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Abstract

Epoxide formation was established a decade ago as a possible reaction pathway
for B-hydroperoxy alkyl radicals in the atmosphere. This epoxide-forming pathway re-
quired excess energy in order to compete with O,-addition, as the thermal reaction
rate coefficient is many orders of magnitude too slow. However, recently, a thermal
epoxide-forming reaction was discovered in the ISOPOOH + OH oxidation pathway.
Here, we computationally investigate the effect of substituents on the epoxide formation
rate coeflicient of a series of substituted S-hydroperoxy alkyl radicals. We find that the

thermal reaction is likely to be competitive with Oy-addition when the alkyl radical



carbon has an OH-group, which is able to form a hydrogen bond to a substituent on
the other carbon atom in the epoxide ring being formed. Reactants fulfilling these
requirements can be formed in the OH-initiated oxidation of many biogenic hydro-
carbons. Further, we find that 8-OOR alkyl radicals react similarly to 5-OOH alkyl
radicals, making epoxide formation a possible decomposition pathway in the oxidation
of ROOR peroxides. GEOS-Chem modeling shows that the total annual production of
isoprene dihydroxy-hydroperoxy-epoxide is 23 Tg, making it by far the most abundant

Ch-tetrafunctional species from isoprene oxidation.

Introduction

In the atmospheric oxidation of volatile organic compounds (VOCs), a plethora of species
with different functional groups are formed.! These typically include aldehydes, alcohols and
hydroperoxides.! In 2009, an epoxide (isoprene epoxyiol, IEPOX) was observed as a major
product from the OH-initiated oxidation of isoprene (2-methylbuta-1,3-diene, C;Hyg), the
most highly emitted biogenic VOC.?¢ Addition of OH and O, to isoprene forms a hydroxy
peroxy radical which reacts with HO, to form isoprene hydroxy hydroperoxide (ISOPOOH),
see Scheme 1. The accepted mechanism for formation of IEPOX involves the addition of a
hydroxyl radical to ISOPOOH to form a S-hydroperoxy alkyl radical, where the radical is on
the carbon atom adjacent to the carbon atom with the hydroperoxy group.?” The epoxide,
IEPOX, is then formed by a concerted loss of OH from the hydroperoxy group and formation
of an new CO bond (see Scheme 1). The calculated thermalized unimolecular rate coefficient
for formation of IEPOX from the 3-hydroperoxy alkyl radical is fast at around 103-10% s.8
However, the competing reaction is addition of molecular oxygen to form a [S-hydroperoxy
peroxy radical with a much faster pseudo first-order reaction rate coefficient on the order of
107 s1-10® st assuming and O, mixing ratio of 0.21 and 1 atm of pressure.®*! The epoxide
formation is competitive only because the OH-addition provides the alkyl radical with about

30 kcal /mol of excess energy, which is sufficient to rapidly cross the 10-13 kcal /mol barrier for



epoxide formation.® Experimental results suggest that the IEPOX yield from ISOPOOH +
OH is greater than 70 %, while addition of O, accounts for less than 15 % and the remaining

~10-15 % of ISOPOOH reacts by H abstraction, primarily of the hydroperoxy hydrogen.??®
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Scheme 1: Reaction mechanism leading from isoprene to one isomer of IEPOX and the
isoprene dihydroxy hydroperoxy epoxide (IDHPE) proposed by D’Ambro et al.'?

An analogous mechanism has been observed in the OH-initiated oxidation of isoprene-derived
hydroxy nitrates with loss of NO, rather than OH.!? For this, experiments with varying pres-
sure have confirmed that the formation of IEPOX is indeed driven by the excess energy, as
decreased pressure increases the epoxide yield significantly. However, with an IEPOX yield
of about 15 % at 1 atm, this pathway for IEPOX formation is less efficient than that from

ISOPOOH.

The requirement for excess energy in the formation of IEPOX suggests that atmospheric
epoxide formation via this mechanism is limited to unsaturated systems which may react
by radical addition. The S-hydroperoxy alkyl radicals formed in the atmosphere by per-
oxy radical H-shifts do not typically possess excess energy, as these reactions are usually

1415 However, in

close to thermoneutral, and thus seem excluded from epoxide formation.
a recent study of a multifunctional isoprene oxidation intermediate, epoxide formation was
found theoretically to be competitive with O,-addition without the need for excess energy.'?

