our gfié?, along with

the H-shift chemistry from our calculations. We then modify the mechanism by
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adjusting the branching ratios of relevant reactions and H-shift rates to best match
the observed dependence of the closed shell products on the abundance]of [HO
Optimization of the mechanism is achieved through the following steps: 1). Using
prior 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 3.3.1); 2). Using
the observed ratio between major products frompyRE0, reactions to infer the
branching ratios for the bimolecular pathway (Section 3.3.2.1) and the location of
hydrogen abstraction from 2-EE (Section 3.3.2.3); 3). Estimating H-shift rates for
various RQ in the mechanism based on the variation in the measured yields of
relevant oxidation products at di erent [HD(Section 3.3.2.2 3.3.2.5).

3.3.1 Identity of Oxidation Products from Experiments with HO»

Scheme 3.3: Oxidation of ethyl vinyl ether (EVE) by OH radical. The branching ratio of OH
addition at primary carbon to secondary carbon for 1-alkene is estimated to be 0.68:0.35.

Figure 3.1 shows the gas chromatograms of major 2-EE oxidation products formed
in an experiment under high [HP(3+4 101° molecules/cr) and an experiment
under low [HQ] (5¢1 10° molecules/crf), corresponding to Relifetimes of ap-
proximately 2 and 12 s, respectively. Figure 3.1(c) 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 3.3 shows the mechanism of
EVE oxidation by OH. The major pathway for OH addition to 1-alkene compaotinds



42

produces the same 2-R@s in 2-EE oxidation, allowing us to con rm the identi-
cation of products from 2- and 3-R@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{CHi used to keep the ratio of H@o RO,
production rates similar.

Figure 3.1: Gas chromatograms of major oxidation products from lé&periments, in-
cluding: 2-OH-ethylformate (m/z 175), 3-R=0 (m/z 189), 3-OOH-R'=0 (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-O0H-R'CHO, 2-0x0-3-ROOH, 3-0x0-2-ROOH, m/z 221). a). A 2-EE high,HO
experiment with »Hg¥s = 3¢4 16° molecules/cr (1.38 ppb), b). A 2-EE low HQ@
experiment with »Hg/4 = 5¢1 16 molecules/cr (0.21 ppb), c). An experiment with
ethyl vinyl ether. The m/z 221 signals are scaled up by a factor denoted in the gure.

Oxidation products of interest in Figure 3.1 include: 2-OH-ethylformate (m/z 175),
3-R=0 (m/z 189), and the hydroperoxides (ROOHs, m/z 207), which are products
from bimolecular R@+HO, channel with higher yields at higher H@ondition;
3-O0H-R'CHO (m/z 205) produced via H-shift chemistry from 3-R@nd the
ketohydroperoxides (oxo-ROOH's, m/z 221) produced from both 2- and 3-RO
H-shift chemistry, both of which have higher yields at lower Hsondition.
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We identify the m/z 191 peak eluting at 10 min as 3-OOH-R'=0 (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-R0O, (Scheme B.2). Details about the deuteration experiment are described in
Section B.7.1. 3-O0OH-R'=0 is formed following an alkoxy bond scission in the
bimolecular chemistry of the 2-O0-3-ROOH peroxy radical, as shown in Scheme
3.4. The high yield of this product under elevated Hévels suggests that the
reaction of 2-O0-3-ROOH with H®has a large yield of the 2-O-3-ROOH alkoxy
radical, similar to the reactions of other highly functionalized,RE*? The com-
pound is also observed in EVE experiments (Figure 3.1(c)), which demonstrates
the production of 2-O0-3-ROOH from 2-RBikely through the rapid equilibrium
between 3-O0-ROOH and 2-O0-3-ROOH radicals (Scheme 3.2 and 3.4). Such
rapid H-shift between ROOH and R@ also observed in other aliphatic and acyl
peroxy radical$3 %°

Scheme 3.4: Bimolecular pathways of peroxy radicals 3-O0-2-ROOH and 2-O0-3-ROOH
based on calculated rate coe cients at 298.15K. The products that are detectable by our
instrument are in green boxes, and those not detected in our experiments are in pink boxes.

To assign the GC signals at m/z 221, we oxidized ethyl glycolate (2-R=0 in Scheme
3.1, Sigma Aldrich, 98%) and 2-hydroxyethyl acetate (3-R=0 in Scheme 3.1, TClI,
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i60%) under high HQ condition to produce 2-oxo-3-ROOH and 3-0x0-2-ROOH in

the system (oxidation mechanism in Scheme 3.5). The resulting gas chromatograms
at m/z 189 and m/z 221 from the experiments are shown in Figure B.2 in Section
B.7.1. 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 rst GC peak at m/z 221 corresponds to the compound we denote
as 2-OH-3-O0OH-R'CHO (Figure 3.1). We propose a formation mechanism of
this compound in Scheme 3.6. 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®°’ The observation of 2-OH-3-O0OH-R'CHO likely indicate

the formation of 1,2-epoxy-3-ROOH as predicted by theory (Scheme 3.2). 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 precuP§oi&The reactive uptake

and ring-opening of gas-phase hydroxy-substituted epoxides on surfaces has been
demonstrated to be a major pathway that leads to SOA formation under lgw NO
conditions>6:58 60

Scheme 3.5: Oxidation of ethyl glycolate (2-R=0) and 2-hydroxyethyl acetate (3-R=0) by
OH under high H@ condition.

Scheme 3.6: Speculative formation pathways of 2-OH-3-OOH-R'CHO from a). 2-EE, and
b). EVE. The mechanism for 2-EE may occur heterogeneously on the chamber walls or in
the CIMS instrument.
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3.3.2 Products Branching Ratios and H-shift Rate Coe cients

The following sections describe our estimation of the branching ratios of several
reaction pathways and the R®i-shift rate coe cients in 2-EE photo-oxidation
mechanism. 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 RCrease

due to the high energy barrier along the H-shift reaction coordié while

the bimolecular rate coe cients between R@nd HQ are expected to be slightly
slower.

3.3.2.1 Branching Ratios for RQ@+HO, Reaction

Scheme 3.7: Mechanism of 2-R®&HO; (3a-3c) and 3-Re+HO, (4a-4c) reactions. Prod-
ucts quanti able are highlighted in purple boxes. Rate coe cients for isomerization and
decomposition of alkoxy radicals are calculated at 298.15K using the MC-TST m&thod.
Calculated MC-TST alkoxy rate coe cients have uncertainties likely within a factor of 10.
For the co-products and reagents in each pathway, refer to Scheme 3.1 and B.1.

We estimate the product branching ratios of reaction channels for reactions of
2-EE peroxy radicals with H®by quantifying the closed-shell products of the
bimolecular pathways. Reactions between H{d peroxy radicals 2-ROand
3-RO; are expected to form hydroperoxides (2-ROOH and 3-ROOH), carbonyls (2-
R=0 and 3-R=0), alkoxy radicals (2-RO and 3-R0O) and their subsequent products
(pathways a, b, and c for Reactions 3 and 4 in Scheme 3.7). Most products from the
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3-R0O,+HO;, reaction form stable clusters with @B , while from the 2-RG+HO,
reaction, 2-ROOH is the only product that can be quanti able (detection of 2-
R=0 is discussed in Section B.7.1). Thus, we use the measured yields of major
3-R0O,+HO; reaction products, i.e., 3-ROOH, 3-R=0, and 2-OH-ethylformate, to
infer products branching ratios of B&HO, 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 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 B.4.

Figure 3.2: a). [2-OH-ethylformate] vs. [3-ROOH], and b). [3-R=0] vs. [3-ROOH]

at ambient temperature (294K) and high temperature (309.5K). Solid lines are unweighted
linear regression ts to ambient temperature data, and dashed lines are unweighted linear
regression ts to high temperature data. The uncertainties in the data are mainly systematic
( 21%) due to knowledge of the instrumental calibration detailed in Section B.6. Respective
R? values of the linear ts are 0.87 (blue solid line), 0.92 (red dashed line), 0.83 (green solid
line), and 0.97 (purple dashed line).

Figure 3.2 shows the concentrations of 3-R=0 and 2-OH-ethylformate as a function
of the concentration of 3-ROOH. At 294 K, the yield of 3-R=0 relative to that
of 3-ROOH is measured to be 0059 0017, and the yield of 2-OH-ethylformate
relative to that of 3-ROOH is 0¢057 0¢016. At 309.5 K, the yield of 3-R=0 relative
to that of 3-ROOH is 0«041 0011, and the yield of 2-OH-ethylformate relative to
that of 3-ROOH is 0027 0+008.