Specifically, the system studied was a dihydroxy dihydroperoxy alkyl radical (CsH,;,;0Og) ob-
tained following a 1,5 H-shift in the non-IEPOX ISOPOOH oxidation pathway (see Scheme



1).12 The calculated canonical reaction rate coefficients for epoxide formation in the two dif-
ferent isomers of this system are 9 x 10 s' and 3 x 10® !, respectively, and thus comparable
to or faster than the competing O,-addition under ambient conditions. The mass consistent
with the epoxide product formed (IDHPE) was measured experimentally by high-resolution
time-of-flight chemical ionization mass spectrometry (HRToF-CIMS), but the experiments
did not provide structural identification and thus could not verify an epoxide structure. %16

Thermalized epoxide formation following H-abstraction from ISOPOOH has also been hy-

pothesized as one possible mechanism to a compound with a mass observed experimentally.®

In a recent review on the gas-phase chemistry of isoprene, the yield of epoxides is mentioned
as an important remaining challenge with significant chemical implications.” The possibility
of epoxide formation without the need for excess energy suggests that epoxide formation
may be more ubiquitous in atmospheric oxidation than currently thought.'? Interestingly,
epoxides formed by mechanisms analogous to the ones shown in Scheme 1 will generally have
molecular formulas corresponding to carbonyl compounds and could have been observed ex-

perimentally already, but misassigned.

Epoxides have been linked to the formation of secondary organic aerosol (SOA), which has
important implications for the climate and human health.'” 2% The products of IEPOX have
been observed as key constituents of ambient SOA, and IEPOX has been shown exper-
imentally to lead to growth of SOA.2"2* In laboratory studies, 2,3-epoxy-1,4-butanediol
(BEPOX, the butadiene derivative of IEPOX) and the lactone hydroxymethyl-methyl-a-
lactone (HMML) have also been observed to contribute significantly to SOA growth.??25:26
Epoxides are thus key components for atmospheric SOA formation.?*2?>2” The SOA-forming
ability of epoxides has been attributed to reactive uptake onto existing aerosols followed by
acid-catalyzed ring-opening and reaction with nucleophiles in the aerosol (most importantly

water and sulphate).??>?® This has been shown to result in dimerization and formation of



carboxylic acids, polyols and organosulphates.?>?7 Furthermore, reactions between epoxides
and amines in water have been reported, providing an additional potential route for SOA
formation from epoxides.?3293% The efficient SOA formation from epoxides means that ad-

ditional sources of atmospheric epoxides would provide additional atmospheric SOA.

To assess the importance of atmospheric epoxide formation, we present a systematic high-
level theoretical study of the rate coefficients for epoxide formation for a total of more than
70 different S-hydroperoxy alkyl radicals with different atmospherically relevant substituents
(see Figure S1). We focus on systems with oxygen-containing substituents as those are typi-
cally encountered during atmospheric oxidation and autoxidation processes and thus expand

upon the previous experimental and theoretical studies.?*!

Based on our calculated reaction rate coefficients, we present some simple guidelines for when
epoxide formation without excess energy needs to be considered as a potentially competitive
reaction. We also investigate the formation of epoxides from g-nitrooxy alkyl radicals, (-
peroxy alkyl radicals as well as the formation of larger cyclic ethers, all of which have been
observed under various conditions. 3314243 Finally, to assess the atmospheric implication of
the epoxide formation pathways, we include these into a global atmospheric chemical model
of isoprene oxidation (GEOS-Chem) to determine the scope and importance of thermalized

epoxide formation. 44

Theory and Methods

Calculation of Reaction Rate Coefficients

Reaction rate coefficients are calculated using the approach outlined by Mgller et al.'* with
slight modifications to account for the different reaction type. An initial structure of the

reactant and transition state of each reaction is optimized at the B3LYP/6-31+G(d) level



in Gaussian 09.45°! These structures are used as starting points for systematic conformer
searches in Spartan’14 with the "KEEPALL" keyword to avoid loss of conformers.5? The
conformer searches are done using MMFF.?3 Any incorrectly placed charge on the radical
center, z, is removed using the keyword "FFHINT=z~~+0".1* For the transition states, con-
strained conformer searches are employed by constraining the bond lengths of the O-O bond
being broken, the C-O bond being formed and the original C-OOH bond in the transition
state (T'S) moeity. The bond lengths are constrained to the optimized values for an arbitrary
conformer of the system. For the TSs, the bonding pattern of the reactant is used for the

MMFF calculation.

All structures resulting from the conformational sampling are optimized in Gaussian 09 at
the B3LYP/6-31+G(d) level. For the transition states, constrained optimizations using the
same constraints as for the conformational sampling were done. Following the constrained
optimizations, unique structures were identified by comparing their electronic energies and
dipole moments using the script "Confcheck" and duplicate structures were removed. !4

Finally, non-constrained transition state optimizations were done for all unique transition

state structures.

For the optimized reactants (R) and transition states, duplicate structures were eliminated
as described above. Conformers within 2 kcal/mol in electronic energy of the lowest-energy
structure were further optimized at the wB97X-D/aug-cc-pVTZ level. %557 The wB97X-
D/aug-cc-pVTZ level was chosen as it has been found to yield geometries, relative con-
former energies and partition functions in good agreement with higher-level approaches for
other radical species.'®°® This is corroborated for the systems of interest here by the good
agreement with our higher-level CCSD(T)-F12a and MRCISD-F12 calculations, including
optimizations with the latter method (see Section S5). The use of a 2 kcal/mol electronic

energy cut-off for inclusion of conformers has been shown to introduce less than 20 % un-



certainty in the rate coefficient with significant computational savings.'* For some of the
smaller systems we include all conformers. Subsequent frequency calculations were con-
ducted to confirm the nature of the stationary points located and obtain thermodynamic
properties. A few structures with the -ONO, substituent yielded small imaginary frequen-
cies. These were removed by including the additional keywords Integral(Acc2e=12) and
CPHF (grid=ultrafine). For the lowest-energy conformer of reactant and transition state,
ROHF-ROCCSD(T)-F12a/VDZ-F12 (abbreviated F12) single-point calculations were done

in Molpro 2012 for the wB97X-D /aug-cc-pVTZ geometries. 564

Reaction rate coefficients were calculated using multi-conformer transition state theory (MC-

TST) 14,65-67

TS conf. AR
o kgT 21: P ( ksT > QTSi Ers — ER
k=r exp (TS — LR (1)
kgT

h R conf. _AE:
Z exp ( kBT]> QR]-

J
where k is the tunneling coefficient, kg it the Boltzmann constant, 7" is the absolute tem-
perature in Kelvin and h is Planck’s constant. The two summations formally run over all
transition state and reactant conformers, respectively, but here only those up to 2 keal /mol
are included. AFE; is the wB97X-D /aug-cc-pVTZ zero-point corrected energy of transition
state conformer ¢ relative to the lowest-energy transition state conformer and AE} is the cor-
responding relative energy of reactant conformer j. Qrs, and Qg; are the partition functions
of transition state conformer i and reactant conformer j, evaluated at the lowest vibrational
energy level. Erg and Ef in the last term are wB97X-D /aug-cc-pVTZ zero-point corrected
F12 energies of the lowest-energy conformer of transition state and reactant, respectively. 4
Due to the relatively large mass being transferred in these reactions, tunneling is of little
importance. Eckart tunneling coefficients for a set of four representative epoxide formation
reactions range from 1.67 to 2.36 (see Section S2 for details).%® A tunneling correction factor

of two has therefore been applied to all absolute rate coefficients presented here. All rate
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coeflicients are calculated at 298.15 K.

The MC-TST reaction rate coefficients presented here are high-pressure limit values. We
ran a Master Equation, Rice-Ramsperger-Kassel-Marcus (RRKM) simulation using Multi-
Well for two representative systems with fast epoxide formation rate coefficients (see Section
S3).%9! For the fastest reaction studied here (System M in Table S2, kyc_rsr = 1.0 x 10%°
s1), the rate coefficient after 300 ps at 1 atm is about a factor of 15 lower than the high-
pressure limit and for the slower reaction of system E (kyc_rsr = 1.7 X 108 s‘l), the rate
coefficient at 1 atm is only about a factor of 5 below the high-pressure limit. In both cases,
the reaction remains competitive with the pseudo first-order rate coeflicient for O,-addition
and we thus expect the MC-TST rate coefficients to remain qualitatively correct for the
reaction studied. Based on reviewed bimolecular rate coefficients, the pseudo-first order rate
coefficient for O,-addition is expected to fall in the range 5 x 10° s1-2 x 10® 57!, assuming 1

atm of pressure and 21 % O,.1°

To ensure that the lowest-energy Hartree-Fock (HF) solution was used as reference function
for the F12 calculations, we used the approach by Vaucher and Reiher " which mixes random
pairs of occupied and unoccupied orbitals (see Section S4). This is found to be important for
the transition states of these epoxide formation reactions, as lower-energy HF' solutions are
obtained in about 15 % of the transition states in these reactions with this orbital mixing

approach.

To check for potential multi-reference character, MRCISD(3,3)-F12 calculations were done
for selected test systems (Section S5). These yield barrier heights comparable to the ones ob-
tained using CCSD(T)-F12/VDZ-F12//wB97X-D/aug-cc-pVTZ for the unsubstituted sys-
tem. In agreement with the CCSD(T)-F12 calculations, MRCISD predicts a significant

decrease in barrier heights for epoxide formation with increasing functionalization of the a-



hydroperoxy alkyl radical. However, this decrease is somewhat less steep than that predicted
by CCSD(T)-F12, possibly due to a less complete treatment of dynamic correlation involved

in hydrogen bonding at the MRCISD level because of the lack of triple excitations.

For peroxy radical hydrogen shift reactions for which a growing number of experimental rate
coefficients are available, the computational approach by Mgller et al.'* employed here has
continuously yielded calculated rate coefficients within a factor of five of the experimentally
determined values.*'%776 However, without experimental benchmark rate coefficients for
the epoxide formation reactions studied here, accurate assessment of the uncertainty of the
calculated rate coefficients is difficult. But as indicated by the RRKM modeling, especially
for the fastest reactions, the uncertainty in the calculated epoxide formation rate coefficients
is likely somewhat larger than a factor of five and the presented rate coefficients are expected

to be upper limits.