Since 3-R=0 is produced both directly from 3-R¢O, (Reaction 4b) and from
isomerization of the 3-RO radical (Reaction 4c.1), deriving products branching ra-
tios of 3-RQ+HO, reaction also requires knowledge of branching fractions of 3-RO
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unimolecular pathways. We investigate 3-RO chemistry by conducting a few exper-
iments of 2-EE with NO, in which the production and reaction of alkoxy radicals
are dominant. In these experiments( still serves as source of OH radicals, and
NO (sourced from cylinder containing 1993 20 ppm impNMatheson) is added
instead of CHOH as the source of bimolecular reactants. The gas chromatograms
and analysis of the results from NO experiments are in Section B.7.2. As shown
in the chromatograms in Figure B.3(a), we observe high yields of decomposition
products 2-OH-ethylformate (m/z 175), smaller yields of 3-R=0 (m/z 189) from iso-
merization pathway R4c.1, and probably minimal amounts of 3-OH-R'CHO (m/z
189) from isomerization pathway R4c.2. The measured concentrations of 3-R=0
(possibly together with 3-OH-R'CHO) and 2-OH-ethylformate suggest that the ratio
of their production to be around 04095 0¢024 (Figure B.5). Thus, we suggest the
ratio between isomerization and decomposition channelgf:: 42.9¢: 42.8 of
3-ROis 1/10. Our nding 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 reactiotfs.

Given that there are still uncertainties in our understanding of the e ect of chemical
activation and temperature on the ratio between isomerization and decomposition
channels of alkoxy radicafs;5? here we assume that the 1:10 ratio ofz

s 42.%2 1 : 42.3alS0 applies to 3-RO produced from KH@&xperiments and at elevated
temperature. With this assumption, the branching fractions for 3+RQ, reaction
pathways are listed in Table 3.1. We apply the resulting branching ratios in the box
model for both 3-R@+HO, and 2-RQ+HO, reactions.

Table 3.1: Branching ratios for reaction channels (4a)-(4c) for 3R@0, reaction es-

timated from the observed product yields. Derivation of the uncertainties is detailed in
Section B.6.

Reaction Channels| Branching ratios at 294 K| Branching ratios at 309.5 K

Kaaka 0896 0026 0-936 0016
Kapka 0048 0-013 0-035 0009
Kac'1 KacXKa 0005 0-002 0003 0-001

KacKa 0-051 0-014 0026 0-008
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3.3.2.2 1,6 H-shift rate of 3-RQ

We estimate the 1,6 H-shift rate of 3-RQ@Qwhich leads to formation of the hy-
droperoxyl aldehyde, 3-OOH-R'CHO, Scheme 3.2) from the variation in the yields
of 3-ROOH and 3-O0OH-R'CHO at di erent [Hg]. The ratio of the yields of the
two products is equivalent to the ratio between their formation rates:

»3-ROOHY: _ WUioi's , 5 ,»3-RQYrH®:  Uiois , 5 ,
»3-O0H-R'CHOY: 1 6 H-shift,3-Rg »3-RQY4 © 1,6 H-shift,3-RQ

»HQY: (3.2)

where g 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 [HD As illustrated in Figure 3.3, we observe a
linear relationship between the ratio of product yields and JH& both ambient
and elevated temperature. The slope is equal to the ratio between the bimolecular
rate coe cient (with the branching to hydroperoxidegd) and the unimolecular

40-'$ 2. $ o )

. H u
H-shift rate coe cient (i 1,6 H-shift 3-RQ,

Figure 3.3: [3-ROOH]/[3-O0H-R'CHO] vs. [HQ] at ambient temperature (294 K) and
high temperature (309.5 K), and respective unweighted linear regression ts. The uncertain-
ties in the data are mainly systematic and are detailed in Section B.6 ( 25% for concentration
ratios and 17% for [HG]). The respective Rvalues of the linear ts are 0.992 for ambient
temperature data (green solid line), and 0.998 for high temperature data (pink solid line).

As shown in Figure 3.3, the slope is nearly 4 times smaller at high temperature, con-
sistent with a much higher H-shift rate and higher yield of the autoxidation product
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at elevated temperature. From the linear regression tting, we derive the ratio of
Lﬁi—'ﬁt;; at ambient temperature to be 1733 2¢21° 1D cm® molecules ,

and at high temperature to be 11¢95 0+59° b cm?® molecules . We evaluate

the bimolecular rate coe cient of R@+HO, reaction based on derivations from
Wennberg et al? and Jenkin et & Along with our derivation of the branching
fractions of ROOH formation from the previous section, we estimate the 1,6 H-shift
rate coe cient of 3-RO, to be 0021 0¢13 ¢ at294 K, and 067 0442 § at 309.5

K. Both values agree well with computational prediction of the rate coe cient
(021 8 and 057 § respectively, uncertainty within a factor of 5). This estimated
H-shift rate increases by approximately a factor of 3 when the temperature increases

by 15K.

3.3.2.3 1,5 H-shift rates of 2- and 3-R®

1,5 H-shifts of 2- and 3-R@lead to formation of peroxy radicals 3-O0-2-ROOH
and 2-00-3-ROOH (Scheme 3.2), and are in competition with the reaction of 2-
and 3-RQ with HO, 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 [H&. Assuming the rate coe cient for the
reaction of HQ with 2- and 3-RQ are 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 RO

»2-ROOHY2 Ugo: s , 5 ,»2-RQ%BpHQYs »2-RQ%s
»3-ROOHYs Ugo: s , 5 ,»3-RQUpHQY: »3-RQ%p

(3.3)

where Uy indicates the branching fraction to ROOH formation, and the subscript
ss" indicates steady state. To derive the expression for »243nd »3-R&4ag
we start with the rate equations for »2-Rand »3-R& in the mechanism:

3»2-RQY4

T = U2_RQZ $,2 [Z-EE][OH] s 2, $ 2»2-RQ1/4»HQ/4 (3.4)
. 1,5 H-shift, 2-RQ »2-RQY4

3»3-RQY4

T = U3-ROZ: $,2 [Z-EE][OH] s 2, $ 2»3-RQl/4»HQ/4 (3.5)

. 1,5 H-shift,3-Rg »3-RQY4 11,6 H-shift,3-Rg »3-RQY4
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where Y.ro, and W.ro, are the branching fractions of 2-R@nd 3-RQ formation
in the initiation step (Scheme 3.1). Assuming steady state for [Z}B@I [3-RQ]
will then yields:

WhRros 2 [2-EE][OH]

»2-ROWap= 3.6
5 $ 5.8 ,»HQY4 | 11 5Hshift,2-RG (3:6)
RO, . 2-EE][OH
»3-RQYap= Urois2 | IoH] (3.7)
%, ,»HQYa | 11 5Hshift,3-RQ L - 1,6 H-shift, 3-RQ
and the ratio between »2-RB@gand »3-R@4gequals:
»2-RO%Me_ WRo, i'$ 5.8 ,»HQY4, i1 5Hshift,3-RQ , © 1,6 H-shift, 3-RQ (3.8)

»3-RQ%5  Usro, s 5.8 ,»HQY4, 11 5H-shift,2-RQ

Therefore, in the limit where [Hg) is su ciently 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&R@
3-RG; formation pathways, 1ko,*Us-ro,). At lower HO;, levels, the H-shift rates
become signi cant in alternating the [2-ROOH]/[3-ROOH] ratio. Higher 3-RO
H-shift rates lead to a higher ratio, while higher 2-R@-shift rates result in a lower
ratio.

Figure 3.4: [2-ROOH]/[3-ROOH] vs. [HQ] at a). ambient temperature (294 K) and b).
high temperature (309.5 K). The solid lines represent the optimized model t to the data.
The dashed lines represent the model output based on calculated H-shift rate coe cients.
The uncertainties in the data are dominated by common systematic errors as detailed in
Section B.6 ( 25% for concentration ratios and 17% for [H{).
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Based on Equation 3.8, we adjusté,*Us.ro, and the RQ 1,5 H-shift rate co-

e cients in the box model to minimize the di erence between the simulation and
the observations of [2-ROOH]/[3-ROOH] as shown in Figure 3.4. We applied our
derivations of branching ratios and rate coe cients described in previous sections
(RO2+HO, branching ratios andi:e H-shift,3-rg) IN the simulations. This analysis
suggest that the ratio between 2-R@nhd 3-RQ formation from the OH + 2-EE
reaction is 1«5 04, which is in good agreement with the structure-activity rela-
tionship (SAR) predictions ( 1.3f/:6364From the best t of the box model to the
experimental observations, we estimate 1,5 H-shift rate coe cient of 2-R(be

013 0+10s! at 294 K and 054 042 § at 309.5 K, while that of 3-R@to be

013 0+10 st at294 K and 0+59 046 § at 309.5 K . These values are well within
the factor-of-5 uncertainty of the MC-TST H-shift rate coe cients (see Table 3.2).
The 1,5 H-shift rates are estimated to increase by approximately a factor of 4 with a
temperature increase of 15 K.

Table 3.2: H-shift rate coe cients (in s ) of simple 2-EE peroxy radicals from calculations
and experiments. Rate coe cients derived from experimental results shown here are applied
in subsequent box model simulations described in following sections. The hydrogen shown
explicitly (in orange) is the one being abstracted during the speci ed H-shift reaction.
Derivation of uncertainties is detailed in Section B.6.