GEOS-Chem Modeling

We used GEOS-Chem UCX v11-02¢ to conduct three-dimensional global simulations of the
epoxidation chemistry described here within the isoprene oxidation system. GEOS-Chem
integrates assimilated meteorological observations from the NASA Goddard Earth Observ-
ing System — Fast Processing (GEOS- FP) of the NASA Global Modeling and Assimilation
Office (GMAO). We employed the standard HEMCO emissions configuration,” which in-
corporates isoprene emissions from MEGAN v2.1.% Simulations were performed on a global
grid of 4° latitude by 5° longitude with 72 vertical levels through the stratosphere, and
were conducted for one year following a preliminary initialization year. Results are reported

as troposphere-wide averages over the period from 1 July 2014 to 1 July 2015.

The isoprene oxidation chemistry was simulated using the Mini-CIM model presented in

Bates and Jacob*®, based on the "reduced-plus" mechanism described in the recent review



by Wennberg et al.” The model was updated to include the diastereomerically averaged

calculated H-shift rate coefficients from Mogller et al.!®

Results and Discussion

The formation of epoxides from S-hydroperoxy alkyl radicals occurs as a concerted reaction
in which the O-O bond of the hydroperoxy group is broken with loss of OH and simultane-
ous formation of a new C-O bond. The simplest system is the 2-hydroperoxy ethyl radical
(Figure 1) which has two hydrogen substituents on the hydroperoxide carbon (C1) and two
hydrogen substituents on the alkyl carbon (C2). The rate coefficient of epoxide formation
for this system is calculated with our MC-TST approach to be 2.6 s't. Previous studies have
found calculated rate coefficients for this reaction at various levels of theory that span the

range from 1 s! to 5 x 10% st at 298.15 K.3+%!
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Figure 1: Top: Relative energies of the species during the epoxide formation reaction in
the 2-hydroperoxy ethyl radical. Geometries are optimized at the wB97X-D /aug-cc-pVTZ
level and energies are calculated at the CCSD(T)-F12a/VDZ-F12 level with wB97X-D/aug-
cc-pVTZ ZPVE. Bottom: Schematic illustration of epoxide formation with the two carbon
atoms labeled and a non-hydrogen substituent on each of the carbon atoms.

The energetics shown in Figure 1 are similar for all the epoxide formation reactions studied.
The reaction is exothermic leading to a product complex with only a low barrier to release
of OH. With a reaction rate coefficient of 2.6 s, even the unsubstituted system has a fast
unimolecular reaction. However, as the competing O,-addition occurs at a rate around 107
s!, the reaction rate coefficient needs to be much higher to be competitive. As we will show,
replacing the hydrogens on the carbons with different substituents can lead to large decreases

in the barrier height and thus large increases in the rate coefficients of epoxide formation.
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Single Substituent

As shown in Table 1, a single substituent on either the hydroperoxy carbon (C1) or the
alkyl radical carbon (C2) can have a drastic effect on the calculated reaction rate coefficient.
A single substituent on the C1 carbon can increase the rate coefficient by approximately a
factor of 1000 and at the C2 carbon by up to about a factor of 300. If the reactant has a
delocalized radical, we find significant reductions of the reaction rate coefficient for epoxide
formation, as observed before.*! The effect of increasing the length of an alkyl substituent
from methyl to ethyl is relatively limited (less than a factor of ten). This suggest that the
length of the carbon chain is not significant for the rate coefficient. It is, however, quite clear
from the table, that no single substituent is able to explain the very fast rate coefficient of

epoxide formation observed by D’Ambro et al. 2
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Table 1: Calculated reaction rate coefficients (s!) for epoxide formation with a single sub-
stituents at either the hydroperoxide carbon (C1) or the alkyl radical carbon (C2). The
three remaining substituents are all H’s.?

C1P Cc2P
-H 2.6x10°  2.6x10°
-CH, 3.0x102  1.9x10
-C,H; 3.6x10'  5.2x10
=CH, 2.0x1078 1.7x1072
-C=CH, 1.9x10" 1.8x1073
-C=0 4.1x10° 2.3x1073

-CH,O0H 3.2x10%>  9.7x10°
-CH,OH  2.7x10% 1.9x10!

“OH 3.3x100  7.2x10
-00H 1.3x10% -
~OCH,4 3.1x102  7.8x10?
-0 5.7x10°0 1.3x105
~ONO, 3.3x10° -

@ MC-TST including all conform-
ers, i.e. without the 2 kcal/mol
cut-off employed. All rate coeffi-
cients include a tunneling factor
of 2.

b See Figure 1.