Peroxy Radicals
2-RO, 3-RO,
Temperature | Method 1,5 H-shift 1,5 H-shift 1,6 H-shift
Theory 0.083 0.045 0.21
294K _
Experiment| 013 010 013 0-10 021 0-13
Theory 0.26 0.14 0.57
309.5K _
Experiment| 0¢54 042 059 0+46 067 042

The estimated H-shift rates of 2- and 3-Rébe listed in Table 3.2. The 1,5 H-shifts

of 2-EE RQ are faster than the similar 1,5 H-shift process obROmM alkane and
ketone compounds likely due to a reduction in the barrier for hydrogen abstraction
alpha to the ethe¥®5° Similarly, due to presence of -OH group, the 1,6 H-shift of
3-RG; is faster than its 1,5 H-shift despite a less favorable transition state 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 (4 times vs. 3 times
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increase at high temperatuf®@)?

3.3.2.4 H-shift rates of Peroxy Radicals 2-O0-3-ROOH and 3-O0-2-ROOH

The change in the yields of 3-OOH-R'=0 at di erent HOoncentrations is sensitive

to the H-shift rates of the 2nd-generation peroxy radicals 2-O0-3-ROOH and 3-O0-
2-ROOH. Recall that the compound 3-OOH-R'=0 is formed through bimolecular
chemistry of 2-O0-3-ROOH (Scheme 3.4). The reaction with NOQ/lg@duces

the alkoxy radical 2-O-3-ROOH, which then decomposes to form 3-OOH-R'=0.
The yield of 3-OOH-R'=0 is directly constrained by the competition between H-
shifts and bimolecular pathways of 2-O0-3-ROOH. It is also constrained by the
competition between H-shifts and bimolecular reactions of 2-B@d 3-RQ, as

well as the H-shift rates of 3-O0-2-ROOH, all of which control the yields of and the
equilibrium between the two hydroperoxy ROThus, 3-OOH-R'=0 is expected

to have low yield at both extremely high and low [HIO At high [HO,], less 2-
00-3-ROO0H is formed through H-shift processes due to competition with the HO
reaction, while at low H@ level, 2-O0-3-ROOH preferentially undergoes H-shift
rather than forming the intermediate alkoxy radical.

Figure 3.5: [3-OOH-R'=0] normalized by [2-EE] vs. [HQ] at a). 294 K 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 coe cients. The uncertainties in the data are
dominated by common systematic errors as detailed in Section B.6 (45% for normalized
concentrations and 17% for [H¢]).

Shown in Figure 3.5 is [3-OOH-R'=0] normalized by the amount of 2-EE oxidized
([2-EE]) as a function of [HO,]. With knowledge of 2-R@ and 3-RQ reaction

rates and product branching ratios from previous sections, we optimize the H-shift
rate coe cients for the two hydroperoxy ROin the box model (Scheme 3.2) by
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minimizing the di erence between the measured and simulated 3-OOH-R'=0 yield
as afunction of [HQ]. For the bimolecular reaction 2-O0-3-ROOH/3-00-2-ROOH

+ HO», we evaluate the rate coe cients based on Wennberg é? ahd Jenkin et

al.*® and adopt the products branching ratios from the study on methyl vinyl ether
RO,, a similarly multifunctional oxygenated RCby Praske et al! We provide our
estimates (using the box model) for the H-shift rate coe cients for the twog RO

in Table 3.3. We estimate that the H-shift rates increase by around a factor of 2
between 294 K and 309.5 K. However, given the large uncertainties underlying our
measurements (see Section B.6 for detailed description of uncertainty analysis), this
estimate is highly uncertain.

Given the experimental constraints, we are unable to determine stereoisomer-speci ¢
H-shift rates for the hydroperoxy R@ike those in Scheme 3.2), as all our detectable
products only possess one chiral center and cannot be separated on the column. Our
MC-TST calculations shows that there can be major di erence in the H-shift rates
for di erent diastereomers of the same peroxy and alkoxy structural radicals, as
shown in Schemes 3.2 and 3.4. In some cases, such di erences can be attributed
to the di erences in the hydrogen bonding stabilization of reactants and transition
states, but such clear reasons are not always avaitldbf.The variation in the
H-shift rates of di erent stereoisomers of the same radical may lead to enhancement
of speci c diastereomers of certain SOA precursors, such as the epoxide in 2-EE
system, which may subsequently in uence their transformation in the atmosphere
and the properties of formed SGA.

3.3.2.5 Formation of 3-0x0-2-ROOH and 2-o0xo0-3-ROOH

We partially constrain the formation pathways of major autoxidation products, the
ketohydroperoxides 3-0xo0-2-ROOH and 2-ox0-3-ROOH (Scheme 3.2), from the
ratio in their yields, [3-ox0-2-ROOH]/[2-0x0-3-ROOH)]. Measuring the yields of
3-0x0-2-ROOH and 2-ox0-3-ROOH are challenging, however, due to their low
volatilities. The vapor pressure of the two compounds estimated by the EVAPO-
RATION method® is on the order of 16 atm at room temperature. As a result

of the low volatility, these compounds are expected to deposit signi cantly onto
surfaces of the chamber and the instrument. In additional 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 thefi As a result, we observe a
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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 di culties in quantifying the two hydroperoxides, we do observe a
trend in the ratio of their detected yields ([3-0x0-2-ROOH]/[2-0x0-3-ROOH]) as the
function of [HO,]. We estimate the ratio by calculating the ratio between the heights
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 3.6,
we show the relationship between [3-0x0-2-ROOH]/[2-0x0-3-ROOH] and,]JHO
where the green markers represent the ratio estimated from experimental data. The
ratio is higher at moderate HQevels and decreases at both high and low,HO
levels. This feature may arise due to another pathway that produces 3-oxo-2-ROOH
in addition to the reactions of 2-O0-3-ROOH and 3-00-2-ROOH: the 1,5 H-shift
of 2-O0-3-ROH peroxy radical (see Scheme 3.4). The radical 2-O0-3-ROH is
formed by isomerization of alkoxy radical 3-O-2-ROOH, which is produced from
bimolecular reactions of 3-O0-2-ROOH.

Figure 3.6: [3-0x0-2-ROOH]/[2-0x0-3-RO0OH] vs. [H&) at ambient temperature (294 K).

The results at high temperature (309.5 K) is in Figure B.6. 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-O0-3-ROH radical, and the solid lines are results from model
run with the 1,5 H-shift rate coe cient of 2-O0-3-ROH scaled by 1 (yellow), 3 (blue), and

5 (purple) times the MC-TST calculated rate coe cient. The uncertainties in the data are
dominated by common systematic errors as detailed in Section B.6 ( 25% for concentration
ratios and 17% for [HQy]).
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We also show in Figure 3.6 the ratio of [3-0x0-2-ROOH]/[2-0x0-3-ROOH] from
model results with the 1,5 H-shift rate coe cient of 2-O0-3-ROH being set to 0, the
calculated value, triple the calculated value, and ve times of the calculated value.
Without the H-shift reaction, the ratio of product yields at high [Hi&mains low

and close to [3-O0-2-ROOH]/[2-O0-3-RO0OH] at equilibrium since the bimolecular
reactions of the two hydroperoxy R@re the major source of the compounds. As
HO; level decreases, the ratio increases as the source of 3-oxo-2-ROOH shifts to the
more abundant 2-O0-3-ROOH radical. When we turn on the H-shift reaction of 2-
0OO0-3-ROH radical, we observe an increase in [3-0x0-2-ROOH]/[2-0x0-3-ROOH].
This pathway provides an extra source for 3-oxo-2-ROOH, and, similar to 3-OOH-
R'=0, produces larger amounts of 3-ox0-2-ROOH at moderate;JH@d smaller
amounts at high and low [HE). We notice that the ratio modeled from various H-
shift rates converge to the same value ( 1.43) at low [HlQvhere the production of

the two ketohydroperoxides is dominated by the H-shift reactions of 2-O0-3-ROOH
and 3-O0-2-ROOH. It also demonstrates that the additional formation of 3-oxo-2-
ROOH arising from the 1,5 H-shift of 2-O0-3-ROH being assessed here requires a
bimolecular reaction with HQ which does not occur at very low [HD The ratio
between the two products at low [HDis mainly determined by the equilibrium
between and the H-shift rates of the two hydroperoxy, RChus, we expect that a
better measurement of this ratio can provide another constraint for the unimolecular
pathways of the two R®

As we increase the 1,5 H-shift rate coe cient of 2-O0-3-ROH in the model, the yield

of 3-0x0-2-ROOH relative to that of 2-oxo0-3-ROOH peaks at greaten|t&nd 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 (Table 3.3).

3.4 Conclusions

The RQ formed in the oxidation of 2-ethoxyethanol (2-EE) undergo e cient autox-
idation 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 coe cients of 2-EE RQ (Table 3.2 and 3.3), many of the H-shift reactions
may occur at rates of 0«1sor faster, corresponding to a R®imolecular lifetime

at 10 s or shorter. We may expect that the H-shift reactions of the substrate outrun
its biomolecular chemistry when NO concentrations are 0.5 ppb or lower on warm
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Table 3.3: H-shift rate coe cients (in s ) of multifunctional 2-EE peroxy radicals from
calculations and experiments. Rate coe cients derived from experimental results are ap-
plied in box model simulations. The hydrogen shown explicitly (in orange) is the one being
abstracted during the speci ed H-shift reaction. Derivation of uncertainties is detailed in
Section B.6.2 We refrain from providing an estimate for the 1,5 H-shift rate coe cient of
2-00-3-ROH at high temperature as there is major divergence between the model simulation
and experimental observations. See Section B.7.3 for more details.

Peroxy Radicals
3-00-2-ROCH
Temperature | Method Stereoisomer| 1,5 H-shift 1,6 H-shift
Theory R, S 0.0095 0.015
294 K S, S 0.049 0.15
Experiment 0047 , 02059+ 00043 0°12, 015 0-11
Theory R, S 0.034 0.055
309.5K S, S 0.15 0.38
Experiment 0°091, 0212+ 0084 | 0423, 0229+ 0-21
Peroxy Radicals
2-00-3-ROOH 2-00-3-ROH
Method Stereoisomer| 1,5 H-shift 1,5 H-shift
Theory R, S 0.064 0.090
294 K S, S 0.022 0.22
Experiment 0050, 0°064+ 004G 057
Theory R, S 0.19 0.30
309.5K S, S 0.082 0.66
Experiment 0¢11, 0¢14+ 010 a

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 pressure,
which readily contributes 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
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increasingly oxygenated RQo produce HOMs. This chemistry may explain the
higher SOA yields observed for several glycol ether and ether compounds under
NOy-free conditions compared to Népresent condition’?:21:69

As a result of successful policies to reduce emissions of &l@l fossil fuel VOCs

in urban areas, both the chemical state and major VOC source of the modern urban
atmosphere has been changiigi!As VCPs becomes a major source of urban VOC
emission, it is increasingly important to understand the autoxidation chemistry of
those compounds to Il our knowledge gap regarding SOA growth and new particle
formation in the low NQ environment. Since many VCPs such as glycol ethers are
more oxygenated and functionalized than fossil fuel hydrocarbons, H-shift rates of
VCP RO are likely higher due to activation of the C-H bonds by the substituents,
which lowers the barrier height for the H-sHife2 Further investigations on photo-
chemical pathways of VCP compounds, especially their autoxidation chemistry, are
essential for understanding the impact of these emissions on air quality.
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AUTOXIDATION OF LONG-CHAIN DIETHERS:
1,2-DIETHOXYETHANE
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Abstract

Gas-phase autoxidation is an atmospheric chemistry reaction mechanism capable
of transforming volatile organic compounds (VOCSs) into highly oxygenated organic
molecules (HOMSs) that contribute to secondary organic aerosol (SOA) formation
and growth. The key steps in this mechanism are intramolecular hydrogen shift (H-
shift) reactions in organic peroxy radicals (ROFor acyclic saturated molecules,
these H-shift reactions are generally su ciently slow that they cannot compete with
atmospheric bimolecular reactions with N€pecies, except for the 1,5 and 1,6 H-
shifts, occurring via transition states (TS) of six- and seven-membered rings. Here,
we report a surprisingly fast long-range H-shift reaction in s R@®med in the
photo-oxidation of a volatile diether. In 1,2-diethoxyethane (1,2-DEE), we observe
experimentally a 1,8 H-shift reaction that occurs with a rate coe cient on the order
of 1s 1 at294 K a rate that outcompetes all other R@imolecular chemistry

in the system and will, under most atmospheric conditions, outcompete bimolecular
processes as well. Theoretical calculations indicate that activation of the C-H bond
by an U-oxyl substituent and weaker transannular strain in the 1,8 H-shift transition
state, combined with inductive deactivation of C-H bonds by a V-oxyl group at the
abstraction site of competing 1,5 and 1,6 H-shifts, enable the longer-span 1,8 H-shift
to be competitive. Our ndings broaden the recognized reactivity of functionalized
RO, and highlight the potential for structurally diverse VOCs to undergo unexpected
autoxidation pathways, producing HOMs at greater yield and with higher molecular
complexity than previously anticipated.
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4.1 Introduction

Volatile organic compounds (VOCSs) are emitted to the atmosphere in large quantities
by both anthropogenic and biogenic sources and play an important role in the
chemical composition of Earth's troposphér&he gas-phase oxidation of VOCs,

as the primary chemical transformation pathway of VOCs in the atmosphere, alters
their chemical properties, as well as their impact on air quality, human health,
and global climaté. The oxidation process is usually initiated by VOC reactions
with strong oxidants (most importantly OH radicals but alspa®d NG radicals)

that leads to formation of alkyl radicals (R ), followed by the rapid addition of
oxygen (Q) yielding peroxy radicals (R®. The subsequent chemistry of RO
which governs the chemical fate of the VOC, is diverse, ranging from unimolecular
isomerization reactions to bimolecular reactions with other radicals such as NO,
HO,, and other R@3* The molecular structure of the R@nd the atmospheric
conditions determine which reaction pathways will be compett®&he pathways

that lead to formation of low-volatility organic species, as potential precursors to
formation of secondary organic aerosol (SOA), a major component of atmospheric
ne particulate matter, are particularly of interest to atmospheric scientists. For
example, the terminating channel of R®imolecular reactions, which add an
oxygen-containing functional group, such as a nitrate ( QINOr hydroperoxy

( OOH) group, to the carbon backbone of VOC, are considered an important
pathway that lowers the volatility of organic species in the atmosphtere.

Gas-phase autoxidation, which is initiated by asR@imolecular reaction path-
way, is also capable of producing low-volatility organic products (Scheme®4%1).
The key step in atmospheric autoxidation is an intramolecular iR@rogen shift
(H-shift) reaction, where the peroxy group abstracts an H atom from the carbon
backbone of the radical to produce a hydroperoxyalkyl radical (often denoted as
QOOH). An @ molecule then quickly adds to the QOOH to form a more oxidized
hydroperoxy RG.! These second-generation R€an undergo subsequent rounds

of isomerization and @addition, leading to rapid formation of highly oxygenated
oxidation products, potentially with multiple hydroperoxide groups and very low
volatility. These highly oxygenated organic molecules (HOMs) have been shown to
play a role in the formation of new particles and readily undergo gas-particle transfer
to existing aerosol%1?

With the recent successful reduction in urban,Ngnissions, a major contributor
of RO, bimolecular loss, the formation of HOMs through R@utoxidation is
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Scheme 4.1: Key steps in autoxidation of an example VOC. The compound C1 rst reacts
with OH radical and @to form a peroxy radical (C2), which undergoes an H-shift forming

a hydroperoxide functionality and a radical center on the carbon from which the H atom was
abstracted, also known as a hydroperoxyalkyl radical or QOOH (C3). Subsequent addition
of O, forms a hydroperoxy RO(C4), which can undergo further H-shifts. The reaction
sequence can either be terminated by abstracting the H atom U to the hydroperoxide group
and losing a OH radical to form a ketohydroperoxide (C5), or continue by abstracting a H
atom from an unsubstituted carbon to form a new, more oxidized QOOH (C6).

becoming increasingly important in urban atmospheres. In regions where NO levels
become su ciently low (0.05 to 1 ppb), a condition common in nhowadays North
America and Europ&31® RO, can survive for 10 100 s before reacting with
other bimolecular reactants (Table 4.1), allowing R@shift chemistry even with

rate coe cients as low as 0.05 & to compete with R@bimolecular pathwayst
Evaluating the H-shift rate coe cients for R&rom di erent classes of VOCs thus
becomes essential for accurately assessing their atmospheric oxidation potential and
addressing current uncertainties in SOA production.

Table 4.1: Typical atmospheric concentrations of Réimolecular reactants and associated
RGO lifetimes in urban and suburban environments. Concentrations of bimolecular reactants
are adopted from Ren et &P Praske et al'! and Ma et al’ Rate coe cients for RQ
bimolecular reactions are adopted from Jenkin et ahd corresponding rate constants and
RO, lifetimes are calculated at ambient temperature of 298 K and sea level pressupe of 10
Pa.

[NO] k Ro,+No[NO] RO+NO
0.05 0.5ppb 0.01 0.10s' 10 100s
[HO2] KRo,+HO,[HO2]  RO,+HO,
20 ppt 0.008 4 1250’
[RO2] KRro,+R0,[RO2]  RO.+RO;
20 ppt 8 104 st 1250 s

Previous studies have identi ed various general trends in H-shift reactivity that pro-
vide qualitative information about the potential for di erent RE-shifts. Studies
have shown that the rate of H-shift process is a ected by the molecular structure of
the involved RQ.%1819At ambient temperature, the H-shift rate coe cients of RO
from straight-chain alkanes are found to be negligible (¥ 1} ), while certain
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functional groups at the carbon center from which the hydrogen is abstracted in-
crease the lability of C-H bonds and thereby lower the barrier to H atom trafigfer.