¢ Reactant spontaneously decom-
poses to yield carbonyl with loss
of either OH or NO,, and will not
form epoxides. "™

Multiple Substituents

Previously, it has been observed, both experimentally and theoretically, that increased de-
gree of substitution around the epoxide forming center tends to increase the rate of epoxide
formation.?!36:3741 To assess if the single-substituent effects shown in Table 1 are additive
(multiplicative), we calculated the rate coefficients for the systems with zero to four methyl
or hydroxy substituents. These were chosen as representative substituents with atmospheric

prevalence and relevance. Individually, each of these as a single substituent increase the rate
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coefficient roughly by a factor of between 10 and 100 (see Table 1).

The calculated rate coefficients for systems with an increasing number of methyl and hydroxy
substituents are shown in Figure 2. It is clear that increased substitution increases the rate
coefficient. For the methyl substituents, the increase is largely independent of the position
at C1 or C2. Each additional methyl substituent increases the rate coefficient by roughly a
factor of 50. However even with four methyl substituents, the rate coefficient of about 10° s
is still about two orders of magnitude from being competitive with O,-addition. For the OH-
substituent, the pattern is very different. For the three systems with an OH-group on both of
the two carbon atoms, rates competitive with the O,-addition are observed. This motif thus
leads to a very large increase in the rate coefficient, which cannot be explained by simple
additive effects. Characteristic for the three systems with really fast epoxide formation is
the presence of a hydrogen bond (H-bond) from a C2 OH-group to another OH-group in
the lowest-energy conformer of the transition state (Figure 3). The hydrogen bond in the
transition state is stronger than the corresponding hydrogen bond in the reactant (Section
S6). This lowers the energy of the transition state more than the reactant thus decreasing
the reaction barrier and thereby increasing the rate of reaction. This suggests that the effect
of multiple substituents depends significantly on the structure of these substituents, which

is discussed in more detail in the following sections.
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Figure 2: Reaction rate coefficient for epoxide formation in the systems with zero to four
methyl or hydroxy substituents at R; to Ry. The remaining substituents are hydrogens.
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C1:C2. For the system with four OH substituents, the transition state geometry optimization
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Figure 3: Lowest-energy transition state conformer of the system with an OH-group on each
carbon atom. The green auras highlight the H-bond.

Fast Epoxide Formation Reactions

The epoxide formation reactions reported by D’Ambro et al.'2 have calculated reaction rate

coefficients on the order of 10° s! and characteristic for the isomer with the fastest rate of
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epoxide formation in that system is that it has a hydroxy group on the alkyl radical carbon
(C2) and both a methyl and a 1-hydroxy,2-hydroperoxy ethyl group at the hydroperoxide
carbon (C1). Based on this motif, we devised the model system shown in the insert in Figure
4, which has a hydroxy group at C2 and a methyl and a variable substituent (R) at C1. By
varying the substituent R, we can progress from a relatively simple system to the complex
system studied in D’Ambro et al.'2 The reaction rate coefficients for the simplest system for
which R is a hydrogen atom is 5.8x10% s'!. Substituting the hydrogen at C1 by a methyl
group (R = CHj in Figure 4) increases the rate of reaction by about a factor of 1000, which
is almost a factor of 10 more than expected from the results shown in Table 1 and Figure
2. This again suggests that the rate coefficient of epoxide formation cannot be described
by simple addition of substituent effects. Even more significant is the increase in the rate
coefficient when changing the C1 R-group to a hydroperoxy methyl group (R = CH,OOH,
Figure 4, third point). Based on the results in Table 1, we would expect these two groups to
behave similarly and both increase the rate coefficient by about a factor of 10 to 100 relative
to hydrogen. However, for this model system, the rate coefficient of epoxide formation in-
creases by more than three orders of magnitude between the methyl and hydroperoxy methyl
substituents, the latter becoming highly competitive with O,-addition. This clearly suggests
some synergistic effect of the multiple substituents present in this system and shows that
even oxygen atoms not attached to the two central carbon atoms can have a drastic effect
on the rate coefficient. Further increasing the size of the R substituent towards the system
in D’Ambro et al.'? has minor effects on the calculated rate coefficients with all being faster

than O,-addition.
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Figure 4: Reaction rate coefficient of epoxide formation as a function of the substituent at
position R (C1) in the insert. The shaded blue region represents the pseudo first-order rate
coefficient of O,-addition in the range 5 x 10° s71-2 x 10% s! (see text).

As observed for the systems with multiple OH substituents described in the previous section,
the common factor for the systems with rate coefficients above 107 s is a hydrogen bond in
the transition state from the OH group at C2 to another oxygen in the compound (Figure 3),
apart from system G in Table 2 which has an -OCHj-group at C2. This hydrogen bond is
stronger in the transition state than in the reactant (Section S6) thus lowering the reaction
barrier and thereby increasing the rate coefficient of epoxide formation. This hypothesis is
supported by the fact that replacing the -OH group at C2 in the system with R = CH,OOH
in Figure 4 with a -CH, (eliminating the option for H-bonding) reduces the rate coefficient by
almost four orders of magnitude to 3.6x10° s!. From Table 1, comparable rate coefficients

would be expected for the -CH; and -OH substituents. All systems with rate coeflicients
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1

greater than 107 s! studied here are summarized in Table 2. The epoxide formation rate

coefficients for all studied systems (including those slower than 107 s7') are given in Table S1.

The hydrogen bonding effect is so significant that even a compound such as E in Table 2 with
only two substituents (an -OH on the radical carbon (C2) and a -CH,OH at the hydroper-
oxide carbon (C1)) has a rate coefficient of 1.7 x 10% s likely out-competing O,-addition.
This is about a factor of 10 lower than the rate coefficient for L, i.e. substituting the -CH,
group (on C1) in L for an -H in E decreases the calculated rate coefficient by about a factor

of 10, as expected from Table 1.

It seems that a large part of the increase in the rate coefficient is related to H-bonding by
the OH-group bonded directly to the alkyl radical carbon atom. Adding a -CH, group in
between the alkyl radical (C2) and the -OH group decreases the calculated reaction rate
coefficient for system E in Table 2 from 1.7 x 10® s! to 2.8 x 10* s'. The CH,-extension
changes the hydrogen bonding pattern of the lowest-energy transition state conformer, so
that the OH-group now binds to the -OOH group that loses the OH, rather than the other

OH-group (Figure S7).
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Table 2: Structures of the reactants and reaction rate coefficients (k in s') for systems found
with MC-TST rate coefficients of epoxide formation greater than 107 s*. The structures are
sorted by increasing rate of reaction.

Label Reactant &

OOH

A O%OH 1.4x107
OOH

B %OH 1.8x107
H OOH

C HoyTOH 3.2x107
H OOH

D HOyYOfH 1.3x10°
H OOH

E HoQQHFOH 1.7x 108

F HOO 2.1x108

4§(O

AN\ O

oT
I

OOH
G HOO ocHy,  2.2x108
%
HO OOH
H on  6.4x108
o)

| HOO on 6.5x108
\)%

I e 10x10°
H
OOH

K HOO oH 2.4x10°
Qﬁ
OOH

L HO on  3.5x10°
&%'

Moo 10x100

Replacing the hydroperoxy methyl group (-CH,OOH) on C1 in system I in Table 2 by a
nitrooxy methyl group (-CH,ONO,) decreases the reaction rate coefficient by more than
three orders of magnitude making it uncompetitive with O,-addition. The difference be-

tween an -CH,OH and an -CH,OOH group is only about a factor of 4 (Systems E and I).
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System G in Table 2 has a methoxy group rather than a H-bonding OH group at C2, but still

has a rate coefficient above 107 5! suggesting that the H-bond is not an absolute requirement.

Somewhat surprising, it seems that the hydrogen bond to the carbon-carbon double bond
in System B is enough to accelerate its rate of epoxide formation beyond 107 s't. System B
is formed by H-abstraction from (1,2)-ISOPOOH and previously it was hypothesized that a
compound of that mass observed by chemical ionization mass spectrometry during chamber
experiments studying the OH-initiated oxidation of synthetic (1,2)-ISOPOOH could be this
epoxide.® The fast rate of epoxide formation calculated here supports that hypothesis. The
rate of epoxide formation from the corresponding system from (4,3)-ISOPOOH is calculated
here to be 2.6x10% s'. A compound of the same mass as for (1,2)-ISOPOOH oxidation
was observed experimentally in the oxidation of (4,3)-ISOPOOH, but with smaller yield
and possibly corresponding to a carbonyl compound formed by a different mechanism not

possible in (1,2)-ISOPOOH oxidation.®

Summary of Conditions for Fast Thermalized Epoxide For-
mation

Based on the systems studied here, it seems that epoxide formation from thermalized com-
pounds is likely competitive with O,-addition under atmospheric conditions for systems with

the following characteristics:

1. A SB-hydroperoxy alkyl radical motif.
2. A hydroxy group at the alkyl radical carbon (C2).

3. An additional group at C1 (in addition to the hydroperoxy group) that the hydroxy

group at C2 can form a hydrogen bond to.
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For systems fulfilling these requirements, our results suggest that epoxide formation needs
to be considered. A likely key area of importance is in autoxidation which forms oxidized
compounds with hydroperoxy groups and is thus likely to lead to systems with the character-
istics outlined above. Epoxide formation may thus be an important autoxidation termination
reaction. The one addition to the above conditions that we have observed is compound G
in Table 2, which has a methoxy (-OCH,) group at C2 rather than a hydrogen bonding
-OH group and a rate coefficient for epoxide formation of 2.2x10® s'. The epoxide forma-
tion may thus be slightly more general than the conditions outlined above would suggest.
Further experimental validation of the proposed mechanism and its ability to outcompete
O,-addition without the need for excess energy remains necessary to complement the recent

experimental work suggesting the possibility of an epoxide product.!?