For example, in our recent studies on simple ether and glycol ether compounds, we
demonstrate that H-shifts where the abstraction site is U to a hydroxyl group (-OH)
or ether oxygen (-COC-) can proceed at rate of 01 at laboratory temperature

of 294 K 2123 H-shift reactions that involve abstraction of an aldehydic (C=0) or
allylic (-C-C=C) hydrogen can have reaction rate coe cients reaching 1 due to
stabilization of the transition state by resonate®2*2%Another factor that a ects

the H-shift rates is the geometry of the ring-like H-shift transition state {#:&}19.26

One important feature is the number of atoms in the ring-like structure of the TS.
In general, a 1,5 and 1,6 H-shift, with a TS of six and seven-membered ring, is fa-
vorable for RQ H-shift, while TS with a smaller ring (e.g. 1,4 H-shift) is restricted
due to high barriers, and formation of a larger ring (e.g. 1,8 H-shift and beyond)
is considered entropically unfavorabfe!®1°Thus, both short- and long-range H-
shifts are regarded kinetically uncompetitive and often excluded in evaluations of
RO, autoxidation chemistry.

In this study, we report the discovery of an unexpected fast 1,8 H-shift reaction at
1s ! in a RO derived from a long-chain diether compound: 1,2-diethoxyethane
(1,2-DEE, also known as ethylene glycol diethyl ether). The compound is chosen as
a model system to investigate the autoxidation chemistry of long-chain ethers and
glycol ethers with multiple ether linkages a structural motif common in compounds
used as organic solvents in industrial and consumer prod(ets.

The general reaction mechanism for 1,2-DEE oxidation is shown in Scheme 4.2.
To isolate the 2-R® 1,8 H-shift from other H-shift pathways, we synthesize a
selectively deuterated 1,2-DEE (1,2-DEEHd Scheme 4.2), where hydrogen atoms

on the interior carbon centers are replaced by deuterium (D) atoms. Due to changes
in zero-point vibrational energy and the much lower quantum tunneling of deuterium
compared to hydroget?,3? the fraction of 2-R@ among all initial deuterated RO

is enhanced, and the rates of 1,5 and 1,6 H-shifts to this peroxy radical are expected
to decrease by more than an order of magnitttd€.Thus, in 1,2-DEE-g, most
autoxidation products from the deuterated precursor arise only from the 1,8 H-shift.

To estimate the rate coe cients of major H-shift reactions in 1,2-DEE, we perform
a series of chamber experiments on OH-initiated photo-oxidation of 1,2-DEE where
competition between R{bimolecular and unimolecular chemistry are modulated
by varying the H@ concentrations, and the experimental results are analyzed with
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help from theoretical calculations and box model simulations. We demonstrate that
the 1,8 H-shift outcompetes the 1,5 and 1,6 shifts in 1,2-DEE, R@allenging our
expectation of how autoxidation proceeds in the atmospheric degradation of ethers
and likely other compounds containing heteroatoms on their chain.

Scheme 4.2: A simpli ed mechanism of autoxidation chemistry of 1,2-DEE and the deuter-
ated 1,2-DEE-gl The branching fractions of the initial steps are denoted in purple (derived

in Section C.8.1). A suite of hydroperoxy R@an be produced from various H-shift reac-
tions (denoted in blue) of simple ROHere we exclude the hetero-atoms when numbering
the carbons on the main chain of the compound. The H-shift rate coe cients are calculated
by MC-TST method at 294 K. Production of certain Rtom 1,2-DEE-d are suppressed

due to kinetic isotope e ect. Those pathways are not shown here. The competing RO
HO, reactions and the resulting hydroperoxides are also shown. The molecular formula and
molecular masses of closed-shell products are shown in green. Detailed oxidation mecha-
nisms of 1,2-DEE and 1,2-DEEs@re in Section C.1.
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4.2 Methods

4.2.1 Experimental Details

The photo-oxidation reactions of 1,2-DEE (j 98%, TCI) and 1,2-DEfby OH
radicals are investigated in a 0.7 $rife on environmental chamber. All experi-
ments are performed at laboratory temperature of 294 1 K and pressure of 993
hPa. OH radicals are produced by photolysis eObl(30% by mass, Macron Fine
Chemicals), which is initiated by illumination of 350 nm (Sylvania 350 Blacklight)
or 254 nm (Sankyo Denki G40T10) UV lamps housed within the chamber enclosure:

H,0,! 2 OH (R1)

HO; radicals are the primary bimolecular reactant in our experiments. To study the
H-shift rate coe cients of RQ in the system, we vary the H@oncentration across
experiments to modulate the competition between bimolecular and autoxidation
chemistry. HQ is mainly produced thorough reaction betweensOH (Sigma
Aldrich, j 99%) and OH radical:

CH;OH OH!HO 5 HCHO H ,0 (R2)

The HG, concentrations in the chamber are varied by changing the number and
wavelength of UV lamps in the chamber enclosure to modulate OH production rates
from Reaction R1, which in turn governs H@rmation rates through Reaction R2.
The 254 nm UV lights, which provide a high,B, photolysis rate, are used for
experiments with high [Hg] where RQ + HO, bimolecular reactions are dominant,
while the 350 nm UV lights produce low [H] where autoxidation chemistry
becomes favorable. RGself-reactions (R@+ RO,) are suppressed by ensuring
that the concentrations of Hs much higher than those of RQwhich is achieved
by using much larger concentrations of gbH than the VOCs so that most of OH
reacts with CHOH in the experiments. A detailed list of experimental conditions
is provided in Table C.1. With these conditions, the concentrations of iIHOur
experiments are estimated by box model simulation (described later) to vary from
1+7 10 °molecules cn? ( 0+07 ppb) with one 350 nm UV light, to 58 10'°
molecules cni ( 2+4 ppb) with eight 254 nm UV lights, and are kept 20 times
higher than total [Rg)] throughout the experiments.

The reaction products are measured by a high-resolution time-of- ight chemical
ionization mass spectrometer combined with low-pressure gas chromatography (GC-
CIMS). Details regarding the instrument has been described elsewamd,only
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a summary is provided here. The instrument usesGCKm/z = 85) as the reagent

ion, which is sensitive to multifunctional organic compounds such as hydroperoxides
and nitrates® During GC operation, the analytes are rst cryotrapped at the head
of the 2m column (Restek RTX-1701) and then separated and elute as column
temperature increases. The sample ow is diluted withaXd transferred to the
CIMS where it passes through a uorocopolymer-coated ion-molecule reaction
zone. Product ions that result from ion-molecule clustering reactions between
the analytes and GPB ions are detected at m/z = mass neutral + 85 amu, and
those result from uoride transfer reactions are detected at m/z = mass neutral + 19
amu3® In addition to forming ion clusters, certain compounds generate characteristic
fragmentation ions, such as hydroperoxides producing a small fraction (a few %)
of ions at m/z 63 (FCQ), which assists in our identi cation of those analytes.
Since we lack authentic standards for the oxidation products, the CIMS sensitivities
of most analytes are estimated based on their ion-molecule collision rates with
CFs0 ,3® which is calculated following the method by Su and Chesnafiaking
dipole moments and polarizabilities calculated ab inttidhe resulting estimated
sensitivities, along with more details of the CIMS calibration process, are described
in Section C.4. Secondary losses of reaction products in the sampling system are also
accounted for when quantifying the product yields, which is discussed in Section
C.7.

4.2.2 Synthesis

We synthesized via am@ reaction in Scheme 4.3 the selectively deuterated 1,2-
DEE-d, using deuterated ethylene glycol (ethylene glycglaihd excess ethyliodide

(Etl). Reagents were purchased from commercial sources and used as received.
Synthetic details are provided in Section C.2. The identity of the compound is
con rmed by GC-MS analysis (Hewlett Packard 5972 with INNOWAX column).

Scheme 4.3: Synthetic route to 1,2-DERg-d

4.2.3 Computational Details
We calculate the theoretical H-shift rate coe cients of key 1,2-DEER® multi-
conformer transition state theory (MC-TS¥)2? using the approach detailed else-
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where?%#1 The theoretical routine is brie y discussed. First, conformational iso-
mers of reactants, transition states and products are sampled with the Merck Molec-
ular Force Field method (MMFF9%) implemented in Spartan'24 (Wavefunction,
Inc.). Each dihedral angle is rotated 3 times (926r the initial sampling. The key-

word FFHINT=X 0 was used with open-shell species, to assign a charge of 0

to the radical center X. Once conformer lists were obtained, all structures were opti-
mized at the B3LYP/6-31+G(d) level of thedA#’ with the Gaussian'16 software.
(Gaussian, Inc.) Unique conformations, Itered based on an electronic energy and
electric dipole moment similarity threshold (20Hartree and 0.015 Debye respec-
tively), with zero-point corrected energies within 2 kcal/mol of the global minimum
were re-optimized at the IB97X-D/aug-cc-pVTZ level of thedt§>° Calculations

done under the Rigid-Rotor Harmonic-Oscillator (RRHO) approximation provided
zero-point vibrational energies and partition functions, as well as served to ensure
that each optimized structure corresponds to an appropriate potential energy sur-
face stationary point. Intrinsic reaction coordinate (IRC) calculations, followed by
geometry optimization of end-points, were done to the lowest conformer of each
transition state to verify whether it is connected to the assumed reactants and prod-
ucts. Finally, single-point calculations at the RO-CCSD(T)-F12a/cc-pVDZ-F12
(gem_beta = 0+9%°2 were done with Molpro 203> to the lowest conformer

of each stationary point and each conformer obtained from IRC calculations, to
obtain more accurate electronic energies. The RO-CCSD(T)-F12a/cc-pVDZ-F12
level-of-theory is hereinafter abbreviated as F12.