Related Mechanisms

We investigated whether the thermalized epoxide formation mechanism is also a viable op-
tion for formation of larger cyclic ethers (see Figure 5 and Section S8). For the unsubstituted
analogues we find that the reaction barrier is lower by about 2 kcal/mol for the formation of
five- and six-membered cyclic ethers compared to the more strained three-membered epox-
ides. However, the entropic penalty from loss of conformational freedom causes the reaction
rate coefficients to be comparable for formation of epoxides and 5- and 6-membered cyclic
ethers. This entropic penalty for formation of larger cyclic ethers over epoxides has been
found before.3*378 The formation of a four-membered cyclic ether has a significantly higher
barrier and much lower rate of reaction. See Wijaya et al.?® for a comparison of literature
Arrhenius parameters for formation of epoxides and larger cyclic ethers in the unsubstituted

and alkyl-substituted systems.
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Figure 5: Illustration of formation of an epoxide (3-membered ring) along with formation
of 4-, 5- and 6-membered cyclic ethers. Different systems with one or more substituents at
positions R were studied (see Figure S8).

For the five- and six-membered ring forming systems, we observe the same trend as for the
epoxide formation that substitution increases the rate of reaction.®¢ Still, the fastest system
identified (formation of six-membered ring with two hydroxy groups) has a rate coefficient
of 5.3x10° s71, which is unlikely to be competitive with O,-addition. However, it is possible
that systems do exist for which the formation of larger rings is competitive with O,-addition
under atmospheric conditions. At the elevated temperatures encountered during combustion
formation of larger cyclic ethers has been observed both theoretically and experimentally to

be competitive even for unsubstituted systems. 378182

Formation of epoxides has been observed from S-nitrooxy (-ONO,) alkyl radicals in IEPOX-
analog reactions progressing via excess energy from OH-addition.!® However, for a set of
three representative systems (see Section S9), we find that the barrier for epoxide formation
is higher for nitrooxy alkyl radicals than for the corresponding hydroperoxy alkyl radicals.
This is in agreement with the experimental results showing a smaller IEPOX yield from the
nitrooxy ISOPOOH analog.?®!? For the systems tested here, we therefore find that epoxide
formation from S-nitrooxy alkyl radicals is too slow to matter under atmospheric conditions
without excess energy. The difference seems to increase with the rate coefficient so that

the faster reactions have larger differences between the rate of epoxide formation from -
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hydroperoxy and (-nitrooxy alkyl radicals.

A third group of compounds that may form epoxides are organic peroxides which are formed
by reaction of two peroxy radicals and have been observed during oxidation of many impor-

83,81 Using a set of three simple peroxides with an methyl group on

tant biogenic compounds.
one side of the peroxy group and a variable alkyl group at the other (see Table S12), we find
that the rate coefficient of epoxide formation from the organic peroxides is slightly higher
than for the corresponding hydroperoxides, with differences ranging from a factor of three
to more than a factor of 100. This may be explained by lower bond dissociation enthalpies
for RO—OCH, bonds compared to RO—OH bonds.?® This suggests that epoxide formation
may also represent an important atmospheric oxidation pathway in the oxidation of organic
peroxides with suitable substituents. In addition to an epoxide, this reaction forms an alkoxy

radical (RO). Our calculated rate coefficients are in reasonable agreement with the corre-

sponding experimental liquid-phase values (see Section S10).

The potentially competing unimolecular HO,-loss from the 8 hydroperoxy alkyl radicals to
form the unsaturated species was investigated for three selected systems (see Section S11).
In all three, HO,-loss was found to be much slower than epoxide formation and, as found

previously, highly uncompetitive with O,-addition.%®

Atmospheric Implications

As a measure of the prevalence of thermalized epoxide formation in the atmosphere, we
surveyed the oxidation mechanism of isoprene, as reviewed recently by Wennberg et al.”
and implemented in Bates and Jacob?. Addition of OH to ISOPOOH forms four different
B-hydroperoxy alkyl radicals which all possess the outlined characteristics expected to lead

to fast thermalized epoxide formation producing four distinct isoprene dihydroxy hydroper-
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oxy epoxides (IDHPE). Two of these epoxides are the ones studied by D’Ambro et al.'2 (see
Scheme 1). Another epoxide formation pathway is via OH-addition to each of the four cor-
responding isoprene hydroperoxy nitrates (IPN) leading to four isoprene hydroxy nitrooxy
hydroperoxy epoxides (IHNPE) by loss of OH from the hydroperoxide group. The third
thermalized epoxide pathway implemented in the isoprene oxidation mechanism is from ox-
idation of the closed-shell C5 dihydroxy dihydroperoxides (IDHDP) formed e.g. by reaction
of HO, with the ISOPOOH-derived S-hydroperoxy alkyl radical in Scheme 1. The model
assumes a 67 % thermalized epoxide yield from H-shift pathways following H-abstraction