Once the reaction pathway energetics were obtained, thermal rate coe cients :1)°
were calculated with Equation 4.1:

i
Sy ) expifog :

yo=ni) BEPTY Mg, o @.1)
geXp]:—)go&'g )

where : is the Boltzmann constant, is the Planck constant, and ) is the tem-
perature. The multi-conformer approach employed here expands the total partition
functions of the transition state and reactant in the Eyring equation as sums over
Boltzmann-weighted conformer contributionsy&and & , are the RRHO parti-

tion functions of the 8th TS conformer and the 9th reactant conformer respectively,
and gand g are the zero-point corrected energies of the 8th TS conformer
and the 9th reactant conformer respectively, taken relative to their respective low-
est conformation, calculated at the IB97X-D/aug-cc-pVTZ level. The reaction
energy barrier # ¢ is de ned as the di erence in zero-point corrected energy be-
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tween the lowest-conformers of the transition state and reactant, calculated at the
F12//I1B97X-D/aug-cc-pVTZ level. The transmission coe cient * was calculated
with the Eckart tunneling correctiol?,using asymmetric potentials based on IRC
end-points calculated at the F12//IB97X-D/aug-cc-pVTZ level. For reactions lead-
ing to spontaneous elimination of OH radical in the product side of the reaction
coordinate, a symmetric potential was used instead, where the reactant-side barrier
height is used for both the forward and backward directions. Intramolecular H-shift
rate coe cients predicted with the MC-TST approach employed here have consis-
tently shown good agreement with experimentally measurements, within a factor of
51240 The calculated H-shift rate coe cients are shown in Scheme 4.4, Table 4.4,
and Section C.5.

To understand the observed selectivity trend in terms of molecular structures, we
performed an additional set of calculations to assess the impact of inductive, stere-
oelectronic, and steric e ects on reaction energy barriers. Inductive e ects were
probed with a local electrophilicity index:|,>® whose calculation is based on the
global electrophilicity index | as de ned by Parr et &f. and the Fukui function for
nucleophilic attack 5t-° 5859 condensed onto the radical-center X:

| > =15-1-0 (4.2)

= = (4.3)

where and are the vertical ionization potential and electron a nity, respec-
tively,59-61 obtained with single-point calculations done with the optimized structure
of the neutral molecule. The condensed Fukui functions-Swere calculated

from partial charge di erences between the anion and the neutral species, calcu-
lated with Natural Population Analysis (NPAJ,using the Natural Bond Orbital
(NBO7.0) softwaré? Further details can be found in the Section C.5.4. Stereoelec-
tronic e ects were analyzed with second-order perturbation theory analysis of NBO
donor-acceptor interactiof§8.

Steric e ects were probed with Natural Steric Analy&$®done with NBO7.0, and

by analysis of non-covalent interactions (NCI) based on reduced density gradient
plot$®” and electron density (d) integrals over NCI domaihdpne with the Multi-

wfn 3.8 softwaré® "% The quantitative NCI analysis employed here is based on the
@sz-3index as a measure of interaction strerftftivhere a positive or negative value
indicate an overall repulsive or attractive interaction respectively, and is calculated
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as: 1 1

@s=3= @12 @ocE ditroar d31ro3r (4.4)
1 2i0° 1 ,Y0°

where the repulsive terma@is obtained by integration over regions where the
second-largest eigenvalue of the electron density Hessigng positive, and the
attractive term @@ds obtained from integration over regions wheeeis negative.
Further details are in Section C.5.5 and C.5.6.

4.2.4 Box Model

We use a MATLAB-based gas-phase chemistry box model to simulate the ex-

perimental results and evaluate the kinetics and branching ratios of key oxidation
reactions. The model uses the MATLAB ode15s solver to calculate time-dependent
concentrations of chemical species based on given initial conditions and a speci ed
chemical mechanism. The reactions and kinetic data implemented in the model
are initially adopted from the Master Chemical Mechanism (MCMgstimations

from literaturest’2 and calculated ROH-shift rate coe cients. We minimize the

di erence between the experimental and model results by adjusting reaction param-
eters of key reactions in the mechanism, including the R&hift rate coe cients

and branching fractions of bimolecular reactions. Details regarding the oxidation

mechanism and reaction kinetics implemented in the model is provided in Section
C.6.

4.3 Results and Discussion

4.3.1 Experimental Results

4.3.1.1 Identity of Oxidation Products

Shown in Scheme 4.4 is the mechanism of 1,2-DEE 2‘®RBimolecular reaction

with HO, and H-shift reactions. We focus our analysis on the major rst-generation
reaction products: the hydroperoxide (2-ROOH) formed by reaction between initial
RO, and HQ, and the ketohydroperoxides (2-0xo-5-ROOH and 2-O0H-5-R'CHO)
and the dihydroperoxide (2,5-DiROOH), both produced from subsequent chemistry
of the hydroperoxy R@ The formation of 2-R@ reaction products through bi-
molecular chemistry or 1,8 H-shift (Scheme 4.4) does not involve abstracting H
atoms from the two central carbons. Thus, 1,2-DEExidation products formed

via these pathways (Scheme C.2 and C.7) retain 4 deuterium atoms and have molec-
ular mass 4 Da higher than their non-deuterated counterparts. The 1,2-PEE-d
oxidation products from pathways that involves abstracting D atoms by OH ¢r RO
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Scheme 4.4;: Mechanism of 1,2-DEE 2-R®imolecular reaction with Hg¥"374and H-

shift reactions. The H-shift rate coe cients are calculated by MC-TST method at 294

K and denoted in blue. Subsequent bimolecular reaction of 2-O0-5-ROOH z+ard®
products are also shown. Further reactions from 4-O0-2-ROOH and 3-O0-2-ROOH are
shown in Scheme C.3-C.4. The molecular formula and molecular masses of major oxidation
products are denoted in green. Products that are detected by our instrument are shown in
orange boxes. More detailed oxidation mechanisms of 2-&@ deuterated 2-R@d, are

in Section C.1.

radicals (see Scheme C.5-C.6), however, will have a lower molecular mass (and
a lower yield due to the kinetic isotope e ecy32 As one C D bond is broken
during autoxidation of the deuterated precursor, a mass shift by 1 Da occurs be-
cause the shifted deuterium on the hydroperoxide group ( OOD) undergo rapid
D/H exchange with the hydrogen in backgrounglHn the chambet? Such feature
enables us to identify 1,2-DEE oxidation products from di erent reaction pathways
in the mass spectra.

Shown in Figure 4.1 are the gas chromatograms of major reaction products from
a 1,2-DEE and a 1,2-DEEsdoxidation experiment under similar conditions at
HO, level of 1 ppb. The deuterated oxidation products elute slightly earlier than
the non-deuterated produc®&As mentioned above, we observe 2-ROOHaahd
deuterated oxo-ROOH and DIROOH from 1,8 H-shift reaction of 2-R@Qat 4

m/z units higher than their non-deuterated counterparts (e.g. m/z 239 vs. m/z 235
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Figure 4.1: Gas chromatograms of major reaction products from 1,2-DEE and 1,2-REE-d
oxidation and tentative peak assignments. a) 1,2-DEE oxidation products, b) 1,2-DEE-d
oxidation products. Certain signals are scaled up by a factor denoted in the gure. Most
reaction products are detected at m/z = mass neutral + 85, except the DIROOHSs which
are detected at m/z = mass neutral + 85 and + 19, and as other fragment ions (not shown
here, see Figure S5). Tentative assignment of di erent sterecisomers of DIROOHSs are
also denoted (discussed in Section C.1.1). In this work, we refer to the stereocisomer with
di erent con gurations at both chiral centers, i.e. the meso form (R,S) and (S,R), as (R,S),
and those with same con guration, i.e. (R,R) and (S,S), as (R,R).

for 2-ROOH). Other oxidation products that result from abstraction of 1 or 2 D
atoms between the ether oxygens, however, appear at only 3 or 2 m/z units higher,
such as the deuterated 3-ROOH (3-ROOHatl m/z 238 in Figure 4.1b, Scheme
C.2). More detailed chromatographic analysis of 1,2-DEE oxidation products can
be found in Section C.1.1. From these chromatograms, we can distinguish the
1,2-DEE autoxidation products from the 1,8 H-shift reaction of 2>R@cluding
2-0x0-5-ROO0OH, 2-O0H-5-R'CHO, and 2,5-DiIROOH, from those formed via other
H-shift pathways (discussed in Section C.1.1). Detection of these products at high
yields con rms the occurrence of the 1,8 H-shift, and their higher yields relative to
products from other autoxidation pathways suggests that the reaction outcompetes
other H-shift pathways in the system.

4.3.1.2 H-shift Rate Coe cients

We estimate the H-shift rate coe cients experimentally by examining the yields of
major 1,2-DEE oxidation products as a function of [)JOHere, we focus on the

rate coe cients of 1,8 H-shift of 2-R@ and 2-O0-5-ROOH (Scheme 4.4). For
other H-shift reactions in the system, we are only able to provide rough estimates of
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their rate coe cients, mainly due to uncertainties in isomer-speci c yields of certain
products from those pathways and in estimations of relevant reaction parameters. A
discussion of other H-shift processes is provided in Section C.8.

2-R0O, 1,8 H-shift The rate coe cient of the 1,8 H-shift reaction in 2-RQs
estimated by comparing the yields of its major product from the rst-generation
bimolecular reaction, 2-ROOH, with the sum of the yields of autoxidation products
formed following the 1,8 H-shift, including 2-oxo-5-ROOH, 2-O0OH-5-R'CHO, and
2,5-DIROOH.

In absence of secondary chemistry, we assume that the ratio between the prod-
uct yields is equivalent to the ratio between their production rates. By assuming
steady state for the radical species, we can formulate the production rates of those
compounds as:

%-rooOH = U2-ROOH: 2-R0, HO , »2-RQYa»HEY4 (4.5)

%%-0x0-5-ROOH + 2-O0H-5-R'CHO + 2,5-DIROOIF Y2-00-5-ROOH= 1,8 H-shift, 2-Rg »2-RQYa
(4.6)
where % indicates the production rate of certain specigzpdd; is the branching
fraction to 2-ROOH from the bimolecular reaction 2-ROHO,, : >.ro, Ho , IS the
overall rate coe cient of the reaction 2-RO+ HO,, and :1 g H-shift, 2-rg IS the rate
coe cient of the 1,8 H-shift reaction of 2-R@ Thus, the ratio between the yields
of 2-ROOH and products from 2-O0-5-ROOH can be expressed by combining
Equation 4.5 and 4.6:
[2-ROOH]
[2-0x0-5-ROOH]+[2-O0H-5-R'CHO]+[2,5-DIROOH]
_ W.ROOH: 2-R0,, HO , »2-RQYVa»HEYs
- ' 1,8 H-shift, 2-RQ »2-RQY%4
_ U2.-ROOH: 2ROHO2 i
© 1,8 H-shift, 2-RQ

(4.7)

Consistent with Equation 4.7, we observe a linear relationship between the ratio of
product yields and estimated [H{QFigure 4.2). The 1,8 H-shift rate coe cient of
2-RO, can thus be derived from the slope of the linear relationship by:

U2-ROOH: 2-R0,HO »
(slope in Fig. 4.2)

© 1-8 H shift— 2-R@ = (4.8)

From linear regression tting, we nd the slope in Figure 4.2 to be (1.32 0.43)
1011 cm?® molecule! . The rate coe cient '2-RO,.HO , Can be estimated based on
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method in Jenkin et dland Wennberg etdfto be 1.96 10! cm® molecule! st

at 294 K. We estimate the branching ratigddon by comparing the concentrations

of simple hydroperoxides (ROOH) at high [HPwhere their yields are less a ected

by autoxidation chemistry and are mainly controlled by the branching fractions
of respective simple RO(Uro,) during the initiation step (Scheme 4.2) and the
branching fractions to the formation of ROOHR&bH) from bimolecular reaction

RO, + HO,. We estimate those parameters using box model simulations, and more
details about this analysis is provided in Section C.8.1.

Figure 4.2: [2-ROOH]/([2-0x0-5-ROOH] + [2-O0H-5-R'CHO] + [2,5-DiROOH]) vs.
[HO,] at ambient temperature (294 K), and the result from linear regression?t=R
0.997). [HQ] is calculated using the box model described in section above.

Based on our evaluations of relevant reaction parameters listed in Table 4.2, we
estimate the 1,8 H-shift rate coe cientof 2-R@ be 1.17 0.85s! . The estimated
H-shift rate coe cient agrees well with that calculated using the computational
method (0.558 ). The source of uncertainties in the derived parameters is discussed
below. We also estimate the rate coe cients of other 2-Rahd 3-RQ H-shift
reactions (1,5 and 1,6 H-shifts) using similar measure based on the yields of other
autoxidation products. More details of the estimation process are provided in Section
S8.3. The average of the experimental rate coe cients of 2R@0d 3-RQ 1,6
H-shift reactions are estimated to be 0.18 sand the average of those of the 1,5
H-shifts are estimated to be 0.06's These values also agree well with theoretical
predictions, with calculated 1,6 H-shift rate coe cients of 0.11 and 0.12fsr

2-RO; and 3-RQ, respectively, and 1,5 H-shift rate coe cients of 0.02 and 0.8 s
(Table 4.4). In contrast to intuition, the entropically unfavorable 1,8 H-shift proceeds
much faster than the 1,5 and 1,6 H-shifts. The rates of 1,5 and 1,6 H-shift reactions of
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simple 1,2-DEE R@s are similar to those of 1,5 and 1,6 H-shifts in other organic
substrates adjacent to an oxygen-containing functional group, such as hydroxy,
hydroperoxy, and ether groups (generally at 005 0¢2 5!1:20.22.23These H-
shifts are facilitated by the electron-donating U-oxygen atoms, which stabilize the
H-shift TSs?>’’ The rate of the 1,8 H-shift is notably higher, approaching values
reported for rapid H-shifts in aldehyde, isoprene, and terpene-derivediR® 8 80

The high 2-RQ 1,8 H-shift rate coe cient likely results from a combination of
factors, which is further discussed in the theoretical section below.

Table 4.2: Estimations of key reaction parameters in evaluating 1,8 H-shift rate coe cient
of 1,2-DEE 2-RQ. 2 Branching fraction to formation of 2-ROOH from 2-R@ HO,
reactions? Calculated by MC-TST method with an uncertainty about a factor of 5.

Uo.roor? 1,8 H-shift rate coe cient (s ) at 294 K
Theory Experiment
0+79,0+21-0+31 | 0.55 1.17 0.85

2-0O0-5-ROO0OH 1,8 H-shift The rate coe cient of the subsequent 1,8 H-shift
reaction of the hydroperoxy R2-O0-5-ROOH can be estimated by analyzing the
variations in the yields of two of its major reaction products, 2-oxo-5-ROOH and
2,5-DIROOH (Scheme 4.4), as a function of [(]lOThe ratio between the yields of

the two compounds, which is assumed to be equal to their production rates as above,
can be formulated as:

»2-0X0-5-ROOHY4
" »2,5-DIROOHY4
_ W0x0-5-RO0H 2-00-5-RO0H+H@»2-O0-5-ROOHY4» b0 | 1 8 H-shift, 2-00-5-Roop 2-O0-5-ROOHY4
- W 5-DIROOH: 2-00-5-RO0OH+HE»2-00-5-ROOHY.» bl
_ Y-0x0-5-RO0H * 1,8 H-shift, 2-00-5-ROOH 1
W 5-0irooH ~ Uz,5.DiR0O0H: 2-00-5-ROOH+HE ~ »HQY4

(4.9
where W.oxo-5-roonand B spiroon indicate the branching fractions to formation
of the two compounds from the reaction between 2-O0-5-ROOH angl ldad
. 2.00-5-ROOH+HG Indicates the overall rate coe cient of the bimolecular reaction.
Notice that here we refer [2,5-DiIROOH] to the total concentrations of both diastere-
omers, (R,R) and (R,S), of 2,5-DIROOH (Figure 4.1), and our following analysis of
2-00-5-ROO0OH reaction parameters, unless otherwise speci ed, refers to the average
behavior of (R,R) and (R,S) diastereoisomers of the peroxy radical.

Consistent with Equation 4.9, there is a linear relationship between the ratio of the
yields of the two compounds and 1/[HIQFigure 4.3). We derive the H-shift rate
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coe cient from the slope of the linear t in Figure 4.3, with knowledge of the
bimolecular rate coe cient (2-00-5-rooH+Hg) and the branching ratio to formation
of the dihydroperoxide (&5-pirooH):

1,8 H-shift, 2-00-5-R00H= U2, 5-DiROOH: 2-00-5-R00H+HG ‘Slope in Fig. 4.3° (4.10)

Figure 4.3: [2-0x0-5-ROOH]/[2,5-DIROOH] vs. 1/[Hg]} at ambient temperature (294 K),
and the result from linear regression t{R 0.979).

The slope of the linear relationship is 1122 040° 9nolecule cn? . As above,

the bimolecular rate coe cient is estimated using the method in Jenkin €aat
Wennberg et af® to be 2¢10 10'' cm? molecule! s at 294 K. The branching
fractions of the three channels of 2-O0-5-ROOH +H®action is derived from:

1) the intercept of the linear t, which equals to the ratio between the branching
fractions of reaction channels to formation of 2-0x0-5-ROOH and 2,5-DiIROOH, and
2) the yields of 2-O0OH-5-R'CHO (Scheme 4.4), which is formed from the reaction
channel to formation of alkoxy radical 2-O-5-ROOHx()5.rRooH. The resulting
reaction parameters are in Table 4.3, with more details regarding this derivation
provided in Section C.8.2.