from these, but this remains highly speculative.®

The atmospheric importance of thermalized epoxide formation was assessed by a global
simulation of isoprene oxidation using GEOS-Chem.”%%%5 The pathway to IDHPE from
ISOPOOH vastly dominates the thermalized epoxide formation, while the other pathways,
IHNPE formation from IPN and epoxide formation from IDHDP, are negligible on a global
scale due to low yields of their precursors (see Table S16), but may be locally important.
However, with an annual global production of 23 Tg, IDHPE is by far the most abundant
individual Cbh-tetrafunctional compound from isoprene oxidation. On a global and annual
average, IDHPE has an overall 3.6 % molar yield (7.8 % mass yield) from isoprene. In
comparison, the important isoprene epoxide diols (IEPOX) have a 20 % molar yield (35 %
mass yield).? This shows that though the outlined characteristics for fast epoxide formation
might seem restrictive, they are met during atmospheric isoprene oxidation suggesting that

this reaction may be an important termination reaction also in the oxidation of other VOCs.

Epoxides are known to be constituents of ambient SOA that can be modulated by anthro-
pogenic perturbations to sulphate aerosol.??* In our GEOS-Chem modeling of isoprene
oxidation, IDHPE contributes 26 % (~ 20 Tg a™!) of the total SOA mass from isoprene. This

is comparable to the SOA mass contribution from IEPOX, which is known to be important
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for formation of isoprene SOA.2122:2486 Thig value for IDHPE, represents an upper limit and
is quite uncertain, as all the C5 tetrafunctional species in the GEOS-Chem model currently
retain the high uptake coefficient implemented for analogous species by Fisher et al.” As
a lower limit, it can be assumed that IDHPE contributes to SOA formation and growth as
efficiently as IEPOX. As the mass yield of IDHPE is about 20 % that of IEPOX, IDHPE
is expected to contribute at least 20 % of the IEPOX contribution to annual SOA forma-
tion corresponding to more than 4 Tg a!. This value likely represents a lower limit, as the
additional hydroperoxy group in IDHPE compared to IEPOX means that it is likely more
soluble and less volatile than IEPOX, and therefore probably more efficient at contributing
to SOA directly and through subsequent particle phase chemistry. Even at the lower limit,
this shows that thermalized epoxide formation is likely important for the atmospheric for-
mation of SOA and highlights the need to better constrain the rates and mechanisms of SOA

formation from the types of epoxides studied herein.

As noted in the introduction, thermalized epoxide formation studied herein may well be
an important termination of peroxy radical autoxidation pathways. These pathways lead
to highly oxygenated peroxy radicals which are considered to often self-terminate via an
intramolecular abstraction of a hydrogen from a carbon atom containing a hydroperoxy
or hydroxy group to produce a carbonyl and OH or HO, (Scheme 2). Our calculations
suggest that should the highly oxygenated peroxy radical abstract a hydrogen from a carbon
containing an hydroxy group adjacent to a carbon containing an hydroperoxy group, then

an epoxide will be produced along with an OH (Scheme 2, lower pathway).
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Scheme 2: Example of the termination of autoxidation following H-shifts leading to formation
of either a ketone plus OH or HO, or an epoxide plus OH.

The proposed epoxide formation autoxidation termination reactions require the compounds
to be highly oxidized. For the a-hydroxy alkyl radicals that are the requirement for epox-
ide formation, the alternative reaction is addition of O, followed by loss of HO, to form a
carbonyl compound.!® The epoxide formation is thus unlikely to terminate the autoxidation
process faster than otherwise, but will lead to formation of epoxides and OH rather than

carbonyl species and HO,.

The importance of thermalized epoxide formation is likely limited to low NO,-conditions
which favor mechanisms that lead to OH and OOH hydrogen bonding moeities on and
adjacent to alkyl radicals. However, due to the focus on limiting NO, emissions, the average
atmospheric NO, concentrations are decreasing in many locations enhancing the importance
of autoxidation and thus also this potential autoxidation termination reaction.” Decreasing
NO, in cities could lead to increased epoxide formation via the mechanism studied here which
may have important consequences due to the known mutagenic and carcinogenic toxicity of
epoxides in humans.®8% Also, the increased global average temperatures would enhance

autoxidation and thus epoxide formation.
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Conclusion

We have conducted a systematic, theoretical study of the thermalized rate of unimolecular
epoxide formation for a set of S-hydroperoxy alkyl radicals. We find that for systems with an
OH-group on the alkyl radical carbon that is able to hydrogen bond to a substituent on the
hydroperoxy carbon, the rate of thermalized epoxide formation is likely to be competitive
with the rate of the competing O,-addition under ambient conditions. This suggests that
thermalized epoxide formation is more ubiquitous than previously thought and will need to be
considered in atmospheric oxidation. For f-methylperoxy alkyl radicals, epoxide formation
is further promoted, while it is unlikely to be atmospherically competitive for S-nitrooxy
alkyl radicals. Finally, we find that the formation of larger cyclic ethers by an analogous

mechanism is unlikely to be important under atmospheric conditions.
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