With these constraints, the 1,8 H-shift rate coe cient of 2-O0-5-ROOH is estimated
to be 0¢017 0011 8. We estimate stereoisomer-speci ¢ rate coe cients of this
H-shift by comparing the yields of (R,S) and (R,R)-2,5-DiIiROOH (Figure 4.1) as
a function of HQ concentrations (detailed in Section S8.2). The 1,8 H-shift rate
coe cient of (R,R)-2-0O0-5-ROOH is estimated to be 0027 0+01%,sand that of

the (R,S) isomer to be 0007 0004 swhich agree less closely with theoretical
predictions (0.0038% and 8¢1 10* s?! for (R,R) and (R,S) stereoisomers respec-
tively). This second-generation 1,8 H-shift is estimated to be much slower than the
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rst-generation 1,8 H-shift process, despite the presence of an U-hydroperoxyl sub-
stituent, which should be C H bond activating in hydrocarbon-derived systefhs.
Similar behavior is also reported in previous studies, where U-hydroperoxyl substitu-
tion to an abstraction site that is already U-oxyl substituted decreases & §t(@t

rate coe cient.?381 Theoretical evaluation of this phenomenon is also provided in
section below.

Table 4.3: Estimations of key reaction parameters in evaluating 1,8 H-shift rate coe cient

of 2-00-5-RO0OH.2 Branching fractions for reaction channels of 2-O0-5-ROOH +,HO
reaction.? Calculated by MC-TST method with an uncertainty about a factor of 5.

Uz 5.0irooH | U-oxo-5-R00H | 1,8 H-shift rate coe cient (st ) at 294 K
Theony Experiment
0017 0<011 (average
0027 0+017 (R,R)
04007 0004 (R,S)

065 009 | 026 0-07 00038 (R,R)
8+1 104 (R,S)

4.3.1.3 Sources of Experimental Uncertainties

The major source of the large uncertainty in our estimated H-shift rate coe cients is
the uncertainty in the estimated rate coe cients of relevanbR®IO, bimolecular
reactions, i.e. 3.ro, HO, and :2.00-5.R00H+HG. Based on recommendations in
JPL82and IUPAC3 documentations, we estimate the uncertainties in the bimolecular
rate coe cients to be 52%. Since the H-shift rate coe cients are evaluated
relative to the bimolecular rate coe cients (Equation 4.8 and 4.10), our estimates
are highly sensitive to the errors in those bimolecular rates. A better constrained
. RO,,HO , Shall thereby grant us more con dence in our estimation of the H-shift
rates. Other contributors to the uncertainty in our estimates include errors in the
measured concentrations of relevant reaction products and the linear regression t.
The major source of those errors comes from the uncertainties in our knowledge of
the CIMS sensitivity of those compounds ( 25%) and the estimated experimental
[HO2] (16%). A more detailed uncertainty analysis is provided in Section C.9.

4.3.2 Computational Results

H-shift reaction energy barriers and rate coe cients calculated for major rst-
generation peroxy radicals, 2-R@nd 3-RQ@, and the major second generation
peroxy radical, 2-O0-5-ROOH, are shown in Table 4.4.
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Table 4.4: Reaction energy barriers4 () calculated as the zero-point corrected energy
di erence between the lowest-conformer of the TS and reactant, multi-conformer TST
rate coe cients (:» ), multi-conformer ratio of partition functions (& , third term in
Equation 4.1), and Eckart tunneling factor ("), calculated at the ROCCSD(T)-F12a/VDZ-
F12 //1B97X-D/aug-cc-pVTZ level of theory and 294 K, for H-shift reactions of 1,2-DEE-
derived RQ.

*Eg Ksi

Reactant Reaction [keal mol * [s1] Qzvy-x
2-RO, 1,5 H-shift 20.50 2.3 1G¢ 0.0949 67.4
1,6 H-shift 18.76 1.1 10 0.0226 71.5
1,8 H-shift 16.85 55 100 0.0054 56.1
3-RO; 1,5 H-shift 19.87 7.8 1¢ 0.1130 66.1
1,6 H-shift (U-OR) 18.55 1.2 16 0.0130 88.6
(R,R) 1,5 H-shift (X-OOH) 21.03 5.1 1 0.0959 37.1
2.00-5-RO0H (R.R) 1,6 H-shift (W-OOH) 20.30 11 %0 0.0565 38.4
(R,R) 1,8 H-shift (U-OOH) 20.09 3.8 1» 0.0173 30.7
(R,S) 1,5 H-shift (X-OOH) 20.57 1.1 0 0.0523 63.6
(R,S) 1,6 H-shift (W-OOH) 19.49 4.8 %0 0.0283 84.4
(R,S) 1,8 H-shift (U-OOH) 20.80 8.1 10 0.0118 323

Consistent with the experimental ndings, the ab initio calculations indicate that
the 1,8 H-shift reaction in 1,2-DEE 2-R@s faster than the competing shorter-span
pathways, 1,5 and 1,6 H-shifts. This is an unexpected nding given that longer-span
H-shifts, such as 1,7 or 1,8 H-shifts, are typically observed to be less competitive
due to the larger entropic penalty that accompanies the loss of many internal rotors
during the formation of an eight- or nine-membered ring-like¥& While this
entropic penalty is indeed larger for the 2-RD,8 H-shift reaction than it is for
its shorter-span counterparts, as seen from the smaller calculated ratio of partition
functions & (third termin Equation 4.1) in Table 4.4, its reaction energy barrier

Z ,isalso much lower, by about 2 and 4 kcal mdi. Itis known that c-donating
substituents, such as oxyl (-OR) or amino (-NRR') groups, can increase the lability
of C-H bonds in U positions substantiaff/stabilizing H-shift TSs via g ! f CH
hyperconjugatio®®’” However, all three abstraction sites in the investigated 3-RO
H-shifts are both secondary and U-oxyl substituted, so that, in principle, this C-H
bond activating e ect is present regardless of the H-shift span. It is therefore clear
that some other e ect impacting the relative stability of H-shift TSs must be driving
the observed selectivity.

Recent work done on similar reacti#8* show that the presence of di erent
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heteroatoms in a radical substrate alters the selectivity of intramolecular H-shift
reactions, such that the optimum span is di erent from what would be expected in
a hydrocarbon-derived analogue. It is also shown that these di erences are due,
in part, to the inductive deactivation of C-H bonds by f-withdrawing heteroatoms.
While c-donation a ects only the U position (in a saturated chain), the e ect of
electron withdrawal by electronegative atoms can propagate further along the f-
framework, polarizing the C-H bonds in V and W posifibA$8°As a result, these
polarized C-H bonds are less nucleophilic, and thus less susceptible to attack by
an electrophilic radical center (such as a peroxy group). In the case of 1,2-DEE 2-
RO;, the abstraction sites in the 1,5 and 1,6 H-shift reactions are V-oxyl substituted,
whereas the site in the 1,8 H-shift is not. Reaction assistance provided by an U-oxyl
group via hyperconjugation to the shorter-span H-shifts is then likely partly o set
by induction from a V-oxyl group.

We tested this hypothesis by performing a series of computational investigations on
H-shift reactions in a R@derived from a hydrocarbon analogue to 1,2-DEE, octane
(OCT 2-RQ), and two RQ derived from a monoether analogue, ethoxypentane
(EP 2-RQ and EP 7-R@). Calculation results for these systems, as well as their
structures, are shown in Figure 4.4 and Section C.5.3 - C.5.6.

Comparison of 1,5 H-shift reaction energy barriers in all four systems shown in
Figure 4.4a highlights the C-H bond deactivating e ect of V-oxyl substitution:
Z yis 1and 2 kcal mol ! higher for 1,2-DEE 2-R@and EP 7-R@relative to
EP 2-RQ and OCT 2-RQ@ respectively. This trend is re ected in the site-specic
local electrophilic index di erences |-, where the least negative values, which
are associated with less nucleophilic abstraction sft€38 are those at V-oxyl
positions (Fig. 4.4b). These ndings agree with previous work investigating similar
selectivity trend$1-84Doing the same comparison with 1,6 H-shift reaction energy
barriers, however, reveals the opposite behavidr: g is slightly lower ( 0.4 kcal
moll) for 1,2-DEE 2-RQ and EP 2-R@ relative to EP 7-R@and OCT 2-RG,
respectively. Here, an e ect associated with the fact that the V-heteroatom is
endocyclic in the TS's ring-like structure, rather than exocyclic like in the case of
1,5 H-shifts, is possibly counteracting the e ect of induction.

Previous studi€¥ 8% have shown that cyclization reactions become more favorable
when some of the methylene groups in the reactant's backbone are replaced by
oxygen atoms. Experimental evideA®ealso suggests that such observation is
associated with a decrease in transannular strain. While smaller rings, such as three-
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